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ABSTRACT

Bioremediation refersto the use of microorganismsto degrade, sequester,
or remove environment contaminants and is increasingly drawing atten-
tion. It offers an alternative, specific, cost-effective, and environment
friendly technique over other conventional methods of pollutant cleans
up. Three strategies (microbial-, phyto-, and nanotechnology based
remediation) biodegrade xenobiotics and various recalcitrant compounds
into simple organic compounds, carbon dioxide, water, salts, and other
harmless substances. Bioaugmentation and biostimulation of oil and heavy
metal contaminated soil and ground water; genetically engineered micro-
organisms for treating oil-spills, and for sequestering of heavy metals;
genetically engineered microorganisms and transgenic plantsfor the treat-
ment of chlorinated pollutants, including chlorinated solvents, polychlori-
nated phenols, and chlorinated herbicides are included. Enhanced
bioremediation rates to many folds have been achieved with phagesdriven
microbial loop. With the new development in thisfield and focus on inter-
disciplinary research, bioremediation technology will go a long way in
cleaning our polluted environment in near future. Research on improved
microbial strains, and bioanalytical methods for measuring the level of
contaminants should be strengthen. © 2012 Trade Science Inc. -
INDIA

KEYWORDS

Bioremediation;
Pollutants,
Phytoremediation;
Transgenic plants;
Heavy metals;
Oil-spills.

INTRODUCTION

Bioremediation (also referred to as biotreatment,
bioreclamation and biorestoration) utilizesthemetabolic
potentid of living organismssuch asgreen plantsor their
enzymes, bacteria, fungi, algaeto clean up contami-
nated environments, to detoxify, degrade or remove
environmenta pollutantd*?. Bioremediationisthemost
promising, rel atively efficient and cost-effectivetech-
nology; and includes mechanismslike biostimulation,

bioaugmentation, bioaccumulation, biosorption,
phytoremediation and rhizoremediation. Threeessen-
tial components needed for bioremediation aremicro
organisms, food, and nutrients. Microorganism breaks
down avariety of organic compoundsto obtain nutri-
ents, carbon, and energy for growth and survival. A
contaminant if present provides a source of carbon
needed for growth, and the microbes obtain energy by
bresking chemicd bondsand transferring d ectronsaway
from the contaminant. Microbial activity during
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bioremedi ation processisstimul ated by supplementing
nutrients (nitrogen and phosphorus), € ectron accep-
tors (oxygen), and substrates (methane, phenol, and
toluene), or by introducing microorganismswith desired
catalytic capabilitiestoincreaseitsefficiency®.
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Figurel: Variousaspectsof bioremediation

Bioaugmentation and/or biostimulation, has
emerged as the most advantageous soil and water
clean-up techniquefor contaminated sites containing
heavy metalsand/or organic pollutants, aswell asin
situremediation of contaminated soil'™. Bioremediation
worksboth under aerobic and anaerobic conditionsbut
anaerobic bioremediation have an advantage of per-
mitting microbes to degrade even recal citrant com-
pounds present in nature. However, various conditions
affect theactivity of microbe during degradation pro-
cess. Most important parametersfor bioremediation
includes: thenatureof pollutants, thesoil structure, pH,
moisture contentsand hydrogeol ogy; thenutritiond Sate,
microbid diversity of thesite, temperature, oxidation-
reduction potentia and much more®. Biotechnologica
inputsin thefield of bioremediation havelead to en-
hanced public acceptance and al so compliancewith
environmental legislation®. Various parameters and
optimum conditions for microbia activity during
bioremediation [temperature: 15-45°C (mesophilic con-
ditions); pH: 6.5t0 8; oxygen avail ability: aerobic, mini-
mum air-filled pore space of 10%; nutrients. C:N:P=
100:10:1; typeof soil: clay or sl content; soil moisture:

30-90%; type of metabolism: primary, secondary or
co-metabolism; and contaminants: non-toxic conc.
(xenobiotic, heavy meta's) have been reported®?. Vari-
ous aspectsof bioremediation arelistedin Figure 1.

CLASSIFICATION OF BIOREMEDIATION

Bioremediation can broadly beclassfiedintoinstu
and ex situ bioremediation. In thein-situ techniques,
thepolluted Siteistreated in place without excavation,
however, in ex-situ techniques, samplesfrom polluted
Stesarecollected and transferred to laboratory for tregt-
ment.

In situ bioremediation

In situ biodegradation used for soil and ground-
water remediation involvessupplying oxygen and nuitri-
entsby circul ating agueous sol utionsthrough contami-
nated soilsto stimulate natura ly occurring bacteriato
degrade organi c contaminants?. Varioustechniques
such asbioventing, biaugmentati on and bi osparging uti-
lized in advanced in situ bioremediation aregivenin
TABLE 1.

Intrinsicbioremediation

Thisapproach involvestheprocessof stimulation
of indigenousor naturaly occurring microbia popula
tions (biostimul ation/ bicaugmentation) by feeding
them nutrientsand oxygento increasetheir metabolic
activity.

Engineered in situ bioremediation

Thisapproachinvolvestheintroduction of certain
microorganismstothesiteof contamination. Whensite
conditionsarenot suitable, engineered sysemshaveto
beintroduced to that particular Site. Engineeredinsitu
bi oremediation accel erated the degradati on process by
enhancing the physicochemical conditionsto encour-
agethegrowth of microorganismg™.

Ex situ bioremediation

Thisprocessrequiresexcavation of contaminated
soil or pumping of groundwater to facilitate microbial
degradation. Depending on the state of the contami-
nant to beremoved, exsitu bioremediationisclassified
as.a) Solid phase system (including land treatment and
soil piles). b) Surry phase systems(including solid-lig-
uid suspensionsin bioreactors). Exsitubioremediation
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depends upon techniques such as land farming,
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composting and biopiles. Also bioreactorsareused as  bioremediation.

TABLE 1: Varioustechniquesused in bioremediation
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Technology Types Advantage Disadvantage Applications
Precipitation Non-directed physico- Cogt-effective  Yettobe Removal of heavy
or chemical exploited Metals
Flocculation®®  complex -ation reaction commercially
between
dissolved
contaminants and charged
cellular components
(dead biomass)
biomass)
Microfiltration™  Microfiltration membranes Remove Yet to be Waste water treatment;
are dissolved exploited recovery and reuse of more than
used at a constant pressure  solids rapidly commercialy 90% of original wastewater
Electrodialysis**?  Uses cation and anion Withstand high ~ Yet to be Removal of
exchangers temperatureand exploited dissolved solids
can be commercialy efficiently
reused

MICROBESIN BIOREMEDIATION

Microorganisms, used for bioremediation or deg-
radation of xenobioticsmay bebroadly dividedinthree
categories: (i) Autochthonous (indigenous) organisms,
(i) Allochthonous (non-indigenous) organisms, and (iii)
genetically modified organisms. Bioremediation with
microorganismsisan attractive alternativeto conven-
tiond techniques, such asincineration and chemicd treat-
ment for pollutant disposd!®. Thexenobiotic generdly
serves as a storehouse of carbon, energy and other
macronutrients such asnitrogen, phosphorous, sul phur,
etc. for microbesto enhance degradation process. The
main mechanismsinvolved in xenobiotic degradation
involveability of microbesto enzymaticaly degradethe
specific xenobiotic or absorption of that xenobioticin
their biomass. Singleor group of microbes/living organ-
ism caledasmicrobia consortiacan beused depending
upon type of pollutant and other conditions.
Bioremediation when used in conjunction with other
physical and chemicd trestment methodol ogiescan ef-
fectively degradereca citrant xenobioticg?. Further, con-
sortia even play a crucial role in the human gut
microbiome?? and area so knownto heavily influence
theecol ogica dynamicsof themarinecommunity®!. The
complex relcd citrant compounds may be degraded by
employing two speciesto complete metabolic reactions
from which neither specieswould gain energy without
the cooperati on, known as syntrophic degradation'.

Biologica mechanismsbehind remediationinclude

(1) useof microorganismsto detoxify themetasby va-
lencetransformation, extracellular chemical precipita-
tion, or volatilization and (ii) use of specific plantsto
decontaminate soil or water by inactivating metalsin
therhizosphereor trand ocatingthemintheaerid parts.
Thisapproach, called phytoremediation, isconsidered
asanew and highly promising technology for therecla
mation of polluted sitesand chegper than physi cochemi-
cal approaches?’. Detoxification and biotransforma-
tion of chlorinated nitroaromatic compoundshaveaso
been studiedin variousfungi, actinomycetesand bac-
terid?d, Atrazine contaminated soilshave been treated
using bioremedi ation by employing Pseudomonas sp.
aongwith different methods??. Complete degradation
can bedoneby consortium of microbesin natural envi-
ronment which may include synergism or co-metabo-
lism. Most commonly used microorganismsinclude
Acinetobacter, Actinobacter, Acaligines,
Arthrobacter, Bacillus, Berijerinckia, Flavobacte-
rium, Methylosinus, Mycobacterium, Mycococcus,
Nitrosomonas, Nocardia, Penicillium, Phane-
rochaete,Pseudomonas, Rhizocotania, Serratio,
Trametes and Xanthofacter®,

ENZYMESIN BIOREMEDIATION

Enzymetic bioremediation usesenzymepreparations
rather than the microorganismsthemselvesto do the
job morequickly and efficiently. Enzymesare proving
inva uableto the bioremediation of polluted water and
pesticide contaminated soil®*Y. Bioremediationisacost
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effectiveand naturefriendly biotechnol ogy that ispow-
ered by microbial enzymes. Thevariousenzymespro-
duced by different microorganismsin degradation of
pollutantsranging from diphaticto recacitrant arométic
branched chain hydrocarbon includes, microbial oxi-
doreductases [microbial monooxygenases and
dioxygenases, microbial laccases, microbia peroxi-
dases|, microbid lipases, microbid cellulases, and mi-
crobial proteases. These enzymeshave specific mode
of action for degradation of specific pollutant’®. En-
zymesrel eased by the microbe break the contaminant
downinto digestible piecesand thecontaminant iscon-
sumed as food by the cell. Many bacteria and fungi
depend upon the participation of different intracel lular
and extracellular enzymes respectively for the
remediation of recalcitrant and lignin and
organopollutants present in nature by aerobic or anaero-
bicwayd%3, An enzyme-based product, Landguard™,
reduced organophosphate levelsin cotton irrigation
wastewater by 90 per cent within 10 minutesand in
used sheep dip by 99 per cent within 30 minutes®4.

Biocatalysisintroduces new waysto improvethe
development of bioremediation strategies. Enzymatic
remediationisavaluableaternativeasit canbeeasier
to work with than whol e organisms, especialy in ex-
treme environments. Furthermore, the use of freeen-
zymesavoidstherdeaseof exotic or geneticaly modi-
fied organisms (GMO) in the environment,
Bioremediation technologiesrely ontheactivity of mi-
crobial or plant enzymesinvolvedinthemetabolicand
co-metabolictransformation of avariety of organic sub-
strates. Hydrolases from Pseudomonas spp. and other
bacteria have been shown to hydrolyze and detoxify
organophosphate pesticides. Several fungal
phenol oxidases effectively oxidized xenobiotic phenols
and anilinesto reactiveintermediatesthat subsequently
weredetoxified through polymerization or binding to
humug®. Aninitial field trial with an enzyme-based
product demonstrated that the technol ogy wastechni-
cally capableof remediating water bodies contaminated
with themost common triazine herbicide, atrazing®".
Information on theenzymesfrom various microorgan-
ismsinvolved in the bi odegradation of widerange of
pollutants, applications, and suggestionsrequired to
overcomethelimitationsof their efficient usewerere-
ported=8:39,

Advantagesof usingenzymesover microorganisms
include: no requirement of nutrients, biomassacclima:
tion, no formation of metabolic by-products, Sgnificantly
lowered masstransfer limitation on contaminants, easy-
to-control processand effectivein small quantity, ap-
plicableto reca citrant compounds and more harsh op-
erationa conditionssuch ascontaminant concentration,
pH, temperature, and sdinity.

BIOREMEDIATION OFHEAVY METALS

Heavy meta sarechemical e ementswithaspecific
gravity that isat |east five timesthe specific gravity of
water. The specificgravity of wateris1at 4°C (39°F).
Somewell-known toxic metdlic ementsarearsenic,
cadmium, iron, lead, and mercury. Based on thetoxi-
cological point of view, heavy metalscan bedivided
intotwotypes. Thefirst typeisan essential heavy metd,
whereits presence in a certain amount is needed by
living organisms, but in excessive quantitiescan cause
toxic effects. Examplesof thefirst kindisZn, Cu, Fe,
Co, Mn, etc., whilethe second typeincludesthe heavy
meta sthat are not essentia and toxic, whose presence
inthebody hasno known benefitsor may evenbetoxic,
suchasHg, Cd, Pb, Cr and others. Heavy metalscan
affect human hed th effects depending on which part of
heavy metd sarebound in thebody. Variousorganisms
havetheability to bind metal swith very high capacity,
namely marinealgae, fungi and moldsthat have been
reported to be able to accumul ate various metals.

Researchershave demonstrated the successful use
of biosurfactantsfor facilitating the degradation of or-
ganic pollutantsin soil and water. The assessment of
efficiency of biosurfactants (rhamnolipid) producing
micro organisms (Pseudomonas sp.) isolated from
heavy metal contaminated site has been reported“?.
Therdeaseof heavy metd sintotheenvironment, mainly
as aconsequence of anthropogenic activities, consti-
tutesaworldwide environmental pollution problem.
Bioremediation of heavy metalsis considered to be
economically viableaternativeto conventiona meth-
odsof heavy metal clearance. Soil bioremediationisa
complex and costly processthat aimsto restore con-
taminated sitesto environmentally sustainable condi-
tionsusing microorganisms. The processreliesupon
theability of microorganismsto degrade organic mol-
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ecules, but it also depends on the microorganismscom-
ing into contact with the contaminants, and the envi-
ronment in the contaminated soil being conduciveto
the survival of the bacteria. A wide variety of tech-
niques have been devel oped to ensure that these | at-
ter two constraints are overcometo enhance contami-
nant biodegradation“y. Few of the microorganisms
such asagaeincluding cyanobacteria, fungi and bac-
teriahave atendency to grow in heavy metal contami-
nated watersindicating that these are ableto resist
metal toxicity. Endophyteshave a so been employed
for metal removal systemin heavy meta remediation
even at low concentrations*?. Thepotentia and limi-
tations of bioremediation for Cr and U toxic metals
highlighted theimportance of biologically mediated
transformation, immobilization, and mineralization of
toxic metalsduring the course of remediation*. Min-
eralssupport microbia growth by providing essential
nutrients, and microbial activity altered mineral solu-
bility and the oxidation state of certain constituent el-
ements. Microbially mediated dissolution, precipita-
tion, and transformation of minerasareeither directly
controlled by microorganismsor induced by biochemi-
cal reactionsthat usually take place outside the cell.
All thesereactions alter metal mobility, leading to the
release or sequestration of heavy metalsand radionu-
clides. These processestherefore haveimplications
for oreformation and the bioremediation of contami-
nated sites*!. The outlook of bioremediation for ar-
senic and theissues and realmswhich call for more
researchesin the future were discussed*.

Theuseof algaeto remove pollutantsparticularly
heavy metalsis called asalgal bioremediation. The
cosmopolitan nature of themacroa gaeand their ability
to grow and concentrate asuite of heavy metalsfrom
industrial wastes, paves a way towards better
bioremediation practices*dl. In situ bioremediation of
uranium by microbial reduction of solubleU (V1) to
insolubleU (1V) hasbeen shown. Theuseof fid d-based
uranium immunosensors, and amore sophisti cated ap-
proach to maintain ameta-reducing microbia commu-
nity were cons dered among few futuristic techni ques*.
Biosorption of heavy metalsusing dried agal biomass
has been extensively described“e, Different micro or-
ganismsused for bioremediation of heavy metalsare
summarisedinTABLE 2.

TABLE 2: List of microorganismsused for bioremediation
of heavy metals

Organisms Genugdecies Reference
Candidautilis [48]
Hansenula anomala [49]
Yeast Rhodotor ulamucilaginosa  [50]
Rhodotor ularubra GVa5 [5]]
Saccharomyces cerevisiae ~ [50-54]
Agergillus terreus [59]
_ Dundliella (al ga) [56]
Fungi .
Arbuscul ar mycorrhiza [57]
Penicilliumchrysogenum  [50]
EdibleFung  Arthrobacter [58,59].
Bacillus {2(2)}
Citr obacter [61]
Serratia 53]
Cupriavidusmetal lidurans ~ [59]
Bacteria Cyanobacteria [52]
Enterobacter cloacae [52,62]
50]
Pseudononas {29]’ 63
Streptomyces [50]
Zoogloea ramigera [52
Archea Filo Crenarchaecta (64
Phaner ochaete [65]
chrysosgporiumr

Bioremediation of oil spills

Thepetroleumindustry effluents, oily dudgeand oil
spills cause aseriousthrest to theenvironment asthey
aretoxic, mutagenic and carcinogenic. Conventional
methodsarenot safeand environment friendly. Oil con-
tamination has severeimpactson theplant aswell as
anima ecosysteminc uding human heal thi%67,

The hazardousoily wasteis basically composed of
total petroleum hydrocarbons (TPH), water, and sedi-
ments. The TPH constitutes acomplex mixture of al-
kane; aromatic nitrogen, sulfur, and oxygen containing
compounds; and asphaltene fractiong®®. Biological
methodsinvolvedevel opment of indigenousmicrobia
consortiumwhich could biodegrade the components of
total petroleum hydrocarbon (TPH) of theoily waste
into environment friendly end products. It has been
shown that the bioremedi ated soil was non-toxic and
natural vegetation can grow on the samel®9,
Bioremediation efficiency can beincreased, in some
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serious casesof oil spillsby addition of fertilizersbe-
cause it hastened the degradation rates!’.
Bioaugmentation followed by biostimul ation using con-
sortium of oil degrading microbesin soilscontaminated
with oil dudgehasbeen reported asan effectiveway of
bioremediation™.

Researchersreported themicrobiad communitiesof
aGulf of Mexico coastal salt marsh duringand after the
influx of petroleum hydrocarbons following the
Deepwater Horizon oil spill. Thereativerichnessand
abundance of phylacontaining previously described
hydrocarbon-degrading bacteria (Proteobacteria,
Bacteroids, and Actinobacteria) increased in hydro-
carbon-contaminated sediments and then decreased
once hydrocarbons were below detection. A greater
decreasein hydrocarbon concentrationsamong marsh
grass sediments compared to inlet sediments (lacking
marsh grass) suggeststhat the marsh rhizosphere mi-
crobial communities could aso be contributing to hy-
drocarbon degradation™. Since nature of hydrocar-
bon polluted soil iscomplex, soit may be necessary to
apply severd remediation techniquesincluding various
physi cochemical and biologica methodsto reducethe
concentrations of petroleum hydrocarbonsto accept-
able leveld™. The microorganisms used for oil
bioremediation include Al canivorazx borkumensis,
Cycloclasticus, Oleispira, Colwellia (Genus),
Neptunomonas (Genus). The usage of fungi/mush-
rooms and beeswax, has al so been reported®.

PHYTOREMEDIATION

Pantsact asnaturd filtersand metabolize substances
inthenatural ecosystems. The processof pollutant re-
moval by plants is called as phytoremediationl™.
Phytotechnology isaset of technologiesusing plants
(roots, shoots, tissues, and | eaves) toremove, transfer,
stabilize, or destroy contaminantsin soil sedimentsand
groundwater. Thebasic aim of phytoremediation in-
volves conta nment -stabilization, sequestration, assmi-
lation, reduction, detoxification, degradation, mobiliza:
tion, and /or minerdization using plantg™!.

Themain advantagesof phytoremediaion over other
bioremediation methodsindude: smpleand lesscostly,
easly monitored, possibility of therecovery and re-use
of valuableproducts, preservesthe natura state of the

environment etc. Thevarious plantsused for thispro-
cess include: Viola baoshanensis, Sedum alfredii,
Rumex crispus, Helianthus annus, Alfalfa, poplar,
juniper, fescue, Indian mustard Elodea Canadensis,
Pueraria thunbergiana, Helianthus annus, Duck-
weed par rotfeather, Hybrid poplar. Brassica juncea,
Anthylliswulneraria, Festuca arvernensis, Koeleria
vallesiana, Armeria arenaria, Lupinus albus,
cabbage,Sanleya pinnata, Zea mays etci¥.

There are different main five categories of
phytoremediation. These are: phytoextraction,
phytofiltration, phytostabilization, phytovol ati zation and
phytodegradation. Phytoextraction invol vesthe use of
plantsto remove contaminantsfrom soil. Themetd ion
accumulated inthe aeria partsthat can beremovedto
dispose or burnt to recover metals. Phytofiltration uti-
lizesthe plant rootsor seedling for removal of metals
from aqueouswastes. In phytostabilization, the plant
roots absorb the pollutantsfrom the soil and keep them
intherhizosphere, making them harmlessby preventing
them fromleaching. Phytovolatizationinvolvestheuse
of plants to volatilize pollutants like Se and Hg.
Phytodegradation, the use of plantsand associated mi-
croorganismsto degrade organic pollutants depends
upon different plant cultivars, which processor pro-
cessesit includes during phytoremediation”. Meth-
ods used to phytoremediate metal contaminants
(phytoextraction, rhizofilteration, phytostabilization) are
dightly different to those used to remediate sites pol-
luted with organi c contaminants. Different methodspro-
cessesinvolvedin phytoremediation aresummarizedin
TABLE 3. Themechanismsof phytoremediationinclude
biophysical and biochemica processeslikeadsorption,
transport and trand ocation, aswell astransformation
and mineralization by plant enzymes™.

PHYTOREMEDIATIONAND
HEAVY METALS

Polluted soils and waters pose amajor environ-
menta and human health problem, which may bepar-
tially solved by the emerging phytoremediation tech-
nology. Scientists have shown that the Typha
domingensisdecreased heavy metalsfrom municipal
wastewater’®l, Morethan 400 plant specieshave been
identified to have potential for soil and water
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Phytor emediation

Function Pollutant Plants References
processes
Phytoextraction Remove metals pollutants  Cd, Pb, Zn, As, Viola baoshanensis, [78]
that accumulate in plants.  Petroleum, Sedum alfredii,
Hydrocarbons Rumex crispus, [79]
Remove organics from and radionuclides in Helianthus annus,
soil by concentrating soil and groundwater  Alfalfa, poplar, [80]
them in plant parts juniper, fescue,
Indian mustard,
cabbage, Thlaspi caerulescens,
Viola calaminaria
Phytostabilization ~ Use of plants to reduce Cu, Cd, Cr, Ni, Anthylliswulneraria, [81,82]
(Immobilization) the bioavailability of Pb, Zn, present in soil  Festuca arvernensis,
pollutantsin the Koeleria vallesiana
environment Armeria arenaria,
Lupinus albus
Hybrid poplar,
Grasses
Rhizofiltration Roots absorb and Zn, Pb, Cd, Asand Helianthus annus [82]
adsorb pollutants, Radionuclei in (Sunflowers),
mainly metals, from groundwater Brassica juncea [83]
water and aqueous
waste streams
Phytodegradation  Plants and associated DDT, Elodea Canadensis, [84]
microorganisms Explosives, Pueraria
degrade waste and thunbergiana, [85]
organic pollutants Nitrates Duckweed
Groundwater parrotfeather, Hybrid
poplar
Phytovolatilization/ Use of plantsto Se, CCl4, Sanleya pinnata, [86].
rhizovolatilization  volatilize pollutants EDB, Zea mays
TCE Brassica sp.
Phytotranformation Plant uptake and xenobiotic Cannas [87]
degradation of organic substancesin soil
Compounds

remediation. Among them, Thlaspi, Brassica, Sedum
alfredii H., and Arabidopsi s speci es have been mostly
studied. Recent progressesin research and practical
gpplicationsof phytoremediation for soil and water re-
sources were reported®. The approaches used for
plant-assi sted bioremedi ation of heavy metal contami-
nated soils and aquiferswere reported®®1

Using plantsfor heavy metal clearance depends
upon genetic variationsamong plant speciesand even
among the cultivar of the same species. The mecha-
nismsof metal uptake, accumulation, exclusion, trans-
location, asmoregul ation and copartmentation vary with
each plant species and determineits specificrolein
phytoremediation. The recent advancesin plant bio-
technol ogy have created anew hopefor the devel op-
ment of hyperaccumulating species®. Thelatest de-

velopmentsaretaking placein bioremediation by utiliz-
ing rhizoremediation, protei n engineering, metabolic
engineering, whole-transcriptome profiling, and
proteomicsfor the degradation of recal citrant pollut-
antssuch aschlorinated aiphatic and polychlorinated
biphenyl aswell asfor binding heavy metal §%- Cell
surface expression of specific proteinsalowed theen-
gineered microorgani smsto transport, bioaccumul ate
and/or detoxify heavy metals as well as to degrade
xenobioticg®. Thedrawbacks of phytoremediation
includesthe slow detoxification of organic pollutants
andif decomposition isnot complete, toxic compounds
may accumulatein plant tissue and can bereleased to
theenvironment or enter food-chaing®!. Examples of
plants called hyperaccumul atorsused to extract heavy
metal sincludeIndian mustard Brassica juncea, Thlaspi
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TABLE 4: Plantsand microbeinteraction in remediation of heavy metal contaminated soils

Microbe/ Microbial

Characteristics

Pollutant o properties of Plant Soil nature Reference
communities .
microbe
Ni Chlorellavulgaris Bacterial Ni Thlaspi goesingense, Ni-rich [102-105]
Holophaga/ Acidobacterium  Solubilisation Lycopersicon Serpentine
division and esculentom s0ils,
o-proteobacteria, Alyssum murale Gontobiotics, pot
Methyl obacterium oryzae, culture
Methyl obacterium experiments
mesophilicum,
Sphingomonas
Zn Bacillus spp Bacterially Salix caprea, Anthyllis  Pot Experiments  [106-109]
mediated vulneraria
dissolution of Zn  Lupinus albus, Thlaspi
from non caerulescens
|abile phase
Cu Bacillus spp Dissolution of Cu  Elsholtzia splendens Cu- contaminated [110]
by addition Willow soil (Near Cu
of rhizobacterial (Salix viminalis) mines)
strain MS12
& ampicillin
0.1mg/g, Cu
tolerant,
exopolymer
producing
bacterial
communities,
predominantly,
Bacillus
U Pseudomonas aeruginosa Sun flower, [43,57,111-
Citrobacter spp. Phragmites sp. 113]
Co Zooglea spp. [114]
As Arthrobacter, Helianthus annuus, Ascontaiminated [45,115-120]
Ochrobactrum Agrostis cattle dip sites
Bacillus, Serratia sp tenuis, Chinese Brake
Pseudomonads fern Pteris
vittata (in its leaves)
Cd Bacillus subtilis Coinoculation of  Trifolium repens, [121-125]
Citrobacter spp Brevibacillussp.  Brassica napus
pseudomonad strains and AM Salix viminalis),
(MKRh1, MKRh3, Fungus, Cadmium Thlaspi
and MKRh4) resistant caerulescens, Willow
bacterial strains (Salix
inoculated to viminalis), Populus
plants. (Indole canadensis
Blue green alga acetic acid as
Hapal osiphon auxin produced by
Welwitschii Nagel theisolates
for tolerance)
Hg Pseudomas fluorescens Soybean In green- [126]
house
Se Bacteria Brassica juncea [127]
volatilizes Se
into
nontoxic forms,
such as
dimethylselenide
Au Chlorella vulgaris [114]
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Characteristics
properties of

Microbe/ Microbial

Pollutant o
communities

microbe

Plant Soil nature  Reference

Pb Cupriavidus taiwanensis
TJ208
Bacillus megaterium
HKP-1

Mimosa pudica, Indian Experiments
mustard in

(Brassica juncea), green house
Ragweed

(Ambrosia artemisiifolia),

Hemp

Dogbane (Apocynum

cannabinum), or Poplar

trees,

which sequester- lead in its

biomass

[128,129]

(lead) caerulessces (zinc/cadmium), ipomea al pine
(copper), Haumaniastrumroberti (cobalt), Astraga-
lus racemosus (selenium), Sebertia acuminita
(nickel )8, Halophytes offer a greater potential for
phytoremedi ation research for the decontamination of
heavy metal polluted soils. Recently, the use of salt-
accumul ating ha ophytesfor soil desdinationinaridand
semiarid regions has been suggested®. Present usage
of phytoremediationin heavy meta scontaminated soils
have been reported(%:

Duringrhizofilteration, thereisan interaction be-
tween microbe present in the soil and plant root system
to enhance biodegradation of heavy metals.
Phytoremediation holdsgreat promisefor in Situ treat-
ment of heavy meta contaminated soils. The benefitsof
combining S derophore-produci ng bacteriawith plants
for meta remova (particularly iron) from contaminated
soils have been demonstrated!*®. Enhanced
bi oremediation can bedone by exploiting plant-microbe
interaction using transgenic science ™Y,

TRANSGENIC PLANTSIN
PHYTOREMEDIATION

Transgenic plantsfor enhanced bioremediation uti-
lize various biotechnol ogi cal techniquesto engineer
plantswhich are capabl e of remediating contaminated
soilsand groundwater in better ways. Varioustransgenic
plants have been generated in order to modify thetol -
erance, uptake or homeostasis of trace elements*=,
Phytoremediation of herbicides present insoil and wa
ter can bedoneby using transgenic plants*sY. Themain
approaches used for the development of transgenic
plantsfor phytoremediationinclude: trandformationwith
genesfrom other organisms(mammals, bacteria, etc),

transformation with genesfrom other plant species; and
over expression of genesfromthesameplant species™.
The devel opment of transgenic plantsto clean up envi-
ronmentd pollution caused by thewastesof heavy metd
mining isapromising method for removing metal pol-
lutantsfrom soil g%, Transgenic alfalfaplantshavea
great potentid for phytoremediation of mixed environ-
mental contaminants**, De-esterificationisanimpor-
tant degradation or detoxification mechanism of sulfo-
nylureaherbicideinmicrobesand plants. Construction
of sulfonylureaherbicide-res stant transgenic cropshelps
in understanding the various mechanisms of degrada-
tion of herbicidethrough metabolism studiesand detoxi-
fication analysi sthrough de-eterificationwhich further
implicatesdevel opment of bioremediation methods of
sulfonylurea herbicide-contaminated environmentg**,
Transgenic plants and associ ated bacteria consti-
tuteanew generation of geneticadly modified organiams
for efficient and environmenta -friendly trestment of sol
andwater contaminated with polychl orinated biphenyls
(PCBs). Bacterid genessuch asbiphenyl dioxygenases
have been introduced into higher plants, to develop
transgenic crops having better PCB degrading capabil-
ity. Also bacterias have been genetically modified that
exhibit improved biodegradation capabilitiesand were
found ableto maintain stable rel ationshipswith plants.
Transgenic plants and associated bacteriabring hope
for a broader and more efficient application of
phytoremediation for thetreatment of PCBS**!.

GENETICALLY ENGINEERED MICROOR-
GANISM S (GEM) AND BIOREMEDIATION

The first genetically engineered organism for
bioremediation was Pseudomonas. Thisaong with
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severa other microbeswas claimed to beeffectivein
treating il spills. Theuseof geneticengineeringto en-
hance the natural capacity of microorganisms for
remediation hasbecomevery promising®. Geneticaly
engineered microorganismshaveshown agresat poten-
tia for bioremediation applicationsin soil, groundwa-
ter, exhibiting enhanced degradative capabilitiescover-
ingawiderangeof chemical contaminants.

GEM possessing metdlothionein, provided mercury
res stlance and accumul ation provided aviabletechnol -
ogy for mercury bioremediation*¥. Theuseof genetic
engineering to produce microorgani sms capable of de-
grading specific contaminants or to enhance such pro-
cessesin native organismswith such capabilitieshas
become apopular way of increasing the efficiency of
bioremediationinlaboratory studies. Techniquesused
canincludeengineeringwith snglegenes, pathway con-
struction, and alteration of the sequencesof existing
coding and regulatory genes**. These applications
could further be extended to greenhouse gas control,
carbon sequestration, or conversion of wastestovaue
added eco-friendly products. Regardless, thereremains
theneed for aregulatory, safety, or costs benefit-driv-
ing forceto makethese potentialsareality!**?, Dueto
eco-friendly approach and lesser hedlth hazardsascom-
pared to physico-chemical based strategiesto combat
heavy meta pollution; GEM based remediation offered
amorepromisingfield. Good microbiological and eco-
logical knowledge, biochemical mechanismsandfied
engineering designswoul d be an essential element for
successful insitu bioremediationin contaminated Sites
using engineered bacteria. Various biosafety and envi-
ronmental concernslikegenetic pollution, caused by
using GEM should bewe | accounted beforereleasing
into environment™, Futurebi oremedi ati on gpproaches
need emphasi s on gpplication of technol ogiesdiscussed
inthisreview to decontaminate e-waste from the soil-
water environment. The hazardous effects of e-waste,
Indian and global scenario and innovative
bioremediation technol ogiesto removeit from environ-
ment have been reported42,

NANOTECHNOLOGY BASED
BIOREMEDIATION

Nanotechnology isan emerging areainthefied of

soil remediationi*#3, The ability of nanotechnology to
abate pollution productionisin progressand presentsa
number of potentia environmenta benefitd“. Microbe
utilizationfor intracellular/extracel lular nanoparticles
synthesiswith different chemical composition, size/
shapes and controlled monaodi spersity hasbeen shown
asanovel, economically viableand eco-friendly strat-
egy that reduced toxic chemicalsin the conventiona
protocol™¥1461, The bacteriacultures exposed to HgS
nanoparticlesmethylated mercury at arates ower than
cultures exposed to dissolved forms of mercury. Fur-
ther, the methylation potential of HgS nanoparticles
decreased with storagetime of thenanoparticlesintheir
origina stock solution47,

Enzymesshort lifetimeisoneof themaor concerns
intheir environmental gpplications. Studiesontrypsin
and peroxidase attached to uniform core-shel | magnetic
nanoparticles (MNP’s) indicated that the lifetime and
activity of enzymesincreased dramaticaly fromafew
hoursto weeksand that MNP-enzyme conjugateswere
more stable, efficient, and economical**¥l. Research-
ershave caged single enzymesto creste anew class of
catalysts called “Single enzyme nanoparticles”
(SENs)1149150 The combination of SENs and
nanostructured matrices has potentia to makeagreat
impact in bioremediati on™>Y.

BACTERIOPHAGESIN BIOREMEDIATION

Current methods of bioremediationin oil spillsof-
tenrequiretheintroduction of exogenousbacteria, which
causeimbalanceof delicatemarinemicrocosms. Modi-
fication of aphagethat isendogenousto the environ-
ment, inwhichit exists, caninfect itsnormal hogts, en-
abling them to produce compounds such as nitrates,
aulfates, and ferricironsto bio-degrade hydrocarbons.
Theuseof phage, asopposed to widespread dumping
of these substancesin affected areas, issaf sustaining,
lesssevereon theenvironment, and facilitateseffortsin
areasthat may beinaccess bleto prolonged human ac-
tivity. However, careful monitoring of any Sde-effects
of introducing there-engineered phageto experimentd
microcosmsshould beexplored. Phagesdriven micro-
bia loop enhanced bioremediation ratesto many folds.
Efficiency of bioremediation in petroleum and other
hydrocarbons contaminated water has shown to in-
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crease when phages along with bacteria were em-
ployed**2, |t isdesirablethat bacteriamust die after
performing itsfunction so modified sysemscan bede-
vel oped by using phageswith either ahalinor theholin-
endolysinpair under thecontrol of aninducblepromoter
whichwasfound senstiveto thespecific subgtance. These
can bedevel oped by providing with asuitablecontrolled
system=,

CONCLUSIONSAND PERSPECTIVES

Increasing awareness and concern of environmen-
tal issueshasforced humanity to think above conven-
tional methods of wastetreatment. Bioremediation, a
need of present and immediate future, isapowerful
tool availableto clean up contaminated sites. Generdly
bacteriaaidsbioremediation by transforming aspecific
contaminant. Therearemany advantagesaswel | aslimi-
tationsof thisprocess. Bioremedi ation advantages out-
weigh thedisadvantages, asit offersan efficient and
cost effectiveway to treat contaminated ground water
and soil.

Mol ecular biology and biotechnol ogical methods
can help creating stronger microbes and plantswith
better bioremediation capacity. Genetic modification
offers anew hope for phytoremediation as GM ap-
proaches can be used to over expressthe enzymesin-
volvedin the existing plant metabolic pathways or to
introduce new pathwaysinto plants. The various ob-
staclesfaced in uplifting the processare current tech-
nologiesand also ethical, legal, and social issuesin-
volved thistechnology. With the exciting new develop-
ment inthisfield and focusoninterdisciplinary research,
bi oremediation technology will goalongway in clean-
ing our polluted environment in near future. Improving
microbid strains; improving bioanadytical methodsfor
measuring thelevel of contaminants. However, there
areanumber of problemswhich are encountered with
bioremediation aswell. First, organism’s population
must increase. For this, their growth conditionsmust be
determined and maintai ned at the contaminated sites.
Eveninanided environment an organismmay prefer to
metabolize other morereadily avallablenutrientswithin
acontaminated areg, or the pollutant may be completely
or partidly inaccessbleto thedegrading organism. The
environment may contain substances or organismsthat

inhibit growth of thedegrading population.
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