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AGRONOMICISSUES
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Technology Innovation Office, US-EPA (5102G), 1200 Pennsylvania Ave., N.W.,, Washington,
D.C. 20460; Fax: (703) 603-9135.

ABSTRACT

Phytoremediation is an emerging technology that employs the use of higher plants for the cleanup of
contaminated environments. Fundamental and applied research have unequivocally demonstrated that selected
plant species possess the genetic potential to remove, degrade, metabolize, or immobilize awide range of
contaminants. Despite this tremendous potential, phytoremediation is yet to become acommercial technology.
Progressinthefieldis precluded by limited knowledge of basic plant remedial mechanisms. In addition, the effect
of agronomic practices on these mechanismsis poorly understood. Another limitation lies within the very
biological nature of this novel approach. For example, potential for phytoremediation depends upon theinterac-
tion among soil, contaminants, microbes, and plants. This complex interaction, affected by avariety of factors,
such as climatic conditions, soil properties, and site hydro-geology, argues against generalization, and in favor
of site-specific phytoremediating practices. Thus, an understanding of the basic plant mechanisms and the effect
of agronomic practices on plant/soil/contaminant interaction would allow practitionersto optimize
phytoremediation by customizing the process to site-specific conditions.

Remediation of metal-contaminated soil facesaparticular challenge. Unlike organic contaminants,
metal s cannot be degraded. Commonly, decontamination of metal-contaminated soilsrequiresthe removal of
toxic metals. Recently, phytoextraction, the use of plantsto extract toxic metalsfrom contaminated soils, has
emerged as a cost-effective, environment-friendly cleanup alternative. In this paper, we review the processes and
mechanisms that allow plants to remove metals from contaminated soils and discuss the effects of agronomic
practices on these processes.

Key words: phytoremediation, phytoextraction, toxic metals, metal hyperaccumulators
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INTRODUCTION

Background
The concept of using plantsto clean up contaminated environmentsisnot new. About 300

yearsago, plantswere proposed for usein the treatment of wastewater (Hartman,1975). At theend
of the 19" century, Thlaspi caerulescensand Viola calaminariawerethefirst plant species
documented to accumulate high level sof metalsinleaves (Baumann,1885). In 1935, Byersreported
that plantsof the genus Astragal uswere capabl e of accumulating up to 0.6 % seleniumindry shoot
biomass. Onedecadelater, Minguzzi and Vergnano (1948) identified plantsableto accumulate up
to 1% Ni in shoots. Morerecently, Rascio (1977) reported tolerance and high Zn accumulationin
shootsof Thlaspi caerulescens. Despite subsequent reports claiming identification of Co, Cu, and
Mn hyperaccumulators, the existence of plants hyperaccumulating metal s other than Cd, Ni, Se, and
Zn hasbeen questioned and requiresadditional confirmation (Salt et a., 1995). Theideaof using
plantsto extract metal sfrom contaminated soil wasreintroduced and devel oped by Utsunamyia
(1980) and Chaney (1983), and thefirst field trial on Znand Cd phytoextraction was conductedin
1991 (Baker et d.). Inthelast decade, extensive research has been conducted to investigate the
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biology of metd phytoextraction. Despite significant success, our understanding of the plant mecha
nismsthat allow metal extractionisstill emerging. Inaddition, relevant applied aspects, such asthe
effect of agronomic practiceson metal removal by plantsarelargely unknown. Itisconceivablethat
meaturation of phytoextractioninto acommercia technology will ultimately depend ontheducidation
of plant mechanismsand application of adequate agronomic practices. Natural occurrenceof plant
gpeciescapable of accumulating extraordinarily highmetal levelsmakestheinvestigation of this
process particularly interesting.

Advantages and disadvantages of phytoremediation

Metal-contaminated soilsare notorioudy hard to remediate. Current technol ogiesresort to soil
excavation and either landfilling or soil washing, followed by physical or chemical separation of the
contaminants. Thecost of soil remediation ishighly variable and depends on the contami nants of
concern, soil properties, and site conditions. Cost estimates associated with the use of severa
technol ogiesfor the cleanup of meta-contaminated soil areshownin Table 1.

Cleaning of metal-contaminated soilsviaconventional engineering methodscan beprohibitively
expensive(Sdt et d., 1995). The costsestimated for the remediation of sites contaminated with
heavy metalsand heavy metalsmixed with organic compoundsare shownin Table 2.

Because of the high cost, thereisaneed for lessexpens ve cleanup technol ogies.
Phytoremediation isemerging asacost-effectivedternative. Severa analyseshave demonstrated
that the cost of metal phytoextractionisonly afraction of that associated with conventiona engi-
neering technologies(Table 1). In addition, becauseit remediatesthe soil in Situ, phytoremediation
avoidsdramatic landscape disruption and preservesthe ecosystem. Despite these advantages,
severa disadvantagesand constraintsrestrict the applicability of phytoextraction (Table 3).

Markets for phytoremediation

A comprehensiveanaysisof phytoremediation marketswas published by Glass (1999,
1999D). Theauthor indicated that the estimated 1999 phytoremediation marketswere twofold
greater than 1998 estimates. Thisgrowth has been attributed to an increased number of companies
offering services, particularly companiesin the consulting engineering sector, and to growing accep-
tance of thetechnology. An estimate of 1999 U.S. phytoremediation marketsrelated to avariety of
contaminated mediaand contaminantsof concernisshownin Table4.

Current estimatesof 1999 and 2000 revenueswere dightly lower than what had been previ-
oudly projected, largely dueto dower commercialization of thetechnology for the cleanup of metal-
and radionuclide-contaminated sites (Glass, 1999b).

The second largest market for phytoremediation wasidentified in Europe, although the
European market was estimated to be tenfold smaller thanthe U.S. market (Glass 1999D).
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TOXICMETALSIN SOIL

Sources of contamination

Heavy metalsare conventionally defined aselementswith metallic properties (ductility, con-
ductivity, stability ascations, ligand specificity, etc.) and an atomic number >20. Themost common
heavy metal contaminantsare Cd, Cr, Cu, Hg, Pb, and Zn. Metalsare natural componentsin soil.
Contamination, however, hasresulted fromindustrid activitiessuch asmining and smelting of
metalliferousores, eectroplating, gasexhaust, energy and fuel production, fertilizer and pesticide
application, and generation of municipal waste (K abata-Pendias and Pendias, 1989). Soil concen-
tration rangeand regulatory limitsfor several mgor metal contaminantsareshownin Tableb.

Highlevelsof metasin soil can be phytotoxic. Poor plant growth and soil cover caused by
metal toxicity canlead to metal mobilizationin runoff water and subsequent deposition into nearby
bodiesof water. Furthermore, bare soil ismore susceptible to wind erosi on and spreading of
contamination by airborne dust. In such Situations, theimmediategoal of remediationistoreclam
thesite by establishing avegetative cover to minimize soil erosionand pollution spread.

Risk assessment

Soil remediation isneeded to eiminaterisk to humansor the environment from toxic metals,
Human disease hasresulted from Cd (Nogawaet a ., 1987; K obayashi, 1978; Cai et al ., 1990), Se
(Yangetd., 1983), and Pbinsoil (Chaney et al., 1999). Livestock and wildlife have suffered from
Sepoisoning (Rosenfeld and Beath, 1964; Ohlendorf et d., 1986). In addition, soil contamination
with Zn, Ni, and Cu caused by minewastes and smeltersisknown to be phytotoxic to sensitive
plants (Chaney et a., 1999). Oneof the greatest concernsfor human healthis caused by Pb con-
tamination. Exposureto Pb can occur through multiple pathways, including inhalation of air and
ingestion of Pbinfood, water, soil, or dust. Excessive Pb exposure can cause sei zures, mental
retardation, and behaviora disorders. Thedanger of Pbisaggravated by low environmenta mobil-
ity, evenunder high precipitations.

Total and bioavailable soil fractions

In soil, metal sare associated with severa fractions: (1) in soil solution asfreemetal ionsand
solublemetal complexes, (2) adsorbed to inorganic soil constituentsat ion exchange sites; (3) bound
to soil organic matter; (4) precipitated such as oxides, hydroxides, and carbonates; and (5) embed-
dedin gtructureof thesilicate minerals. Soil sequentia extractionsareemployedtoisolateand
quantify metalsassociated with different fractions (Tessier et a.., 1979).

For phytoextraction to occur, contaminants must be bioavailable (ready to be absorbed by
roots). Bioavailability dependson metal solubility in soil solution. Only metal sassociated with
fractions 1 and 2 (above) arereadily availablefor plant uptake. Some metals, suchasZnand Cd,
occur primarily inexchangeable, readily bioavailableform. Others, such asPb, occur assoil precipi-
tate, asgnificantly lesshioavailableform.
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Effect of soil properties on metal bioavailability

The chemistry of metal interactionwith soil matrix iscentral to the phytoremediation concept.
Ingeneral, sorptionto soil particlesreducesthe activity of metalsinthe system. Thus, the higher the
cation exchange capacity (CEC) of the soil, the greater the sorption and immobilization of the
metas. Inacidic soils, meta desorption from soil binding Sitesinto solutionisstimulated dueto
H*competition for binding Sites. Soil pH affectsnot only metal bioavailabilty, but alsothevery
processof metal uptakeintoroots. Thiseffect appearsto be metal specific. For example, inT.
caerulescens, Zn uptakein roots showed asmall pH dependence, whereas uptake of Mnand Cd
was more dependent on soil acidity (Brownet a., 1995a).

PHYTOREMEDIATING PLANTS

Why do plants take up toxic metals?

To grow and completethelife cycle, plants must acquire not only macronutrients(N, P K, S,
Ca, and MQ), but a so essential micronutrientssuch asFe, Zn, Mn, Ni, Cu, and Mo. Plantshave
evolved highly specific mechanismsto take up, trand ocate, and store these nutrients. For example,
metal movement acrossbiological membranesismediated by proteinswith transport functions. In
addition, sengtive mechanismsmaintain intracellular concentration of metal ionswithinthephys-
ologica range. Ingenera, the uptake mechanismissdlective, plantspreferentialy acquiring some
ionsover others. lon uptake selectivity depends upon the structure and properties of membrane
transporters. Thesecharacteristicsallow transportersto recognize, bind, and mediatethetrans-
membranetransport of specificions. For example, sometransporters mediate thetransport of
divaent cationsbut do not recognize mono- or trivalentions.

Many metalssuchasZn, Mn, Ni, and Cu are essentia micronutrients. In common
nonaccumulator plants, accumulation of these micronutrients does not exceed their metabolic needs
(<10ppm). In contrast, metal hyperaccumulator plants can accumul ate exceptionally high amounts of
metas(in thethousandsof ppm). Sincemeta accumulation isultimately an energy consuming
process, onewould wonder what evolutionary advantage doesmetal hyperaccumulation giveto
these species? Recent studieshave shown that metal accumulationinthefoliagemay alow
hyperaccumul ator speciesto evade predatorsincluding caterpillars, fungi, and bacteria(Boyd and
Martens, 1994, Pollard and Baker, 1997).

Hyperaccumulator plantsdo not only accumulate high level sof essentia micronutrients, but can
also absorb significant amounts of nonessential metal's, such as Cd. The mechanism of Cd accumu-
lation has not been elucidated. It is possiblethat the uptake of thismetal inrootsisviaasystem
involvedinthetransport of another essentia divaent micronutrient, possibly Zn?*. Cadmiumisa
chemical anal ogueof thelatter, and plantsmay not be ableto differentiate betweenthetwoions
(Chaney et d., 1994).
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What is a hyperaccumulator species?

I nterest in phytoremediation hasgrown significantly following theidentification of metal
hyperaccumul ator plant species. Hyperaccumul atorsare conventionally defined as species capable
of accumulating metalsat levels 100-fold greater than thosetypically measured in common
nonaccumulator plants. Thus, ahyperaccumulator will concentrate morethan 10 ppm Hg; 100 ppm
Cd; 1,000 ppm Co, Cr, Cu, and Pb; and 10,000 ppm Ni and Zn. To date, approximately 400 plant
speciesfrom at least 45 plant families have been reported to hyperaccumulate metals. Most
hyperaccumul ators bioconcentrate Ni; about 30 absorb either Co, Cu, and/or Zn; even fewer
speciesaccumulate Mn and Cd; and thereare no known natural Po-hyperaccumulators (Reeves
and Baker, 1999). Several hyperaccumulatorsand their bioaccumulation potential arelistedin
Table6.

Thebest known metal hyperaccumulator may be Thlaspi caer ulescens (a pine pennycress).
While most plants show toxicity symptomsat Zn accumulation of about 100 ppm, T. caerulescens
was shown to accumul ate up to 26,000 ppm without showing any injury (Brown et al., 1995b).
Hyperaccumulator plants may have ahigher requirement for metalssuch asZn, than non-accumula
tor species(Hajar, 1987). In support of this, many hyperaccumulators, including T. caerulescens,
have been shown to col onize metal-rich soilssuch ascalamine soil (soil enrichedin Pb, Zn, and Cd).
Because of thisability, considerabl e effortshave been directed to identify hyperaccumul ator plants
endemic to metal-rich soils (Baker and Proctor, 1990).

How do plants tolerate high metal concentration in soil?

Ecologica studieshavereved ed the existence of specific plant communities, endemicfloras,
which have adapted on soils contaminated with elevated levelsof Zn, Cu, and Ni. Different
ecotypes of the same speciesmay occur in areas uncontaminated by metals. To plantsendemicto
metal -contaminated soils, metal toleranceisan indispensable property. In comparison, inrelated
popul ationsinhabiting uncontaminated areas, aconti nuous gradati on between ecotypeswith high
and low tolerance usualy occurs. Plantsevolved severa effective mechanismsfor tolerating high
concentrationsof metalsin soil. In some species, toleranceisachieved by preventing toxic metas
uptakeinto root cells. These plants, coined excluders, havelittle potentia for meta extraction. Such
anexcluder is*Merlin,” acommercia variety of red fescue (Festucarubra), used to stabilize
eros on-suscepti ble metal -contaminated soils. A second group of plants, accumulators, doesnot
prevent metal sfrom entering theroot. Accumulator specieshave evolved specific mechanismsfor
detoxifying highmetd level saccumul ated inthe cells. These mechanismsall ow bicaccumul ation of
extremely high concentration of metals. Inaddition, athird group of plants, termed indicators, show
poor control over metal uptake and transport processes. 1nthese plants, the extent of metal accu-
mulation reflectsmetal concentrationin therhizospheric soil. Indicator specieshave been used for
mine prospecting to find new orebodies(Raskin et al., 1994).
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Mechanisms of metals uptake into roots and translocation to shoots

Because of their charge, metal ionscannot movefredly acrossthe cellular membranes, which
arelipophilic structures. Therefore, ion transport into cellsmust be mediated by membrane proteins
with trangport functions, generically known astransporters. Transmembranetransporters possessan
extracellular binding domainto whichtheionsattach just before thetransport, and atransmembrane
structurewhich connectsextracelluar and intracel lular media. The binding domainisreceptiveonly
to specificionsandisresponsgblefor transporter specificity. Thetransmembrane structurefacilitates
thetransfer of bound ionsfrom extracellular space through the hydrophaobic environment of the
membraneinto the cell. Thesetransportersare characterized by certain kinetic parameters, such as
transport capacity (Vmax) and affinity for ion (Km). Vmax measuresthe maximum rate of ion
transport acrossthe cellular membranes. Km measurestransporter affinity for agpecificionand
representstheion concentration inthe external solution at which thetransport rate equalsV max/2.
A low Kmvaue, high affinity, indicatesthat high levelsof ionsaretransported into the cells, even at
low external ion concentration. By studying kinetic parameters, Kmand V max, plant biologistsgain
insghtsto specificity and selectivity of thetransport system.

Itisimportant to notethat of thetotal amount of ionsassociated with theroot, only apartis
absorbedinto cdlls. A sgnificantion fractionisphysically adsorbed at the extracel lular negatively
charged sites(COQ) of theroot cell walls. The cell wall-bound fraction cannot be trand ocated to
the shootsand, therefore, cannot be removed by harvesting shoot biomass (phytoextraction). Thus,
itisposs blefor aplant exhibiting significant metal accumulationinto theroot to expressalimited
capacity for phytoextraction. For example, many plantsaccumulate Pbinroots, but Pb trand ocation
to shootisvery low. Insupport of this, Blaylock and Huang (1999) concluded that the limiting step
for Pb phytoextraction isthelong-distance trand ocation from roots to shoots.

Bindingtothecdl wal isnot theonly plant mechanism responsiblefor metal immobilization
into rootsand subsequent inhibition of ion trand ocation to the shoot. M etal s can a so be complexed
and sequesteredin cdllular structures(e.g., vacuole), becoming unavailablefor trand ocation to the
shoot (Lasat et a., 1998). In addition, some plants, coined excluders, possess specialized mecha-
nismsto restrict metal uptakeinto roots. However, the concept of metal exclusonisnot well
understood (Peterson, 1983).

Uptakeof metalsinto root cells, the point of entry into living tissues, isastep of major impor-
tancefor the process of phytoextraction. However, for phytoextraction to occur, metalsmust also
betransported from theroot to the shoot. Movement of metal-containing sap from theroot to the
shoot, termed trand ocation, isprimarily controlled by two processes:. root pressureand | eaf transpi-
ration. Following trand ocation to leaves, metal s can bereabsorbed fromthesapintoleaf cells. A
schematic representation of metal transport processesthat take placein rootsand shootsisshown
inFigurel.
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Plant mechanisms for metal detoxification

Although micronutrientssuch asZn, Mn, Ni, and Cu areessentia for plant growth and devel-
opment, highintracellular concentrations of theseionscan betoxic. To deal with thispotential stress,
common nonaccumulator plantshave evolved several mechanismsto control the homeostasi s of
intracellular ions. Such mechanismsincluderegulation of ioninflux (stimulation of trangporter activity
atlow intracellular ion supply and inhibition at high concentrations) and extrusion of intracellular ions
back into theexternal solution. Metal hyperaccumulator species, capabl e of taking up metalsinthe
thousands of ppm, possess additional detoxification mechanisms. For example, research hasshown
that inT. goesingense, aNi hyperacccumulator, high tolerance was dueto Ni complexation by
histidine, which rendered the metal inactive (Krémer et al., 1997; Krémer et d., 1996). Sequestra-
tionin the vacuol e hasbeen suggested to beresponsiblefor Zn tolerancein the shoots of the Zn-
hyperaccumulator T. caerulescens (Lasat et al., 1996; Lasat et al., 1998). Several mechanisms
have been proposed to account for Zninactivationin thevacuole, including precipitation asZn-
phytate (Van Steveninck et a., 1990) and binding to low molecular weight organic acids (Mathys,
1977; Tolraet d., 1996; Salt et ., 1999). Complexation to low molecular weight organic com-
pounds (<10 kD) wasalso shownto play aroleintoleranceto Ni (Leeetd., 1977). Cadmium, a
potentially toxic metal, has been shownto accumulatein plantswhereit isdetoxified by binding to
phytochel atins (Wagner 1984; Steffens, 1990; Cobbett and Goldsbrough, 1999), afamily of thiol
(SH)- rich peptides (Rauser,1990). Metallothioneins (MT), identified in numerous animal sand more
recently in plantsand bacteria(K&gi, 1991), are al so compounds (proteins) with heavy metal -
binding properties(Tomsett et al., 1992).

Plant limitations

When the concept of phytoextraction wasreintroduced (approximately two decades ago),
engineering cal cul ations suggested that asuccessful plant-based decontamination of even moderately
contaminated soilswould require crops ableto concentrate meta sin excess of 1-2%. Accumulation
of suchhighlevesof heavy metdsishighly toxic and would certainly kill thecommon
nonaccumulator plant. However, in hyperaccumul ator species, such concentrations are attainable.
Nevertheless, theextent of metal removal isultimately limited by plant ability to extract and tolerate
only afiniteamount of metals. Onadry weight basis, thisthreshold isaround 3% for Znand Ni, and
considerably lessfor moretoxic metals, such as Cd and Ph. The other biological parameter which
limitsthepotentia for metal phytoextractionishbiomass production. With highly productive species,
the potential for biomass production isabout 100 tonsfresh weight/hectare. The values of these
parameterslimit the annual removal potential to amaximum of 400 kg metal/halyr. It should be
mentioned, however, that most metal hyperaccumulatorsare slow growing and producelittle
biomass. These characteristics severely limit the use of hyperaccumulator plantsfor environ-
ment cleanup.
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I mproving phytoremediating plants

It has been suggested that phytoremediation would rapidly become commercidly avalableif
metal-removal propertiesof hyperaccumulator plants, such asT. caerulescens, could betransferred
to high-biomass producing species, such asIndian mustard (Brassica juncea) or maize (Zeamays)
(Brownetd., 1995b). Biotechnol ogy hasaready been successfully employed to manipulate metal
uptake and tolerance propertiesin several species. For example, in tobacco (Nicotiana tabacum)
increased metal tol erance has been obtained by expressing the mammalian metalothionein, meta-
binding proteins, genes(Lefebvreet a., 1987; Maiti et a., 1991).

Possibly, themost spectacul ar application of biotechnology for environmental restoration has
been the bioengineering of plants capable of volatilizing mercury from soil contaminated with methyl-
mercury. M ethyl-mercury, astrong neurotoxic agent, isbiosynthesized in Hg-contaminated soils. To
detoxify thistoxin, transgenic plants (Arabidops sand tobacco) were engineered to express bacte-
rial genesmerB and mer A. Inthese modified plants, mer B catalyzesthe protonolysi s of the carbon-
mercury bond with the generation of Hg?*, alessmobile mercury species. Subsequently, MerA
convertsHg(I1) to Hg (0) alesstoxic, volatile element whichisreleased into the atmosphere (Rugh
etd., 1996; Heaton et a., 1988). Although regulatory concernsrestrict the use of plantsmodified
withmer Aand merB, thisresearchillustrates the tremendous potential of biotechnology for envi-
ronment restoration. In an effort to addressregul atory concernsrel ated to phytovol atilization of
mercury, Bizili et d. (1999) demonstrated that plants engineered to express Mer Bpe (an organo-
mercurial lyaseunder the control of aplant promoter) may be used to degrade methyl-mercury and
subsequently removeionic mercury viaextraction. Despite recent advancesin biotechnology, littleis
known about the genetics of metal hyperaccumulationin plants. Particularly, the heredity of relevant
plant mechanisms, such asmetal transport and storage (L asat et d ., 2000) and metal tolerance
(Ortizetd., 1992; Ortizet a., 1995) must be better understood. Recently, Chaney et a. (1999)
proposed the use of traditiona breeding approachesfor improving metal hyperaccumul ator species
and possibly incorporating significant traits, such asmetal tolerance and uptake characteristics, into
high-biomass-producing plants. Partial success hasbeen reported intheliterature. For example, in
an effort to correct for small size of hyperaccumulator plants, Brewer et al. (1997) generated
somatic hybridsbetween T. caer ulescens (aZn hyperaccumul ator) and Brassica napus (canola),
followed by hybrid selection for Zntolerance. High biomass hybridswith superior Zntolerance
wererecovered. These authors have al so advocated acoordinated effort to collect and preserve
germplasm of accumul ator species.

PLANT-METAL INTERACTIONIN THE RHIZOSPHERE

Metal bioavailability for uptake into roots
A magjor factor limiting metal uptakeinto rootsissow transport from soil particlesto root
surfaces (Nyeand Tinker, 1977; Barber, 1984). With the possible exception of volatile mercury, for
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all other metals, thistransport takes placein soil solution. In soil, metal solubility isrestricted dueto
adsorption to soil particles. Some of the soil-binding sitesare not particularly selective. For ex-
ample, they bind Cd asstrong as Ca. Nonspecific binding occurs at clay-cation exchangesitesand
carboxylic groups associated with soil organic matter. Other sitesare more selectiveand bind Cd
stronger than Ca. For example, most clay particlesare covered with athinlayer of hydrousFe, Mn,
and Al oxides. Thesesdlective sitesmaintain Cd activity inthesoil solution at low levels(Chaney,
1988). Lead, amgjor contaminant, isnotoriousfor itslack of soil mobility, primarily dueto metal
precipitation asinsol uble phosphates, carbonates, and (hydr)oxides (Blaylock and Huang, 1999).
Thus, increasing metal solubility inthe soil isanimportant prerequisiteto enhancethe potential for
Pb phytoextraction. Thissubject isdetailed in the next section.

Two mechanismsareresponsiblefor meta trangport from the bulk-soil to plant roots: 1)
convection or massflow, and 2) diffusion (Corey et d., 1981; Barber, 1984). Dueto convection,
solublemetal ions movefrom soil solidsto root surface. From therhizosphere, water isabsorbed by
rootsto replace water transpired by leaves. Water uptake from rhizosphere createsahydraulic
gradient directed from the bulk soil to the root surface. Someionsare absorbed by rootsfaster than
therate of supply viamassflow. Thus, adepleted zoneiscreated in soil immediately adjacent to the
root. Thisgeneratesaconcentration gradient directed from the bulk soil solution and soil particles
holding the adsorbed elements, to the solution in contact with theroot surface. Thisconcentration
gradient drivesthediffusion of ionstoward the depleted layer surrounding theroots.

P antshave evolved specialized mechanismsto increase the concentration of metal ionsin soil
solution. For example, at low ion supply, plantsmay ater thechemica environment of therhizo-
sphereto stimulate the desorption of ionsfrom soil solidsinto solution. Suchamechanismisrhizo-
sphere acidification dueto H* extrusion fromroots (Crowley et d., 1991). Protons competewith
and replacemetd ionsfrom binding Sites, stimul ating their desorption from soil solidsinto solution.
In addition, some plantscan regulate metal solubility intherhizosphere by exuding avariety of
organic compoundsfrom roots. Root exudatesform acomplex with metal ionskeeping themin
solution availablefor uptakeinto roots (Romheld and Marschner, 1986).

Effect of soil microorganisms on metal uptake

Root growth affectsthe properties of the rhizospheric soil and stimulatesthe growth of the
microbial consortium. Toillustratethis, research has shown that the popul ation of microorganismsin
therhizosphereisseveral ordersof magnitudegreater than in the surrounding soil (Anderson, 1997).
Inturn, rhizospheric microorganismsmay interact symbiotically with rootsto enhance the potential
for metal uptake. In addition, somemicroorganisms may excrete organic compoundswhichincrease
bioavailability and facilitate root absorption of essential metals, such asFe(Crowley etd., 1991)
and Mn (Barber and Lee, 1974), aswell asnonessential metals, suchasCd (Saltet d., 1995). Sail
microorganismscan dso directly influence metd solubility by atering their chemica properties. For
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example, astrain of Pseudomonas maltophilia was shown to reduce the mobile and toxic Cr®* to
nontoxic and immobile Cr3*, and a so to minimize environmental mobility of other toxicionssuchas
Hg?*, Pb?*, and Cd?* (Blakeet al., 1993; Park et al., 1999). In addition, it has been estimated that
microbial reduction of Hg?* generatesasignificant fraction of globa atmospheric HgPemissions
(Keatingetd., 1997).

Effect of root exudates on metal uptake

Root exudates have animportant rolein the acquisition of several essential metals. For ex-
ample, somegrass species can exudefrom rootsaclass of organic acids called siderophores
(mugineic and avenic acids), which were shownto sgnificantly enhance the bioavail ability of soil-
boundiron (Kanazawaet a., 1995) and possibly zinc (Cakmak 1996a; 1996b). In addition, root
exudates have been shown to beinvolved in plant tolerance. In support of this, it has been demon-
strated that some plant speciestolerate Al in therhizosphere by amechanisminvolving exudation of
citricandmalicacids(Pellet et al., 1995; Larsenet d., 1998). These organic acidschelate
rhizospheric AI**, whichishighly phytotoxic, to form asignificantly lesstoxic complex.

OPTIMIZATION OF METAL PHYTOEXTRACTIONWITH AGRONOMIC
PRACTICES

Plant selection

Thesdlection of phytoremediating speciesispossibly thesingle most important factor affecting
theextent of metal remova. Although the potentia for metal extractionisof primary importance,
other criteria, such asecosystem protection, must be a so cons dered when sel ecting remediating
plants. Asagenerd rule, native speciesare preferred to exotic plants, which can beinvasiveand
endanger the harmony of the ecosystem. To avoid propagation of weedy species, cropsarein
generd preferred, dthough some crops may betoo palatable and pose arisk to grazing animals.

Therate of metal removal depends upon the biomass harvested and metal concentrationin
harvested biomass. One of themost debated controversiesin thefield refersto the choice of
remediative species. metal hyperaccumulatorsvs. common nonaccumul ator species.
Hyperaccumulator plants havethe potentia to bioconcentrate high metal levels. However, their use
may belimited by small Szeand dow growth. In common nonaccumul ator species, low potential for
metal bioconcentration isoften compensated by the production of significant biomass (Ebbset dl.,
1997). Chaney et al. (1999) analyzed therate of Zn and Cd removal and reached the conclusion
that non-accumulator cropswill not remove enough metal to support phytoextraction. Furthermore,
these authorsargued that at many sitesmetal contaminationishigh enough to causetoxicity to crop
speciesand significant biomassreduction. In support of this, several maize (one of the most produc-
tivecrops) inbred lineswhich havebeenidentified, can accumulatehighlevelsof Cd (Hinedy etd.,
1978), however, theselineswere susceptibleto Zntoxicity and, therefore, could not be used to
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cleanup soilsat thenormal Zn:Cd ratio of 100:1 (Chaney et d., 1999). In addition, when appropri-
atedisposa isanimportant regulatory concern, the use of lower biomass-producing

hyperaccumul ator specieswould be an advantage, because | ess contaminated biomasswill haveto
be handled.

For Pb, amgor soil contaminant, no hyperaccumul ator specieshasbeenidentified. However,
severa species, such as hemp dogbane (Apocynum cannabinum), common ragweed (Ambrosia
artemisiifolia), nodding thistle (Carduus nutans), and Asiatic dayflower (Commelina communis),
were shown to have superior Pb-accumulating properties (Berti and Cunningham, 1993). Practices
have been devel oped to increasethe potential of common nonaccumulator plantsfor Pb
phytoextraction. Particul arly, the uptake-inducing properties of synthetic chelatesopenthe possibil-
ity of using high biomass-producing cropsfor Pb phytoextraction. Under chel ate-induced condi-
tions, mai ze (Huang and Cunningham, 1996) and Indian mustard (Blaylock et d., 1997) have been
successfully used to remove Pb from sol ution culture and contaminated soil, respectively.

Physical characteristicsof soil contamination area so important for the selection of
remediating plants. For example, for the remediation of surface-contaminated soils, shallow-
rooted specieswould be appropriate to use, whereas deep-rooted plants woul d be the choicefor
more profound contamination.

Sail fertilization and conditioning

Phytoremediationisessentially an agronomic approach and itssuccess dependsultimately on
agronomic practicesapplied at thesite. Theimportance of employing effective agronomic practices
hasbeen discussed by Chaney et d. (1999). These authorsinvestigated the effect of soil acidifica
tion on Zn and Cd phytoextraction and proposed the use of (NH4)2S04 asasoil additiveto
providenutrients (N and S) needed for highyield, and to acidify the soil for greater metal
bioavailability. It should be noted that there may be some negative side effects associated with ol
acidification. For example, duetoincreased solubility, sometoxic metalsmay leach into the ground-
water, creating an additiona environmentd risk. Chaney et a. (1999) indicated that following metal
phytoextraction, soil can belimed to elevatethe pH near aneutral value, so that normal farm usesor
ecosystem devel opment could resume. However, prematureliming may increase soil capacity for
metal binding and restrict the potentia for phytoextraction. A similar effect can be expected follow-
ing the addition of organicfertilizers. Inaddition, theraising of pH may stimulatetheformation of
metal hydroxy ions, suchasZnOH*, whichismorestrongly sorbed to soil solidsthanthe
uncomplexedions.

Phosphorusisamajor nutrient, and plantsrespond favorably to the application of Pfertilizer
by increasing biomass production. Theaddition of Pfertilizer, however, can asoinhibit the uptake of
somemajor metal contaminants, such asPb, dueto metal precipitation as pyromorphiteand chloro-
pyromorphite (Chaney et a., 2000). Thisunderlinestheimportance of finding new approachesfor P
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application. Such an dternative may befoliage application. Thismethod may lead to improvement of
plant Pstatuswithout inhibiting Po mobility in soil.

Enhancing metal bioavailability with synthetic chelators

For sometoxic metalssuch asPb, amajor factor limiting the potentia for phytoextractionis
limited solubility and bioavailability for uptakeinto roots. Oneway toinduce Pb solubility isto
decrease soil pH (McBride, 1994). Following soil acidification, however, mobilized Pb can leach
rapidly below theroot zone. In addition, solubleioniclead haslittle propensity for uptakeinto roots.
Theuseof specific chemicals, synthetic chelates, hasbeen shown to dramaticdly stimulatethe
potential for Pb accumulation in plants. These compounds prevent Pb precipitation and keep the
metal as soluble chelate-Pb complexesavailablefor uptakeinto rootsand transport within plants.
For example, addition of EDTA (ethylene-diamine-tetraacetic acid), at arate of 10 mmol/kg soil,
increased Pb accumul ation in shoots of maize up to 1.6wt% of dry biomass (Blaylock et al., 1997).
In asubsequent study, |ndian mustard exposed to Pband EDTA in hydroponic solutionwasableto
accumulatemorethan 1% Pbindry shoots (Vassl et d., 1998). Another synthetic chelator,
HEDTA (hydroxyethyl-ethylenediamine-triacetic acid) applied at 2.0 g/kg soil contaminated with
2,500 ppm Ph, increased Pb accumul ation in shoots of 1ndian mustard from 40 ppm to 10,600 ppm
(Huang and Cunningham, 1996). Accumulation of elevated Pbleve sishighly toxic and can cause
plant death. Because of thetoxic effects, it isrecommended that chel atesbe applied only after a
maximum amount of plant biomass has been produced. Prompt harvesting (within oneweek of
treatment) isrequired to minimize theloss of Pb-laden shoots.

Blaylock et a. (1997) indicated that, in addition to Pb, chel ate-assisted phytoextractionis
applicableto other metals. These authorsindicated that application of EDTA aso stimulated Cd,
Cu, Ni, and Zn phytoaccumul ation. Chelate ability to facilitate phytoextraction wasshownto be
directly related toitsaffinity for metals. For example, EGTA (ethylenebis (oxyethylenetrinitril o)
tetraacetic acid) hasahigh affinity for Cd?*, but doesnot bind Zn?*. EDTA, HEDTA, and DTPA
(diethylene-triamine-pentaacetic acid) areselectivefor Zn. Infact, zincbindingby DTPA isso
strong that plants cannot use Zn from thiscomplex and potentially suffer from Zn deficiency.
Sowing

Theextent of metal extraction dependson theamount of plant biomass produced. Animpor-
tant factor that controlsbiomassproductionisplant density (number of plantsm?). Density affects
bothyield/plant andyield/ha. In generd, higher dengty tendsto minimizeyield per plant and maxi-
mizeyield per hectare. Dendity isa so likely to affect the pattern of plant growth and development.
For example, at higher stand density, plantswill competemore strongly for light. Thus, morere-
sources (nutrientsand energy) may beallocated for plant growth, as opposed to devel opmental
processes (flowering). An extended growth period may be beneficid if plant metal absorption and
accumul ation depend upon growth processes. Furthermore, the distance between plantsislikely to
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affect thearchitecture of theroot system with possiblefurther implicationson metal uptake. How-
ever, theeffect of thisinteraction isunknown and awaitsinvestigation.

Crop rotation

Another agronomic principle, which has been neglected in phytoremediation research, iscrop
rotation. Because of the proliferation of weeds, predators, and di seases, which can cause significant
yield reduction, crops, including those used for soil remediation, must berotated. In general, crops
arerotated lessfrequently today than 30 years ago. From crop science, it can be extrapolated that
short-term (two to three years) monoculture (the use of the same speciesin consecutive seasons)
may be acceptablefor metal phytoremediation. However, for longer term applications, asmost
metal phytoextraction projectsareanticipated, itisunlikely that successful metal cleanup can be
achieved with only oneremediative species used exclusively in monoculture. Plant rotationiseven
moreimportant when multiple crops per year are projected.

Crop maintenance: pest control and irrigation

Weed control and irrigation aremajor crop maintenance practi ces. Weeds can be controlled
by mechanical or chemical methods. Herbicides can be applied before or after the emergence of
phytoremediating species. Application of pre-emergent herbicidesensures good weed control,
quick emergence, and establishment of selected plants. Post-emergent herbi cides control weedsthat
occur later inthe growing season. Because metal uptakeinto roots depends on the movement of
soil solutionfrom thebulk soil to root surface, maintaining an adequate soil moistureisimportant.
Depending ontheloca climate, irrigation may berequired to achieve adequate soil moisture. The
volume of water delivered must be carefully considered. Thisvolume should compensatefor losses
dueto evaporation and transpiration. Excessvewater delivery will not only inflate operational costs,
but may al so restrict root growth and depressmetal extraction rates. The method of irrigation must
also be carefully considered. For example, when delivered under low pressuredirectly to the soil, as
dripping, lossesdueto evaporation are kept to aminimum. In addition, thismethod will havelittle
effect onair humidity. In contrast, water delivered under pressurefrom anozzlewill elevateair
humidity and possibly inhibit |leaf transpiration. Since themovement of metal-containing sap fromthe
root to the shoot depends on transpiration, transport and rate of metal accumulation in shoots may
be effected. Furthermore, when applied under pressure, water |osses dueto evaporation are
significant and add to operational costs.
Handling and disposal of contaminated waste

One concern associ ated with the application of phytotechnology ishandling and disposal of
contaminated plant waste. The need to harvest contaminated biomass, and possibly disposeof it as
hazardous waste subject to RCRA standards, creates an added cost and represents a potential
drawback to thetechnology. One optionisdisposa of contaminated biomassto aregulated landfill.
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To decrease handling, processing, and potentia landfilling costs, waste volume can be reduced by
thermal, microbial, physical, or chemical means. With somemetals(Ni, Zn, and Cu), thevaueof the
reclaimed metal may provide an additiona incentivefor phytoextraction. Chaney et d. (1999)
proposed incineration of plant biomassto further concentrate the bio-ore. These authors showed
that theval ue of the metal recovered in the biomasswas shown to offset the cost of the technol ogy.
Furthermore, Watanabe (1997) showed that Zn and Cd, recovered from atypically contaminated
site, could have aresaevalue of $1,060/ha.

Cost and time projections

Cogt andysisof metal phytoextractionishampered by alack of information. In support of this,
to date no metal-contaminated site has been completely remediated with plants. Therefore, available
cost dataare limited to short-term (two- to three-year-old) field studies. Itisdoubtful that these
results can be used to accurately estimate the cost of afull-scale project that can last aslong as 15
years. Inaddition, complexity arguesagainst generic andinfavor of site-specific cost analyss.
Despitetheselimitations, several authorshaveinvestigated thetimeframeand cost of metal
phytoextraction. For example, Brown et al. (1995a) considered asoil contaminated with 400 mg
kg'Znandadesired cleanup leve of 40 mgkg?. Theseauthorsused T. caerulescensintheir
analysisand assumed aconstant rate of uptake of 4,000 mg kg* and an annua yield of 10t/ha
They estimated that it would take 18 growing seasonsto remove excessZnfromthe soil. Ina
subsequent study, the cost of remedi ating ametal-contaminated soil by conventional engineering
techniqueswas estimated between $50 and $500 per ton (Cunningham and Ow, 1996). Thus, the
pricetag of remediating an acre of soil (three-foot-deep contamination), weighing some4,500 tons,
would bein excess of $250,000. These authors estimated that growing acrop on an acre of land
can be accomplished at cost ranging from two to four orders of magnitudelessthan current cost for
soil excavation and burial. Salt et d. (1995) estimated that using phytoextraction to clean up one
acre of soil to adepth of 50 cm will cost $60,000-100,000, compared to at least $400,000 for soil
excavation and storageaone.

Research needs

Thereisaneed to optimize the agronomic practi cesto maximize the cleanup potentia of
remediative plants. Sincein many instances meta absorptioninrootsislimited by low solubility in
soil solution, itisimportant to further investigate the use of chemical amendmentsto induce metal
bioavailability. Significant resultshave been obtained in thisarea. However, thereisaneed tofind
cheaper, environmentally benign chemica compoundswith metal chelating properties. Researchis
also needed toidentify phytoremediating species capabl e of being rotated to sustain therate of
metal extraction. Moreinformation isalso needed to optimize thetime of harvest. Plantsshould be
harvested when therate of metal accumulation in plantsdeclines. Thiswill minimizethe duration of
each growth cycleand allow more cropsto be harvested in agrowing season.
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Table 1. Cost of soil treatment (Glass, 1999a).

Treatment Cost ($/ton) | Additional factors/expenses
Vitrification 75-425 Long-term monitoring
Landfilling 100-500 Transport/excavatiory monitoring
Chemical treatment |  100-500 Recycling of contaminants
Electrokinetics 20-200 Monitoring
Phytoextraction 5-40 Monitoring

Table2. Projected five-year costsfor remediation of sites contaminated with toxic metalsonly, and

mixtures of toxic metalsand organics(U.S. EPA, 1993).

Sector | MetalsOnly | Metals & Organics
$ million

Superfund? 2,400 10,400
RCRA? 3,000 12,800
DOD? 400 2,400
DOE* 900 6,500
State® 200 800

Private 200 2,500
Total 7,100 35,400

!Sitesranked ontheNational PrioritiesList
2Sitesrequiring corrective action under the provisionsof Resource
Conservation and Recovery Act (RCRA)
*Department of Defense
“‘Department of Energy

*State-funded contaminated Sites

®Private-funded contaminated Sites
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Table3. Mgor factorslimiting the success and applicability of phytoextraction.

Plant-based
biological limitation

Regulatory limitations

Other limitations

1) Low plant tolerance

1) Lack of cost and
performance data

1) Contaminant beneath
root zone

2) Lack of contaminant
trandocation from root shoot

2) Regulators unfamiliarity
with the technology

2) Lengthy process

3) Small size of remediating
plants

3) Disposal of contaminated
plant waste

3) Contaminart in
biologically unavailable form

4) Risk of food chain
contamination

4) Lack of remediating plant
Species

Table4. Estimated 1999 U.S. phytoremediation markets (Glass, 1999b).

Organics in groundwater $7-12 million
Landfill leachate $ 5-8 million
Organics in soil $ 5-7 million
Metals in soil $ 4.5-6 million
Inorganics in wastewater $ 2-4 million
Inorganics in groundwater $ 2-3 million
Organics in wastewater $ 1-2 million
Metals in groundwater $ 1-2 million
Radionuclides $ 0.5-1 million
Metals in wastewater $ 0.1-0.2 million
Other $ 1.9-3.8 million
Total $ 30-49 million
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Table5. Soil concentration rangesand regulatory guidelinesfor sometoxic metals.

M etal Sail concentration range? Regulatory limitsP
(mg kg”) (mg kg?)

Pb 1.00-6,9000 600

Cd 0.10-345 100

Cr 0.05-3,950 100

Hg <0.01-1,800 270

Zn 150.0-5,000 1,500

“Riley etal., 1992

®Nonresidential direct contact soil cleanup criteria(NJDEP, 1996).

Table6. Several meta hyperaccumul ator speciesand their bioaccumulation potentidl.
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Plant species M etal Leaf content (ppm) Reference

Thlaspi caerulescens ZnCd 39,600:1,800 Reeves & Brooks (1983):
Baker & Walker (1990)

Ipomea alpina Cu 12,300 Baker & Walker (1990)

Haumaniastrum robertii Co 10,200 Brooks (1977)

Astragalus racemosus Se 14,900 Beath et al. (1937)

Sebertia acuminata Ni 25% by wt dried sap Jeffre et al. (1976)
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Figurel. Meta uptakeand accumulationin plants.

1. A metd fractionissorbed at root surface.

2. Bioavailable metal movesacrosscellular membraneinto root cells.

3. A fraction of themetal absorbed into rootsisimmobilized inthevacuole.

4. Intracel lular mobilemeta crossescellular membranesinto root vascular tissue (xylem).
5. Metal istrand ocated from theroot to aerial tissues (stemsand leaves).
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