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We often think of plants primarily as a source of wood, 
food, and fiber. Secoridarily we may also appreciate their 
presence for aesthetic reasons as well as for “altruistically” 
providing habitat for other species. Increasingly, however, 
their value as an environmental counterbalance to indus- 
trialization processes is being appreciated. These processes 
include the burning of fossil fuels, generation of wastes 
(sewage, inorganic and organic solids, and effluents), and 
general water flow and processing. Plants have long been 
recognized for their consumption of CO, and, more re- 
cently, of other gaseous industrial byproducts (Simonich 
and Hites, 1994). Recently, their role in slowing the rate of 
global warming has been further appreciated in both the 
scientific and popular press. Their use as a final water 
treatment and for disposal of sludge resulting from waste 
water treatment is centuries old (Hartman, 1975). The ex- 
tensive literature concerning water and sludge treatment 
and the emerging field of air pollution abatement with 
plants will not be discussed here. Instead, we focus on an 
emerging concept, ”phytoremediation,” the use of plants to 
remediate contamination of soil with organic or inorganic 
wastes. 

Remediation of soil contamination by conventional en- 
gineering techniques often costs between $50 and $500 per 
ton. Certain specialized techniques can exceed costs of 
$1000 per ton. With an acre of soil (to a 3-foot depth) 
weighing approximately 4500 tons, this translates to a min- 
imum cost of about a quarter million dollars per acre 
(Cunningham et al., 1995). It is not surprising that the 
cleanup of contaminated sites has not been proceeding at a 
rapid pace. 

There is an active effort to develop new, more cost- 
effective technologies to remediate contamination of 
such soils. For the most part these efforts are being led 
by engineers and microbiologists. More recently, how- 
ever, green plant-based processes have begun receiving 
greater attention. It has long been known that the life 
cycle of a plant has profound effects on the chemical, 
physical, and biological processes that occur in its im- 
mediate vicinity. In the process of shoot and root growth, 
water and mineral acquisition, senescence, and eventual 
decay, plants can profoundly alter the surrounding soil. 
The effects of many of these processes are apparent on 

* Corresponding author e - mail cunninsd 8 esvax . dnet . dupont . 
com; fax 1-302-451-9138. 

the restoration of land at physically and chemically al- 
tered sites, ranging from road cuts to the site of the 
Mount St. Helen’s eruption. These same plant-driven 
processes also occur in areas heavily impacted by indus- 
trial, mining, and urban activities. One of the greatest 
forces driving increased emphasis on research in this 
area is the potential economic benefit of an agronomy- 
based technology. Growing a crop on an acre of land can 
be accomplished at a cost ranging from 2 to 4 orders of 
magnitude less than the current engineering cost of ex- 
cavation and reburial. There have been perhaps two 
dozen field tests to date; however, in many ways phy- 
toremediation is still at its initial stages of research and 
development. A comforting thought for plant biologists 
is that much of the research effort will be expected to 
center on a deeper understanding of basic plant 
processes. 

So how do we envision phytoremediation working? The 
theory appears to be simple. Agronomic techniques will be 
used to ready the contaminated soil for planting and to 
ameliorate chemical and physical limitations to plant 
growth. Plants will then directly or indirectly absorb, se- 
quester, and/or degrade the contaminant. Plants and irri- 
gation, fertilization, and cropping schemes will be man- 
aged to maximize this remedial effect. By growing plants 
over a number of years, the aim is to either remove the 
pollutant from the contaminated matrix or to alter the 
chemical and physical nature of the contamihant within 
the soil so that it no longer presents a risk to human health 
and the environment. 

As people who work in the remediation, herbicide de- 
velopment, and farming industries will attest, many weed 
species are remarkably tolerant of a wide range of organic 
and inorganic toxins. Plants can thrive in soil contaminated 
to levels that are often orders of magnitude higher than 
current regulatory limits. These limits are often set rela- 
tively independent of plant tolerance limits and are most 
often derived from human health and aquatic toxicology 
end points. Ironically, many remediation plans begin with 
the destruction of the existing vegetation. 

REMEDIATION OF ORGANIC CONTAMINANTS 

The movement of an organic contaminant in soil de- 
pends on the chemical’s relative water solubility, vapor 
pressure, molecular size, and charge and on the presence 
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of other organics in the soil. The ability of soil to absorb 
and sequester organics is directly associated with the 
organic matter content of soil, the type and amount of 
clay present, soil structure, and the pH as well as with 
the age of the spill and water flux through the profile. It 
is apparent from even a cursory overview of these pa- 
rameters that the use of plants to successfully decontam- 
inate soils is going to be site, contaminant, and timing 
specific. For example, the strong connection between soil 
organic matter and bioavailability is accounted for in the 
calculation of soil-applied herbicides. The bioavailability 
of a pesticide is reduced in soils with high organic matter 
contents and as a consequence application rates are in- 
creased. Furthermore, the bioavailability of many other 
organic contaminants decreases with time; hence, old 
"well-weathered" contaminants may be expected to be 
more difficult targets for phytoremediation than those 
present as a result of more recent contamination events. 

Plant roots absorb organics in nearly direct relation- 
ship to their relative lipophilicity. Once absorbed, these 
compounds can have multiple fates; however, many 
compounds are substantially bound into plant tissues in 
a form that is less biologically available and may be 
unavailable to normal chemical extraction. In sandy soils 
with little organic matter, schemes for root absorption 
and harvesting may prove useful. One patented process 
uses carrots to absorb dichloro-diphenyl-trichloro- 
ethane. The carrots are then harvested, solar dried, and 
incinerated to destroy the contaminant. In this process a 
lipophilic contaminant partitions out of the soil substrate 
and into the high-lipid content carrot roots (McMullin, 
1993). Other root-harvesting techniques have been pro- 
posed. Another use of plants for direct extraction of an 
organic contaminant from soil is root accumulation, xy- 
lem translocation, and subsequent volatilization from 
leaf surfaces. Both of these scenarios have significant 
potential logistical and physical limitations that would 
be expected to reduce their applicability to only a rela- 
tively few situations. 

Unlike inorganic pollutants, which are immutable at 
an elemental level, organic pollutants can be degraded or 
even mineralized by plants or their associated microor- 
ganisms. Plants have significant metabolic activities in 
both the root and the shoot (Hathway, 1989). Some of 
these metabolic enzymes may also be useful in remedia- 
tion, even outside of the plant root/rhizosphere itself 
(Schnoor et al., 1995). These inherent abilities of plants 
can be further augmented by active microbial communi- 
ties around their roots, in their root tissue, in the xylem 
stream, in shoot and leaf tissue, and on the surfaces of 
leaves. Progress in the area of degradation in the rhizo- 
sphere has been reviewed recently (Anderson and Coats, 
1994). Accelerated degradation has been obtained for 
certain pesticides, trichloroethylene, and petroleum hy- 
drocarbons, but the overall rate and quantity of degra- 
dation has been relatively slow. 

Soil or rhizospheric microorganisms can play a major 
role in the decomposition of many organic contaminants. 
Recently, however, remediation research originally 
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thought to center on microbial activities has provided ad- 
ditional appreciation of the degradative capacities of 
plants. The isolation of enzymes from sediment that had 
trinitrotoluene degradation potential led to the discovery 
that the enzyme was of plant and not bacterial origin. This 
led to further testing and eventually to a system design 
based on a nitroreductase in plant roots (Schnoor et al., 
1995). In addition, these researchers reported that similar 
research pathways have led to a plant source of a dehalo- 
genase and a laccase that can be used to degrade other 
contaminants. 

REMEDIATION OF INORCANIC CONTAMINANTS 

Unlike the case with organic compounds that can be 
mineralized, the remediation of contamination with an 
inorganic contaminant must either physically remove 
the contaminant from the system or convert it into a 
biologically inert form. Remova1 can be accomplished by 
removing the biomass or, with certain inorganic contam- 
inants, by contaminant' volatilization. In the case of Se, 
research on certain western U.S. soils has led to pro- 
posed vegetation management systems that encourage 
Se volatilization through what appears to be a plant 
and/or plant-microbe interaction (Banuelos et al., 1993; 
Zayed and Terry, 1994). More recently, a bacterial mer- 
curic ion reductase has been engineered into Arabidopsis 
thaliana, and the resulting transformant is capable of 
tolerating and volatilizing mercuric ions (Rugh et al., 
1996). The toxic cation is absorbed by the root and re- 
duced to volatile Hg(0) by the introduced mercuric ion 
reductase. Biovolatilization, however, is generally not 
applicable for most inorganic ions, thus leaving biomass 
remova1 as the only alternative for the extraction of most 
of these contaminants. 

Certain bacterial, fungal, algal, and plant systems are 
capable of concentrating some toxic inorganics. Extrac- 
tion of inorganic contaminants from soil is theoretically 
possible by a11 of these organisms; however, no cost- 
effective way currently exists to remove many of these 
small organisms from the matrix after they sequester 
inorganic ions. Harvesting plants, on the other hand, is a 
familiar technology. Plants in the course of growth ac- 
quire perhaps two dozen elements in their shoots. For 
the most part, plants take up large amounts of elements 
required for growth and only small amounts of elements 
that may harm them. Some relatively benign nonessen- 
tia1 elements (e.g. Si and Na) may appear in larger 
amounts, but generally, the levels of target pollutants are 
only 0.1 to 100 mg kg-' dry weight in a plant (Jeffery, 
1987). Finding or developing plants that acquire high 
levels of metal contaminants in harvestable tissue was 
thought impossible until the (re)discovery of a small 
group of remarkable plants called hyperaccumulators 
(Brooks et al., 1977). Although uncommon, these plants 
are taxonomically widespread in the plant kingdom 
(Baker and Brooks, 1989). Some of the hyperaccumula- 
tors and their metal accumulation capabilities are listed 
in Table I. 
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The processes involved in phytoextraction are shown in 
Figure 1. The contaminant must be in a biologically acces- 
sible form. Root absorption must be possible and must 
occur. Translocation of the contaminant from root to shoot 
makes tissue harvesting easier and lessens worker expo- 
sure to the contaminant. The actual rate of remova1 for a 
contaminant is dependent on the biomass gathered during 
harvesting, the number of harvests per year, and the metal 
concentration in the harvested portion of the plants. De- 
contaminating a site in a "reasonable number" of harvests 
requires plants that produce both a high yield of biomass 
and metal accumulation of 1 to 3% metal by dry weight. 
Thus, even for plants that accumulate relatively high con- 
centrations of metals, low biomass produttion can limit 
their utility. For example, shoots of Thlaspi rotundifolium 
reportedly can contain up to 8200 mg Pb kg-I dry weight 
(Reeves and Brooks, 1983), but these plants amass only 5 to 
50 mg/plant of dry tissue after 5 months of growth. Al- 
though many of the properties desired for phytoremedia- 
tion are present in currently recognized hyperaccumula- 
tors, their limitations include low biomass and restricted 
element selectivity in hyperaccumulation and the fact that 
there is knowledge about the agronomics, genetics, breed- 
ing potential, and disease spectrum of these plants. 

After harvesting, a biomass-processing step is believed 
to be practical to recover most metal contaminants. Alter- 
natively, the harvested biomass could be reduced in vol- 
ume and/or weight by thermal, microbial, physical, or 
chemical means. This step would decrease handling, pro- 
cessing, and potential subsequent landfilling costs. With 
some metals (e.g. Ni, Zn, and Cu), the value of the re- 
claimed metal may provide an additional incentive for 
remediation. 

AGRONOMIC ENHANCEMENT 
OF PHYTOREMEDIATION 

The use of plants to remediate environmental contami- 
nants can be aided by the proper use of soil amendments 
and agronomic practices. Soil amendments can be chosen 

Table 1. Metal concentrations (on a dry weight basis) in known 
h yperaccumulators 

For reasons of logistics and potential "worker exposure." root 
tissue (in which concentrations can be significantly higher in some 
species) are not considered as "harvestable" here. 

Concentrations in "Harvestable" 
Metal Plant Species Material from Plants Crown in 

Contaminated Soil (drv wt  basis) 

Cd Thlaspi caerulenscens 1,800 mg kg-' in shoots" 
Cu lpomoea alpina 12,300 mg kg-' in shootsa 
Co Haumaniastrum robertii 10,200 mg kg-' in shoots" 
Pb T. rotundifolium 8,200 mg kg-' in shootsa 
Mn Macadamia neurophylla 51,800 mg kg-' in shoots" 
Ni Psychotria douarrei 47,500 mg kg-' in shootsa 

Zn T. caerulenscens 51,600 mg kg-' in shoots' 

a Baker and Walker (1 990). 

Sebertia acuminata 25% by wt of dried sapb 

Jaffre et al. (1 994). Brown 
et a/. (1994). 

Postharvest processing / concentration r (microbial, thermal, or chemical) 
r* Harvest I 

I 
I 

; fraction 

I t increase availability 

of contaminant to 
root uptake 

Figure 1. Processes involved in phytoextraction 

to either increase or decrease the biological availability of 
the contaminant for plant uptake. Many plant roots absorb 
metal ions well if they are available in the soil solution, but 
long-distance translocation into the shoot is often limiting. 
In addition, soil amendments can greatly increase the tilth 
of the soil and benefit plant establishment and growth. For 
example, increasing bioavailability and plant uptake for 
many metals can be accomplished by lowering soil pH, 
adding chelating agents, using appropriate fertilizers, and 
altering soil ion composition. At the DuPont laboratory, the 
most successful amendments to date have been the addi- 
tion of chelates such. as EDTA and hydroxyethylethylene 
diaminetriacetic acid. These chelates can increase ambient 
soil solution levels of certain heavy metals (e.g. I'b) greater 
than 1000-fold and simultaneously alter root/shoot parti- 
tioning in a wide variety of crop plants. In laboratory pot 
trials with chelate flooding, shoot Pb concentrations have 
reached 1% Pb (on a dry weight basis) in plants such as 
corn and peas (J.W. Huang and S.D. Cunningham, unpub- 
lished results). The result of this action is often plant death; 
however, such plants remain heavily saturated with 
the metal and eminently harvestable as a metal remova1 
strategy . 

In stabilization schemes, soil amendments can be chosen 
that precipitate, bind, or absorb contaminants to eliminate 
off-site movement of the contaminant and decrease its 
bioavailability to plants and animals and even in mamma- 
lian gastrointestinal tracts (Berti and Cunningham, 1994). 
The choice of soil amendments to decrease this chemical 
and biological availability is made in relation to the chem- 
ical nature of the contaminant (including oxidation state, 
alkylation, precipitant, and adsorbing phase) as well as its 
interaction with the soil/sludge matrix. 

Soil amendment choice borrows heavily from mine spoil, 
sludge, and traditional engineering reclamation efforts 
(Bradshaw and Chadwick, 1980). Contaminated dredged 
materials amended with lime, coarse limestone gravel, and 
horse manure and then planted with tolerant grasses show 
significant improvement over untreated soils. Untreated 
control plots were barren even after 6 years and produced 
an acid (pH 3.5) and metal-rich surface runoff that ex- 
ceeded water quality standards (Brandon et al., 1991). 

Some exciting possibilities for the development of new 
remediation schemes include hybrid technologies com- 
bining phytoremediation and traditional engineering 
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techniques. For example, at the DuPont laboratories, 
tests have shown that combining electrokinetics (move- 
ment of soil ions under a direct current), in situ soil 
washing with chelates, and phytoextraction may be more 
effective than any single technique alone. Chelates bring 
more ions into solution, electrokinetics speeds the mi- 
gration of relatively immobile ions, and properly se- 
lected plants provide enhanced surface area for absorp- 
tion of the ions and their chelated forms. Other hybrid 
technologies such a s  phyto-vapor extraction and phyto- 
land farming are being actively investigated for technical 
and economic feasibility. The use of plant roots as 
"biocurtains" or "biofilters" for the passive remediation 
of shallow groundwater is also an active area of research. 
These hybrid technologies will undoubtedly provide 
both research opportunities and potential field applica- 
tions in the short term. In the longer term, use of these 
hybrid technologies still entails significantly greater 
costs than might possibly be achieved through advanced 
plant selection and creation techniques. 

OPPORTUNITIES FOR ENHANCEMENT OF 
PHYTOREMEDIATION BY PLANT 

G EN ETlC MODl Fl CATl ON 

The growing knowledge of the factors important to phy- 
toremediation can provide a basis for genetic modification 
of plants for improved performance. Breeders have been 
modifying agronomically important plant traits for years. 
However, yield and aesthetics were often the criteria for 
selection. Phytoremediation requires a new paradigm in 
which plants are valued based on what they absorb, se- 
quester, destroy, and tolerate. A11 of these traits can be 
specifically targeted by traditional breeding as well as mo- 
lecular biology. Severa1 aspects of plant root structure 
could be improved. These include root depth, penetration 
into anaerobic zones, and root density. Deeper roots would 
increase the depth from which a contaminant could be 
retrieved for phytoremediation. Improved penetration into 
anaerobic zones would allow phytoremediation to be used 
on sites contaminated with biodegradable organic contam- 
inants. Increasing the quantity of plant degradative en- 
zymes (e.g. peroxidases, laccases, oxygenases), both within 
the root tissue and excreted into the soil, should increase 
their utility. Increased root densities should make extrac- 
tion more efficient. Perhaps the extensive root proliferation 
caused by Agrobacterium rkizogenes, normally considered an 
undesirable characteristic, may find appreciation in phy- 
toremediation efforts. 

With respect to the possible phytoextraction of inor- 
ganic ions, breeding programs could be envisioned 
whereby slow-growing, low-biomass hyperaccumulator 
plants are bred into fast-growing, high-biomass variet- 
ies. Alternatively, metal-hyperaccumulation traits might 
be introduced into fast-growing, high-biomass plants. 
Genetic analysis of mutants affected in metal biology 
could be a promising start to understanding mechanisms 
that govern metal accumulation. For example, chemical 
mutagenesis has produced a large variety of mutants. In 

pea (Pisum sa t i vum)  a recessive mutation that causes 10- 
to 100-fold higher accumulation of Fe was found associ- 
ated with higher ferric-chelate reductase activity (Welch 
and LaRue, 1990; Grusak, 1994). This trait seems to ex- 
tend beyond simply the Fe accumulation phenotype be- 
cause shoot Pb accumulation is also increased by 50% 
over that of the parent genotype in recent hydroponic 
experiments (J.W. Huang and S.D. Cunningham, unpub- 
lished results). It is surprising that a recessive mutation 
resulting in an 8-fold greater concentration of Mn in A. 
tkaliana also showed a positive correlation in f'erric-che- 
late reductase activity (Delhaize et al., 1994; E. Delhaize, 
personal comyunication). 

In A. tkaliana, mutants that exhibit hypersensitivity to var- 
ious combinations of Cd, Cu, Hg, or other heavy metals have 
been reported (Howden et al., 1995; Murphy and Taiz, 1995). 
Identifying the gene functions affected by these mutations 
may provide clues to increasing metal hyperaccumulation. In 
the fission yeast Sckizosacckaromyces pombe, a moclel system 
for phytochelatin (metal-binding peptides found in plants 
and some fungi) research, investigators have cloned the gene 
for a vacuolar membrane transport pump that facilitates vac- 
uolar sequestrating of the peptide-Cd complex (Ortiz et al., 
1992, 1995). Hyperproduction of this protein in S. pombe en- 
hances tolerance to and accumulation of Cd, suggesting that 
hyperexpression of this yeast protein, or a plant homolog, 
may yield similar results in a higher plant (Ow, 1993). There 
have also been numerous attempts to engineer the production 
of animal metallothioneins in plants (Misra and Gedamu, 
1989; Yeargan et al., 1992; Elmayan and Tepfar, 1994; Hattori 
et al., 1994; Pan et al., 1994). Varying degrees of enhanced 
tolerance were reported in the resulting transgenic lines; how- 
ever, metal uptake levels were not dramatically enhanced. It 
is not yet clear whether metal hyperaccumulation can be 
achieved through this approach. 

As for organic contaminants, the prevalence of microbial 
mineralization of many organic compounds begs the ques- 
tion of whether plarits can play an active role in the reme- 
diation of soil or merely provide a rhizospheric environ- 
ment to promote microbial growth. One possible future 
direction for plant-assisted decontamination of organics 
may be in the use of genetically engineered plants that 
exude specific molecules that induce rhizospherk bacteria 
to degrade anthropogenic toxins. Plant-funga1 interactions 
would also seem ripe for exploitation in this area, specifi- 
cally mycorrhizal associations. Alternatively, transgenic 
plants can harbor microbial genes for biodegradation. This 
is already routine practice in the engineering of many 
herbicide-resistance plants and such field testing, product 
development, and registration are well advanced (Dale, 
1995). The concept could easily be extended to address 
additional xenobiotics. The advantage of moving genes of 
microbial origin into a higher plant could lie :in greater 
control over the biodegradative process and organism. Re- 
leases of biodegradative microbial strains are notoriously 
unreliable because of poor survival of the strain in the 
natural environment. In addition, such releases are prone 
to public opposition. Conversely, agriculture has great abil- 
ities to influence both the competitiveness and spread of an 
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introduced plant. Permits for field testing of genetically 
altered plants now vastly outstrip permits for genetically 
altered microbes. 

LlMlTS OF PHYTOREMEDIATION 

Phytoremediation has a number of inherent technical 
limitations. The contaminant must be within (or must be 
drawn toward) the root zones of plants that are actively 
growing. This implies water, depth, nutrient, atmospheric, 
physical, and chemical limitations. In addition, the site 
must be large enough to make farming techniques appro- 
priate. It must not present an eminent danger to human 
health or further environmental harm. There may also be a 
considerable time differential between phytoremediation 
techniques and “dig and dump” techniques. 

Research in this area is spurred by current engineering 
technologies that tend to be clumsy, costly, and disruptive. 
The research community, both basic and applied, working 
in multidisciplinary teams has a unique opportunity to 
produce a needed technology that is low cost, low impact, 
visually benign, and environmentally sound. Plant biolo- 
gists could play a pivotal role in providing knowledge of 
basic plant processes on which genetic modification and 
breeding efforts depend. 

Received November 22, 1995; accepted December 4, 1995. 
Copyright Clearance Center: 0032-0889/96/110/0715/05. 

LITERATURE ClTED 

Anderson TA, Coats JR (1994) Bioremediation through Rhizo- 
sphere Technology, ACS Symposium Series No. 563. American 
Chemical Association, Washington, DC 

Baker AJM, Brooks RR (1989) Terrestrial higher plants which 
hyperaccumulate metal elements-a review of their distribution, 
ecology, and phytochemistry. Biorecovery 1: 81-126 

Baker AJM, Walker PL (1990) Ecophysiology of metal uptake by 
tolerant plants. In AJ Shaw, ed, Heavy Metal Tolerance in Plants: 
Evolutionary Aspects. CRC Press, Boca Raton, FL, pp 155-177 

Banuelos GS, Cardon G, Mackey B, Ben-Asher 1, Wu L, 
Beuselinck P, Akohoue S, Zambrzuski S (1993) Boron and 
selenium removal in B-laden soils by four sprinkler irrigated 
plant species. J Environ Qual 22: 786-797 

Berti WR, Cunningham SD (1994) Remediating soil lead with 
green plants. In CR Cothern, ed, Trace Substances, Environment 
and Health. Science Reviews, Northwood, UK, pp 43-51 

Bradshaw AD, Chadwick MJ (1980) The Restoration of Land: The 
Geology and Reclamation of Derelict and Degraded Land. Uni- 
versity of California Press, Berkeley, CA 

Brandon DL, Lee CR, Simmers JW, Skogerboe JG (1991) Long- 
term evaluation of plants and animals colonizing contaminated 
estuarine dredged material placed in both upland and wetland 
environments, miscellaneous paper D-91-5. U.S. Army Corps of 
Engineer Waterways Experiment Station, Vicksburg, MS 

Brooks RR, Lee J, Reeves RD, Jaffre T (1977) Detection of nick- 
eliferous rocks by analysis of herbarium specimens of indicator 
plants. J Geochem Expl 7: 49-77 

Brown SL, Chaney RL, Angle JS, Baker AJM (1994) Zinc and 
cadmium uptake by Thlaspi caerulescens and Silene- vulgaris in 
relation to soil metals and soil pH. J Environ Qual 23: 1151-1157 

Cunningham SD, Berti WR, Huang JW (1995) Phytoremediation 
of contaminated soils. Trends Biotechnol 13: 393-397 

Dale PJ (1995) R & D regulation and field crop trialling of trans- 
genic crops. Trends Biotechnol 13: 398403 

Delhaize E, Randall PJ, Wallace PA, Pinkerton A (1994) Screening 
Arabidopsis for mutants in mineral nutrition. Plant Soil 156: 

Elmayan T, Tepfar M (1994) Synthesis of a bifunctional metallo- 
thionein/beta-glucuronidase fusion protein in transgenic to- 
bacco plants as a means of reducing leaf cadmium levels. Plant 

Grusak MA (1994) Iron transport to developing ovules of Pisum 
sativuni. I. Seed import characteristics and phloem iron-loading 
capacity of storage regions. Plant Physiol 104: 649-655 

Hartman WJ Jr (1975) An evaluation of land treatment of munic- 
ipal wastewater and physical siting of facility installations. U.S. 
Department of the Army, Washington, DC 

Hathway DE (1989) Molecular Mechanisms of Herbicide Selectiv- 
ity. Oxford University Press, Oxford, UK 

Hattori J, Labbe H, Miki BL (1994) Construction and expression of 
a metallothionein-beta-glucuronidase gene fusion. Genome 37: 

Howden R, Goldsbrough PB, Anderson CR, Cobbett CS (1995) 
Cadmiun-sensitive, cadl mutants of Arabidopsis thaliana are phy- 
tochelatin deficient. Plant Physiol 107: 1059-1066 

Jaffre T, Brooks RR, Lee J, Reeves RD (1976) Sebertia accuvzinata: 
a nickel-accumulating plant from New Caledonia. Science 193: 

Jeffery DW (1987) Soil-Plant Relationships: An Ecological Ap- 
proach. Timber Press, Portland, OR 

McMullin E (1993) An absorbing idea. California Farmer Febru- 
ary: 20-24 

Misra S, Gedamu L (1989) Heavy metal tolerant transgenic Bras- 
sica napus L. and Nicotiana tabacum L. plants. Theor Appl Genet 

Murphy A, Taiz L (1995) A new vertical mesh transfer technique 
for metal tolerance studies in Arabidopsis. Ecotypic variation and 
copper-sensitive mutants. Plant Physiol 108: 29-38 

Ortiz DF, Kreppel L, Speiser DM, Scheel G, McDonald G, Ow 
DW (1992) Heavy metal tolerance in the fission yeast requires an 
ATP binding cassette-type vacuolar membrane transporter. 

Ortiz DF, Ruscitti T, McCue K, Ow DW (1995) Transport of 
metal-binding peptides by HMT1, a fission yeast ABC-type vac- 
uolar membrane protein. J Biol Chem 270: 47214728 

Ow DW (1993) Phytochelatin-mediated cadmium tolerance in 
Schizosacchnromyces pombe. In Vitro Cell Dev Biol 29P: 213-219 

Pan A, Tie F, Duau Z, Yang M, Wang Z, Li L, Chen Z, Ru B (1994) 
Alpha-domain of human metallothionein I-A can bind to metals 
in transgenic tobacco plants. Mo1 Gen Genet 242: 666-674 

Reeves RD, Brooks RR (1983) Hyperaccumulation of lead and 
zinc by two metallophytes from a mining area in central Europe. 
Environ Pollut 31: 277-285 

Rugh CL, Wilde HD, Stack NM, Thompson DM, Summers AO, 
Meagher RB (1996) Mercuric ion reduction and resistance in 
transgenic Arabidopsis thalinna plants expressing a modified bac- 
teria1 merA gene. Proc Natl Acad Sci USA (in press) 

Schnoor JL, Licht LA, McCutcheon SC, Wolfe NL, Carreira LH 
(1995) Phytoremediation of contaminated soils and sediments. 
Environ Sci Technol 29: 318-323 

Simonich SL, Hites RA (1994) Importance of vegetation in remov- 
ing polycyclic aromatic hydrocarbons from the atmosphere. Na- 
ture 370: 49-51 

Welch RM, LaRue TA (1990) Physiological characteristics of Fe 
accumulation in the ”bronze” mutant of Pisum sativum L., cv 
”Sparkle” E107 (brz). Plant Physiol 93: 723-729 

Yeargan R, Maiti IB, Nielsen MT, Hunt AG, Wagner GJ (1992) 
Tissue partitioning of cadmium in trangenic tobacco seedlings 
and field grown plants expressing the mouse metallothionein I 
gene. Transgenic Res 1: 261-267 

Zayed AM, Terry N (1994) Selenium volatilization in roots and 
shoots: effects of shoot removal and sulfate level. J Plant Physiol 

131-134 

J 6: 433-440 

508-512 

579-580 

78: 161-168 

EMBO J 11: 3491-3499 

143: 8-14 


