Junk-greedy Greens:
phytoremediation as anew option
for soil decontamination

Corinne Cluis

Industridization hasled to therel ease of enormous
quantities of toxic compoundsinto the environment.
Industria activitiessuch aschemica works, garages
and service stations, metal fabrication shops, paper
mills, tanneries, textile plants, wastedisposa stesand
intensveagricultureareparticularly guilty of polluting™.
Pollutants can be categorized into two large classes:
elementa and organic. Elementa compoundsinclude
heavy metals, like mercury and lead, non-metallic
inorganic compounds such as arsenic, as well
radionuclideslike uranium. Organic contaminants
consist of petroleum hydrocarbons, chlorinated
solvents (PCBs), linear halogenated hydrocarbons
(TCE) and explosives such as TNT2 There is
increasing scientific evidence indicating the
toxicological effectsof thesecontaminants. Conversdly,
thereisagrowing impetusto reuse abandoned polluted
sites in order to conserve remaining pieces of
untouched land!. To balance these issues,
governmental regulationshave becomeincreasingly
strict inrecent yearsin order to limit the rel ease of
pollutantsand to adequately remedi ate polluted areas®.

Therearenumerousoptionsfor theremediation of
contaminated sites. Commonly used engineering
techniquesind udeexcavation andlandfilling, chemica
treatment, vitrification and electrokinetics. These
methods are extremely expensive, costing between
$50 and $500 per ton of soil*. Thisfinancial burden
probably playsarolein dowing down global efforts
to eradicate pollution, particularly in developing
countries where these techniques are clearly not
affordable. Asaresult, itishighly desirableto develop
more cost-effective remediation methods.
Bioremediation technologies, whichfocusonliving
organismsasclean-up agents, aeseen asandternative

withgresat potentid for affordably remediating polluted
sites. Bioremediation research is led mainly by
microbiologists, whotry to identify the appropriate
bacteriato breakdown contaminantsinto harmless
products. The amazing diversity of the prokaryotic
world makes it an endless resource of metabolic
pathways that can process organic compounds'.
However, biologistshave now recognized that plants
also have qualities that can make them great
remediating agents, and a new field called
phytoremediationisrecaiving moreattentionfromboth
academiaand industry.

Phytoremediationisdefined astheuseof plantsas
well asmicroorganismsof therhizospheretoremove
or render harmless pollutants from contaminated
Stes”®. Themain advantageof phytoremediationisits
low costin comparison to engineering techniques, i.e.
phytoremediation only costs about $5-$40 per ton of
soil* Inaddition, itisgeneraly approved by thepublic,
primarily because of its aestheticsand eco-friendly
sugtainability. Bioremedi ation using microorganiamsis
often performed on extracted soil, in the controlled
environment of abioreactor. It canasobeusedforin
Situ remediation, but it has often been found that the
cleaning bacteriacan compete with local microbes,
and that keeping them at high concentrationsrequires
the addition of alot of nutrients’. In comparison,
phytoremediationiseas er to manage becauseitisan
autotrophic system of large biomassthat requireslittle
nutrient input®. Moreover, plants offer protection
against water and wind erosion, preventing
contaminantsfrom spreading®.

Phytoremediationisabroad term that comprises
several techniques used for water and soil
decontamination. Inthisreview, wewill focusonfour
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Phytoremediation

Phytodegradation

plant metabolism of contaminants

Phytostimulation

I the rhizosphere

microbial metabolism of contaminamt

Phytovolatilization
remowal of contaminants
frovm the soil and subsequent
refease to the atmosphera

Phytoextraction
extraction of contaminant by the plami

igurel. Thefour typesorf phytoremediation used for cleaning contaminated soil

main subgroups of techniques used for soil
remediiation:

1. Phytoextraction: the uptake of contaminants
in plant roots and their concentration in
harvestabletissues

2. Phytovolatization: the uptake of
contaminants by plantsand their subsequent
releaseinto theatmosphereinavolatileform.
3. Phytodegradation: biodegradation of
pollutantsby plant enzymes.

4. Phytostimulation: biodegradation of
pollutants by plants, facilitated by
microorganismsintherhizosphere®.

Ingenera, phytoextraction and phytovol atization
areconsdered asthemain optionsfor theremoval of
heavy metals and other elemental compounds,
whereas phytodegradation and phytostimulation are
applied mostly to organic contaminants®. We will
review examples of thesetechniques, moreover, we
will discusstheimportanceof undersanding thenatura
mechanismsused by plantsto perform these actions
and the strategies being devel oped to enhance the
efficiency of phytoremediation systems. Numerous

chalengesneed to be overcomefor phytoremediation
to become a commercially viable technology,
especialy withregard to the generation of plantsthat
havegood remediating quditieswithout compromising
their biomassyield and growth rate®. Wewill highlight
some recent advances in molecular genetics that
provide potential toolsto solvethese problems.

Phytoextraction

Phytoextractionisthebest solutionfor theremoval
of contaminants that cannot be degraded. For this
reason, itisused mainly to extract dangerouselementd
compounds. During thelast century, the amount of
toxic metalsreleased hasreached over 1,350,000 t
for zinc, 783,000t for lead and 939,000t for copper.
Elementa compoundsand radionuclidescause DNA
damage, which is thought to be the cause of their
carcinogenic effectsinanimdsand humans. Contrarily
to organic compounds, elemental contaminantsare
immutable, which meansthat they cannot be degraded
by any biological or physical process’. Asaresullt,
toxicinorganic compoundscan only beremoved from
thesite or converted into abiologically inert form?.
Phytoextraction involvesthe uptake of contaminants
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from the soil, followed by translocation and
accumulationinthe shoot. Oncetheplantshavegrown
totheir full size, the above-groundtissueisharvested
using conventional farming machinery and the
contaminant is permanently removed fromthesite.
Typically, the harvested biomasswill beincinerated
or composted. Inthecaseof metds, another dternaive
isto recyclethe compound. However, becausethe
cost of such an operation often surpassestheval ue of
themetd itsdlf, recyclingisnot commonly done'.

Therearetwoimportant factorsto consider when
evaluating the potential of aplant asphytoextractor:
bi oconcentration and biomass production. Theformer
isdefined astheratio between the concentration of
the pollutant in the shoot and itsconcentration in the
soil. It servesasanindicator of the capacity of aplant
to accumul atetoxic compounds. Biomass production
is also critical in order for phytoextraction to be
commercidly viablebecauseit decreasesthe number
of cropsrequired to completethe remediation of a
givensite®.

Hyperaccumulators

Phytoextraction has attracted increasing interest
withinthescientificcommunity followingthediscovery
of hyperaccumulator plant species.
Hyperaccumul ators are plants that have an innate
capacity to absorb metd at level sS50-500 timesgrester
than average plants®. They are often found in metal-
rich regionswherethistrait probably givesthema
competitive advantage!. Hyperaccumulatorshave a
bioconcentration factor greater than one, sometimes
reaching 50-100. Furthermore, they aways have
efficient root-to-shoot transport system and have
enhanced tolerance to metal s, indicating increased
capacity for detoxification'®. So far, morethan 400
speciesof naturd metd hyperaccumul atorshave been
identified™. The best known hyperaccumulator isthe
pennycress Thiaspi caerulescens. Thissmall plant can
absorb zinc from the soil at arate exceeding 40 kg
per hectare per yeart. Becauseitisasmall and safing
diploid plant that can easily grow under |ab conditions,
T.caerulescensis used asamode for the study of
metal hyperaccumulation. Hyperaccumulatorsare
great toolsfor the study of phytoextraction. However,
aproblem with most hyperaccumul ator speciesisthat

they do not have asufficient biomassand growthrate
to be successfully employedinthe phytoremediation
industry®. Many researchersinthefield consider that
the best way towork around thisproblemistotransfer
the appropriate characteristics of hyperaccumulators
into high biomass plants*®. To do o, itisessential to
understand how these plants manageto tolerate and
accumul ate such high quantitiesof metals.

Four processes are believed to be crucia for
hyperaccumulation: root uptake of metals, root-to-
shoot trangport, complexationwith chelating molecules
and compartmentdizationintothevacuol €. Increased
uptake of metals in hyperaccumulators involves
differencesin the expression of metd transportersin
theroots. For instance, Znand Cd accumulationin T.
caerulescens involves genes coding for metal
transporters, ZNT-1 and ZNT-2, which are highly
expressedinroot tissue. Theexpression of thesegenes
is almost completely unaffected by internal Zn
concentrations'®. Furthermore, it takes50timesmore
Zn in the soil to downregulate ZNT-1 in T.
caerulescens than in a related non-accumulator
species, T. arvense’.

Uptakeof metd inroot cdlsisof great importance,
but for phytoextraction to occur, transportationinthe
shoot must also be efficient. In nickel
hyperaccumulators such as Alyssum lesbiacum,
exposuretothedement triggersthereleaseof higtidine,
which actsasachelator that detoxifiesnickel. This
enhances root tolerance to the metal, but most
importantly itincreasestherate of Ni uptakeintothe
xylemfor transport to the shoot®*°. Onceintheshoct,
metalsaccumulateinthecells. What cell processes
allow hyperaccumulators to tolerate such high
concentrationsof metal intheir tissue?1tisbelieved
that hypertoleranceisassociated with the presence of
high-affinity chelating moleculesin the cytoplasm.
Phytochelatins, for instance, are cysteine- and
gluthanione- rich compounds that can sequester
numerous metalssuch asAg, Cd, Cuand Ni and thus
protect celsformtheir harmful effectson surrounding
proteins. In T. caerulescens, Zn is believed to be
complexedwith histidineinroot cellsand organicacids
in the shoot'°. Finally, complexed metals are
transported and kept in the vacuol e, which accounts
for agresat part of plant hypertoleranceto metals.

Genescoding for vacuolar ion transport proteins
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havebeidentifiedin saverd hyperaccumulator species.
In T. caerulescens, the gene ZPT-1 codes for a
trangporter that belongsto thecation diffusonfacilitator
family. ZPT-1ishomologousto ZAT, an Arabidopsis
genethat confersZn tolerance when overexpressed.
InT. caerulenscens, ZPT-1isexpressed mainly in
leaves, and is not downregulated by high Zn
concentrations'®.

Improving phytoextraction may involvethegenetic
transfer of hyperaccumulator traitsinto high biomass
plants. Because hyperaccumulation often involvesthe
action of multiplegenes, ajudicioussrategy totransfer
thesetraitsis somatic breeding. Somatic breeding
cons stsof fusing together protoplastsof two different
speciesin order to combinetheir respective genetic
material. For example. Brewer et a. generated a
somatic hybrid between the zinc hyperaccumul ator
Thiapsi caerulescens and the high-biomass
Brassicae napus (canold). The team successfully
obtained ahybrid that washighly metd resistant while
keeping thehigh growth rateand biomassof B. napus.

Another approach toimprovethe performance of
phytoextraction sysemsistheuseof transgenic plants,
possibly expressing genes taken from bacteria or
animals. Thereare sometraceeements, suchaslead
and mercury, that no plants have been shown to
tolerate or accumul ate. However, severd traced ement
detoxification systems have been extensively
characterized in yeast and bacteria. Of course, itis
not possibleto predict how stably and efficiently animd
and bacterid enzymeswill behavein plants, but there
aredready promising projectsthat show the potentia
of transgenic plantsfor phytoextraction®. Oneof these
projectsaddressesthe problem of iron acquisition. In
all plants except grasses, theinsoluble ferric form
(Fe*) present in the soil must bereduced to themore
solubleferrousform (Fe*). Thisismediated by aferric
reductasel ocated intheroot plasmamembrane. Then
theferrousform istaken up into cellsby aferrous
transporter. To increaseiron acquisition, biologists
transformed tobacco with two ferric reductase genes
fromyeast under constitutive promoters. Theleaves
of thetransformants contained 50 timesmoreiron than
untransformed tobacco (Singh et a. 2003).

Another project aimed at increasing plant tolerance
to cadmium. Metallothionins (M Ts) areancother class
of cysteine-rich proteinsthat have high affinity to

cations such as Cd, Cu and Zn®. The gene
corresponding to the metal-binding domain of amouse
MT was overexpressed in tobacco, which led to
increased accumul ation and resi stance of the plants
to Cd>.

Phytovolatization

Another optionfor theremediation of certaintoxic
elemental compoundsisto convert theminto aless
harmful volatileform. Phytovol atizationisthe uptake
of contaminants by the roots followed by their
conversontovolatilecompoundsand their subsequent
rel easeinto theatmospheref. For instance, thelndian
mustard Brassicae Juncea can naturally extract
seleniumfor the soil, whereit isoften present asthe
highly toxic selenocyanate, and convert part of it to
dimethylselenide, avolatileformthat is500 to 700
times|esstoxic than selenate or selenite™. Although
they have not beenidentified sofar, it would certainly
be interesting to study the genes involved in this
process in order to increase the efficiency of Se
volatization.

Phytovolatization systems have also been
developed for the removal of mercury, in what is
probably themost successful use of transgenic plants
for phytoremediation. Theform of mecury that can
bicaccumul ate and cause neurodegenerative diseases
infishismethylmercury (CH,Hg). Industrid effluents
usually release ionic mercury (Hg(ll)), but it is
eventually converted to CH_Hg by sedimentary
bacterial2. Some mercury-contaminated sitescontain
bacteriathat convert CH_Hg to the much lesstoxic
elemental mercury (Hg(0)), whichisdiffused out of
the bacteriaand isrel eased into the atmosphere. The
enzymes responsible for this process are an
organomercurial lyase (MerB) and a mercuric
reductase (MerA). MerB first converts CH_Hg to
Hg(Il), whichisthen reduced to thevolatileHg(0) in
a NADPH-dependent fashion. This pathway was
introduced in Arabidopsisthaliana by transferring
MerA and MerB in front of aconstitutively active
promoter. Theresulting transgenic plantswereable
to grow with concentrations of CH_Hg 50 times
greater than control plants'2.

Usng fast-growing treessuch asyelow poplar and
willow as phytovolatization systems could be an
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efficient and cost-effective option for
phytoremediation. Treeshave along life-span, they
have adeep and extensveroot systemthat givesthem
apowerful hydraulic pull and stabilizesthe soil, and
they produce large amount of litter which might
increasethe bioavailability of metal®!. A promising
development inthisregardisthetransfer of MerA to
yellow poplar. Primary resultsindicatethat transgenic
poplarswere abletovolatilize 10 timesmore mercury
than control plantlets’.

Phytodegradation

Phytodegradation offers great hope for the
remediation of sites contaminated by organic
compounds. Contrary to elemental contaminants,
organic compounds can bechemically degradedinto
harmlessproducts, and even minerdized, i.e. broken
downinto CO, andH,O molecules’. Theideaof using
plantsto perform such processesfirst appeared when
it was observed that organic pollutants disappeared
more quickly from vegetated soilsthan from barren
s0il®3. Phytodegradation isdefined asthe breakdown
of pollutantseither by metabolic processesinsdeplant
tissues, or by plant enzymes secreted inthe soil®. The
two following examplesdemonstrate the potential of
phytodegradation for extremely toxic compoundssuch
asexplosivesand halogenated hydrocarbons. 2,4,6-
Trinitrotoluene (TNT) isone of themost dangerous
and pers gtent explosives. Itsuseand disposa hasled
to the contamination of numeroussitesworldwide, but
thecurrent meansavailableto clean up thesesitesare
so expensivethat few of them have been remediated™.
Numerous plantsspeciesareabletodegrade TNT in
thelr tissue, but thisprocessgrestly affectsther growth
and devel opment, and that preventstheir usefor large-
scale phytodegradation projects®. A soil bacteria,
Enterobacter cloacae, wasfound to be ableto use
nitrate ester explosivesasitssource of nitrogen. Two
enzymesidentifiedinthisbacterium areableto perform
the denitrification reaction: PETN reductase and
nitroreductase’!*. Both reductasesuse NADPH asa
source of electronstoreduce TNT into lessharmful
compounds. Intwo independent studies, the genes
coding for these enzymes, onr and nfd respectively,
wereintroduced in tobacco plantsunder the control

of condtitutive promoters. Inboth cases, thetransgenic
plants were resistant to TNT concentrations that
severely affected the development of wild-type
plants’4,

Thestudy of nfd-expressing plantsindicatesthat
transgenic root and shoot tissue analyzed by HPLC
contained no TNT and minuteamountsof ADNT, its
degradation product. On the other hand, wild-type
plants grown on TNT-medium contained high
concentrations of TNT. This suggests that nfsl-
expressing plantsreadily reducesTNT toADNT and/
or may conjugateit anditstransformation productsto
chelating molecul es before sequestering theminthe
vacuoleinan unextractableform. BecauseADNT is
also acarcinogenic compound, itisdesirablethat its
stays sequestered in the plant rather than excreted
back intothesoil*4. Plantsthat naturally degrade TNT
appear to be ableto reduceit to CO, and ammonium
or nitrate?. In order to diminish the production of
dangerous down-products such asADNT, it would
certainly beinteresting to expressgenesinvolvedin
the complete mineralization of TNT inonl and nfdl
transgenic plants.

Trichoroethylene (TCE) is a halogenated
compound used intheindustry asadegreasing agent.
It isone of the most widespread organic pollutants
and it isparticularly hard to remove because of its
high mohility?L. Whilerhizospheric bacteriahavelong
been knownto degrade TCE, itisonly recently that
thedirect role of plant enzymesin thisprocess has
been discovered. In experiments using isotopic-
labeling, Gordon et d .*> were ableto show that hybrid
poplar cell cultureswere ableto absorb TCE present
inthe growth medium and subsequently degradeit to
trichloroethanal, trichloroacetate and finaly to CO,,
Thesamegroup aso conducted field trialsshowing
that poplar treesgrown on soil injected with TCE were
capableof thesamedegradationreactions, volatilizing
up to 90 percent of the TCE absorbed™. Thesedata
suggest that plants possessavery efficient oxidative
degradation pathway for xenotopic chlorinated
compounds such as TCE. Infact, among al living
organisms, plants have the capacity to synthesize,
rearrange and detoxify the most complex array of
organic compounds, such as cellulose, lignin,
flavanoidsand other secondary metabolites. For this

BioTeach Journal | Vol. 2 | Fall 2004 | www.bioteach.ubc.ca

65



reason, thereisgreat hopethat future research will
unravel thebiochemigtry of plant degradation of other
organic pollutants.

Phytostimulation

Far moreisknown about the microbial pathways
responsible for the breakdown of toxic organic
compounds than of plant metabolic pathways. In
addition, thesymbiatic relationship that existsbetween
plants and several soil microorganisms has been
extensvely sudied. Therhizogphere, whichisthezone
of soil immediately surrounding theroots, provides
the dynamic environment mediating plant-microbe
exchanges’. Aninteresting usefor phytostimulationis
being devel oped for theremediation of polychlorinated
biphenyls(PCBs). PCBsareamong themost darming
contaminants because of their persistence in the
environment, their carcinogenicity andandther generd
toxicity?. In order to be degraded by soil bacteria,
PCBsmust be co-metabolised with another carbon
source. Inlaboratorieswhere PCB bioremediationis
performed in bioreactors, the co-metabolite of choice
istheclosely related compound biphenyl. However,
biphenyl ishighly toxic and therefore cannot be used
forinsturemediation of contaminated soil*®. Theneed
for aternative co-metaboliteshasled severa research
groupstolook for plant species capable of excreting
phenolsthat can support PCB-degrading bacteria. By
screening plantswherethese bacteriapreferentially
grew, ateamwasabletoidentify themulberry Morus
rubral.. asapromising candidatefor phytostimulation
studiesinvolving PCB degradation®=.

Conclusion

Our society isincreasingly concerned about land
and water pollution and its potential effects on
ecosystems and on human health. Consequently,
cons derableeffort hasbeen put into the devel opment
of cost-effective and efficient ways to clean up
contaminated sites. Phytoremediation has gained
cons derable acceptance over theyears, anditsplace
inthe environmental technology market issteadily
growingt. Despiteitsrelatively dow rateof actionand
limitations related to environmental conditions
necessary for plant growth, itisconsidered alow cost,

environmentally sound technology thet couldin certain
casesreplace current engineering practices. Recent
research has widened the possibilities for
phytoremediation. However, much of the present data
on the performance of phytoremediating transgenic
plantsare based on observationsmadein laboratories,
often on agar media, rather thaninthefield. Therefore,
it isnow important to confirm the performance of
phytoremediation systems on large-scale
contaminated sites. Infact, afew papersaready report
caseswheretransgenic plants appeared efficient in
thelab, but did not differ significantly from controls
under field conditions®. The bioavailability of the
contaminantson real contaminated sites appearsto
beamagjor factor in the discrepancy between lab and
field conditions. A better understanding of soil
propertiesand of physiochemical factorsinfluencing
the solubility of toxic compoundswill likely allow the
improvement of on-site plant performancesin the
future®. Furthermore, we need to gain more
knowledgeabout themolecular mechanismsthat alow
plantsto remediate polluted soils, particularly with
regard to hyperaccumul ation and hypertolerance. It
istheidentification of novel genesinvolvedinthe
acquisition and the homeostasis of toxic compounds,
as well as an understanding of the way they are
regul ated that will encourage real improvement in
phytoremediation systems.
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