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Introduction

Why Populus?

Environmental pollution is a serious threat to human
life and to our ecosystems. Riparian zones, the narrow band
of land between terrestrial and aquatic systems, are espe-
cially vulnerable to environmental pollution because many
pollutants are transported through these systems via sur-
face or subsurface runoff. Pollutants include fertilizers (e.g.,
nitrates), pesticides, agrichemical by-products, heavy met-
als, trichloroethylene, halogenated phenolics, and other
waste products (Schoeneberger 1994). Because agricultural
and industrial pollutants are widespread, there is increas-
ing interest on organisms that accumulate, detoxify, or
degrade these substances. While it is known that plants
and microorganisms modify their environments, their po-
tential use as mitigative tools to clean pollutants has only
recently gained acceptance (Brown 1995). Woody peren-
nial plants are ideal for remedial purposes because they
can be planted over large areas at low cost and can con-
centrate or degrade environmental pollutants over several
years (Moffat 1995), while also providing other economic
or ecological services. As metabolic pathways for pollut-
ant detoxification, uptake, and/or degradation are de-
scribed, woody plants can be selected or engineered to
remediate specific environmental pollutants.

! Klopfenstein, N.B.; Chun, Y. W.; Kim, M.-S.; Ahuja, M.R., eds.
Dillon, M.C.; Carman, R.C.; Eskew, L.G., tech. eds. 1997.
Micropropagation, genetic engineering, and molecular biology
of Populus. Gen. Tech. Rep. RM-GTR-297. Fort Collins, CO:
U.S. Department of Agriculture, Forest Service, Rocky Mountain
Research Station. 326 p.
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Populus is well suited for use in phytoremediation (the
use of specially selected and engineered plants for envi-
ronmental remediation) plantings. Populus is easy to es-
tablish and grows quickly. Its high transpiration rate and
wide-spreading root system make it ideal to intercept, ab-
sorb, degrade, and/or detoxify contaminants, while reduc-
ing soil erosion. Historically, this widely distributed genus
has naturally grown in riparian areas, thus many geno- -
types are adapted for growth on potential remediation
sites. Populus plantings are amenable to coppicing and
short-rotation harvest, thereby helping to maintain sus-
tained root vigor. Further, if a biofuels or fiber market is
available, harvests can generate additional income that
helps offset establishment costs (Strauss and Grado this
volume). Although Populus is not part of the human food
chain, many vertebrates and invertebrates use the trees
for food, shelter, and reproductive sites. Such increases in
biodiversity can contribute to sustained productivity of
adjacent aquatic habitat and crop land (Dix et al. in press).

Populus is well studied, with established silvicultural,
vegetative propagation, breeding, and harvesting proto-
cols (Stettler et al. 1996). In addition, Populus is amenable
to tissue culture manipulation, genetic engineering, and
genetic mapping (various chapters this volume). Thus,
Populus is an ideal candidate for genetic engineering and
selection for absorption, detoxification, and/or degrada-
tion of environmental pollutants such as heavy metals,
nitrates, pesticide residues, and other waste products.

Pollutant-Neutralizing Trees

Plants have many mechanisms for neutralizing toxic
pollutants including immobilization, absorption, and ac-
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cumulation or sequestration of contaminants (except cy-
toplasmic toxins). Plants also support symbiotic, root-as-
sociated microorganisms that can contribute greatly to
contaminant neutralization (Stomp et al. 1994). One ex-
ample of phytoremediation is using metal accumulating
plants to remove heavy metals from the soil. All plants
can accumulate essential heavy metals from the environ-
ment and some accumulate nonessential metals such as
cadmium (Cd), lead (Pb), and cobalt (Co) (Baker and
Brooks 1989; Ernst et al. 1992; Ostry this volume; Salt et al.
1995). Tolerance to aluminum has been reported for sev-
eral poplar and other plant species (Baker and Brooks 1989;
Chung and Chun 1990; Ernst et al 1992). In addition, stud-
ies on landfills and municipal sludge recycling systems
demonstrate the ability of Populus and other plants to take
up and tolerate heavy metals and other potential pollut-
ants (Salt et al. 1995; Schultz et al. 1995; Shrive et al. 1994).
Populus designed for use in riparian remediation plantings
also must be able to take up, translocate, and/ or resist toxic
pollutants. An ideal tree may have densely packed roots
for inactivating toxins or removing them from the soil for
subsequent translocation to the leaves and storage in roots
or stems (Schoeneberger 1994; Stomp et al. 1994).

Nitrates

One of the largest fertilizer pollutants from both agri-
cultural and urban sources is nitrates (NO,). Large amounts
of nitrates have already entered ground and surface wa-
ters, adversely affecting the health of aquatic organisms,
humans, and other components of the ecosystem (Duda
1982; Komor and Magner 1996; Lowrance 1992). Nitrates
are also indirect by-products of livestock operations
(Welsch 1991). Large root systems of certain Populus geno-
types have an affinity for nitrates. For example, in simu-
lated groundwater depletion studies Populus x canadensis
roots substantially reduced the concentration of nitrates
continuously over a 2-month period (O’Neill and Gordon
1994). Furthermore, wide-spread root systems of Populus
are more effective than confined root systems in uptake of
these nutrients (Licht 1992). Clonal and species differences
in root growth and root physiology are common in Populus
(Pregitzer et al. 1990). Nitrate uptake, although it varies
with environmental conditions, is apparently heritable in
selected Populus spp. (Nguyen et al. 1990; Pregitzer et al.
1990; Pregitzer and Friend 1996). Thus, planting Populus
clones selected for their large root masses on sites with
potential for nitrate runoff could increase absorption of
nitrates. Nitrate uptake in these poplars could perhaps be
further enhanced by genetic engineering or selective breed-
ing of poplar for larger root mass or increased protein stor-

USDA Forest Service Gen. Tech. Rep. RM-GTR-297. 1997.

age (Coleman this volume). For example, root system
growth was stimulated in P. alba x P. glandulosa (Chung et
al. 1989), P. davidiana Dode (Lee et al. 1989), P. deltoides x P.
nigra (Charest et al. 1992) and P. nigra x P. maximowczii
(Charest et al. 1992) by transformation with Agrobacterium
rhizogenes.

Chemical Tolerance and Detoxification

Herbicides are commonly sprayed on crops to eliminate
competing weeds. However, herbicides and their by-prod-
ucts that reach streams by direct runoff, leaching, erosion,
and other processes can be toxic to aquatic plants and ani-
mals. For planting between the crops and streams, herbi-
cide-tolerant poplars could be produced or selected to
remove, detoxify, degrade, or tolerate selected pollutants
including herbicides. In vitro selection, genetic engineering,
genetic screening (e.g., marker- assisted selection), and other
molecular techniques have potential for producing or select-
ing genotypes with improved remediation efficiency.

Chemical tolerance

In vitro techniques were developed for detecting
somaclonal variation in the tolerance of Populus to herbi-
cides (Michler and Haissig 1988). Using such in vitro tech-
niques, 4 hybrid Populus lines were selected for increased
tolerance to glyphosate and sulfometuron methyl (Michler
and Haissig 1988). In addition, several Populus variants
selected for tolerance to sulfometuron methyl were found
to have increased acetolactate synthase (ALS) activity
(Michler 1993; Riemenschneider and Haissig 1991;
Riemenschneider et al. 1988).

Genetic engineering techniques are available for transfer-
ring tolerance mechanisms into Populus. Mutant acetolactate
synthase genes, crs1-1 and als, that confer resistance to sul-
fonylurea or the herbicide chlorsulfuron were individually
used to transform P. tremula x P. alba (Brasileiro et al. 1992;
Chupeau et al. 1994). Transgenic Populus cells containing the
mutant als gene grew on a selective media containing 200
nM chlorsulfuron (Chupeau et al. 1994), and transgenic
plants expressing the mutant crs1-1 gene were completely
resistant to high doses of chlorsulfuron (Brasileiro et al. 1992).
P. alba x P. grandidentata was genetically transformed with
the mutant aroA gene for 5-enolpyruvylshikimate-3-phos-
phate (EPSP) synthase that confers tolerance to the herbi-
cide glyphosate (N-(phosphonomethyl)-glycine) (Donahue
et al. 1994; Fillatti et al. 1987; Karnosky et al. this volume).
Transgenic Populus plants expressing the mutant aroA genc
demonstrated more herbicide tolerance than the control
Populus (Donahue et al. 1994).

In work to increase tolerance to air pollution, hybrid
aspen (P. sieboldii x P. grandidentata) was transformed with
an E. coli glutathione reductase (GR) gene (Endo et al. this
volume). GR-expressing, transgenic aspen displayed re-
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sistance to oxidative stress caused by the herbicide
paraquat (methyl viologen: 1,1-dimethyl-4,4-bipyridium
dichloride) or sulfur dioxide (SO,). This approach could
potentially confer tolerance to oxidative stresses caused
by other environmental pollutants. Pollutant-tolerant
Populus could be further selected or engineered with
remediatory functions, or used to support growth of
remediatory microorganisms.

Chemical detoxification

Other remediatory approaches are aimed toward direct
degradation or detoxification of toxic pollutants. P. alba x
P.tremula, P. tremulax P. alba, and P. trichocarpa x P. deltoides
hybrids were transformed with a bar gene that codes for
the enzyme phosphinotricin acetyl transferase (PAT)
(Chupeau et al. 1994; De Block 1990; Devillard 1992). PAT
inactivates the commercial herbicide phosphinotricin
(glufosinate, Basta) by acetylation (De Block 1990).

Ongoing work at the University of Washington and
Washington State University demonstrated that Populus
hybrids (P. trichocarpa x P. deltoides) can oxidize trichloro-
ethylene (TCE) to produce carbon dioxide and other me-
tabolites. Further experiments are underway to determine
the capacity of Populus to remove and degrade TCE from
groundwater (Strand et al. 1995). Pioneering work was
initiated to enhance environmental detoxification by ge-
netically engineering trees with genes that encode
remediatory functions (Stomp et al. 1994). Two genes from
Alcaligenes eutrophus, tfdB and tfdC, were isolated and cloned
in an attempt to detoxify halogenated phenolics. One gene,
tfdB, encodes a chlorophenol hydroxylase, and the other gene,
tfdC, encodes a chlorocatecol 1,2-dioxygenase. Chloro-
phenols are sequentially hydroxylated by these 2 enzymes
to form chlorocatechol. Subsequently, the ring is cleaved to
create chloro-cis-cis-muconate. Initial tests are underway
using 2,4-dichlorophenol, a breakdown product of 2,4-dichlo-
rophenoxyacetic acid (2,4-D), and trichloroethylene. Gene
constructs have been made with tfilB and #/dC under the con-
trol of a cauliflower mosaic virus (CaMV) 35S constitutive
promoter for transformation of Populus, black locust (Robinia
pseudoacacia), and sweet gum (Liquidambar styraciflua). Sub-
sequent studies are assessing active enzyme levels, uptake,
and fate of TCE in these trees (Stomp et al. 1994). Such stud-
ies in direct detoxification further demonstrate the potential
of Populus for phytoremediation.

Soil Conditions and Microorganisms

Success of poplar plantings in remediating a riparian
site is dependant on soil conditions and microorganisms.
Soil chemistry plays a pivotal role in this process with soil
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pH and chelating agents affecting uptake of metals. For
example, many metals in soils are bound to oxides. Plants
can dissolve these oxides and enhance their solubility by
releasing reductants from the roots. However, soil pH can
influence metal bioavailablity and uptake. Plants grow-
ing in soils with low pH typically display higher metal tox-
icity because of decreased metal adsorption to soil particles.
This, in turn, can increase concentrations of metals in the
soil solution and subsequent leaching (Salt et al. 1995).

Trees support a diverse population of soil microorgan-
isms, including bacteria, ecto- and endomycorrhizal fungi,
actinomycetes, and blue green algae. In turn, many of these
microorganisms help tree establishment and growth by
greatly increasing the uploading capacity of roots. These
soil microorganisms are instrumental in the processes of
remediation, stabilization, and filtration of water and soil.
Like trees, soil microorganisms participate directly or in-
directly in these processes. Direct remediation occurs when
organisms take up, store, detoxify, or degrade toxic com-
pounds and their derivatives. Indirect remediation occurs
through beneficial effects on associated organisms directly
involved in remediation. Thus, overall effectiveness of
remediation processes is based on interactions among the
plant species, the type(s) of pollutants, and the soil micro-
flora (Stomp et al. 1994).

Mycorrhizae, symbiotic associations between soil fungi
and roots, can greatly increase the root surface area and
provide a low-resistance pathway for water transport
(Koide 1990). These symbioses can influence the plant’s
ability to take-up metals, and possibly influence plant tol-
erance to heavy metals. However, site conditions can in-
fluence the development of mycorrhizal associations. In
natural conditions and with advanced stand age, Populus
roots generally form ectomycorrhizae. When these roots
are flooded, in the early stages of stand establishment, or
in very fertile soils, they may form vesicular arbuscular
mycorrhizae or no mycorrhizal associations (Heilman et.
al. 1996).

Genetic selection and manipulation of rhizosphere mi-
croorganisms can potentially improve biological
remediation of soil and water. Several ectomycorrhizal
fungi immobilized the herbicide chlorpropham, while
other ectomycorrhizal fungi degraded chlopropham to 3-
chloroaniline (Rouillon et al. 1989). Paxillus involutus, an
ectomycorrhizal colonizer of conifer and hardwood spe-
cies, was transformed by particle bombardment with the
hygromycin phosphotransferase gene (HPT) as a select-
able marker and the B-glucuronidase (GUS) gene as a re-
porter gene. The transgenes were actively expressed after
stable integration into the fungal genome, and the ability
to form ectomycorrhizal roots was unaffected (Bills et al.
1995). Thus, the potential to genetically engineer mycor-
rhizal fungi with remediatory functions is demonstrated.
Populations of rhizosphere microflora could be increased
indirectly by genetically increasing Populus root mass

USDA Forest Service Gen. Tech. Rep. RM-GTR-297. 1997.

( € € € € € € € € € € € € € € € € € € € € € € € € € € €€ e e € e € e e e«



Potential Use of Populus for Phytoremediation of Environmental Pollution in Riparian Zones

through transformations such as with Agrobacterium
rhizogenes. Increased root mass could support larger popu-
lations of rhizosphere microorganisms that could also be
genetically engineered with improved remediatory func-
tions (Stomp et. al. 1994). However, ethical concerns must
be thoroughly addressed before such strategies can be
implemented in the field (Yang et al. this volume).

Strategies and Considerations
for Plantings

For efficient and sustained remediation, Populus planted
at remediation sites must tolerate prevailing site condi-
tions such as excess nitrates and herbicides, as well as dam-
age by insect pests and diseases. Accumulation of
pollutants is toxic to many plants; thus, these plants must
tolerate existing pollution levels and higher concentrations
than normally exist within the plant. However, many na-
tive poplars traditionally recommended for riparian zones
are relatively slow growers and may be intolerant of pol-
lutants. Genetic engineering and selection can potentially
improve the tolerance of Populus trees to various pollut-
ants. Such pollution tolerance could amplify potential bio-
mass benefits of Populus plantings.

Pest outbreaks are common in riparian Populus plantings
(Ostry et al. 1988), and can threaten remediation activity
of the planting. Genetic engineering, genetic selection, and
in vitro selection can facilitate the development of Populus
clones with enhanced pest resistance (Cervera et al. this
volume; Ebinuma et al. this volume; Ellis and Raffa this
volume; Heuchelin et al. this volume; Ostry this volume;
Powell and Maynard this volume). Eventually, techniques
developed by this research will be used to develop a vari-
ety of Populus cultivars and clones with improved resis-
tance/tolerance to insects and disease. In addition,
planting establishment and maintenance guidelines should
include strategies for integration with other pest manage-
ment techniques (e.g., enhancing natural controls). Such
approaches could minimize the need for additional pesti-
cide application to Populus plantings.

Because Populus biomass plantings usually require in-
tensive management, they should be established at least 1
planting zone away from the stream. These plantings could
serve as an effective intermediate buffer zone for absorp-
tion and degradation of environmental pollutants. The
plant zones adjacent to the stream could be designed to
delay or absorb excess chemicals and soil from Populus
plantings. As mentioned earlier, soil microorganisms found
in poplar plantings have a primary role in site remediation.
These microorganisms also must tolerate the pollutants
and other conditions at the site.

USDA Forest Service Gen. Tech. Rep. RM-GTR-297. 1997.

Finally, potential applications of this technology beyond
riparian forest buffer are numerous. Similarly designed
Populus plantings could be used to remediate industrial
waste sites, agricultural waste water, sewage, and mine
land. For example, in the Pacific Northwest, bioengineers
are designing systems that use Populus biomass plantings
for recovering nitrates and other fertilizers from irrigated
waste water, or removing urea and heavy metals from
dairy waste, human sewage, and landfill leachate. Most
of these practices are exploiting the nitrogen affinity and
high water consumption of hybrid Populus (Gary Kuhn,
USDA Natural Resource Conservation Service, personal
communication).

Conclusion

Planting poplar near riparian zones and toxic waste sites
has generated considerable interest as an economical
method to remediate toxic sites while providing income
and environmental benefits. Planting Populus in riparian
zones may provide unique opportunities for remediation
of multiple toxins. Populus has high potential for environ-
mental remediation because its biology is well studied, and
its management, production, genetic engineering, genetic
selection, and in vitro manipulation techniques are well
developed and readily available. Demonstration plantings
have been established in several communities to limit
movement of potential ground-water contaminants. Such
plantings are used to remediate leachate from contami-
nated landfill and waste water systems while producing
biomass and providing wildlife habitat. However,
phytoremediation of pollution in urban and rural land-
scapes is a long process and is primarily effective only on
pollutants near the surface. It is a relatively environmen-
tally safe process that can be used for large areas. Removal
of pollutants by this method does not necessarily require
much energy (Stomp et al. 1995). Additional research,
development and field trials are needed before the spe-
cific biochemical processes involved in pollutant uptake,
transport, and accumulation are fully understood. Envi-
ronmental impacts of using Populus remediation plantings
must also be thoroughly evaluated before such plantings
can be fully utilized.

Acknowledgments

The authors thank David P. Anderson, Stefanie G.
Aschmann, Richard C. Carman, Richard A. Cunningham,

209



Section V Biotechnological Applications

Gary A. Kuhn, and Michele M. Schoeneberger for review-
ing earlier drafts of this manuscript. Use of trade names in
this chapteér does not constitute endorsement by the USDA
Forest Service.

Literature Cited

Baker, A.J.M.; Brooks, R.R. 1989. Terrestrial higher plants
which hyperaccumulate metallic elements -- A review
of their distribution, ecology and phytochemisty.
Biorecovery. 1: 81-126.

Bills, S.N.; Richter, D.L; Podila, G.K. 1995. Genetic trans-
formation of the ectomycorrhizal fungus Paxillus
involutus by particle bombardment. Mycological Re-
search. 99: 557-561. .

Brasileiro, A.C.M.; Tourneur, C.; Leplé, ].-C.; Combes, V.;
Jouanin, L. 1992. Expression of the mutant Arabidopsis
thaliana acetolactate gene confers chlorsulfuron resis-
tance to transgenic Populus plants. Transgenic Research.
1: 133-141.

Brown, K.S. 1995. The green clean: The emerging field of
phytoremediation takes root. Bioscience. 45: 529-582.
Charest, PJ.; Stewart, D.; Budicky, P.L. 1992. Root induc-
tion in hybrid Populus by Agrobacterium genetic trans-
formation. Canadian Journal of Forest Research. 22:

1832-1837.

Chung, K.H.; Chun, Y.W. 1990. Variation in aluminum tol-
erance among 5 species of in vitro cultured Populus. Jour-
nal of the Korean Forestry Society. 79: 26-32.

Chung, K.H,; Park, Y.G.; Noh, E.R; Chun, Y.W. 1989. Trans-
formation of Populus alba x P. glandulosa by Agrobacterium
rhizogenes. Journal of the Korean Forestry Society. 78:
372-380.

Chupeau, M.-C.; Pautot, V.; Chupeau, Y. 1994. Recovery of
transgenic trees after electroporation of poplar proto-
plasts. Transgenic Research. 3: 13-19.

De Block, M. 1990. Factors influencing the tissue culture
and Agrobacterium tumefaciens-mediated transformation
of hybrid aspen and Populus clones. Plant Physiol. 93:
1110-1116.

Devillard, C. 1992. Genetic transformation of aspen
(Populus tremula x Populus alba) by Agrobacterium
rhizogenes and regeneration of plants tolerant to herbi-
cide. C. R. Acad. Sci. Paris, t. 314, Serie I1I: 291-298.

Dix, M.E.; Akkuzu, E.; Klopfenstein, N.B.; Zhang, ].W.; Kim,
M.-S.; Foster, J.E. 1997. Riparian zones as refugia in
agroforestry systems. Journal of Forestry: in press.

Donahue, R.A.; Davis, T.D.; Michler, C.H.;
Riemenschneider, D.E.; Carter, D.R.; Marquardt, P.E,;
Sankhla, N.; Sankhla, D.; Haissig, B.E.; Isebrands, ].G.
1994. Growth, photosynthesis, and herbicide tolerance
of genetically modified hybrid Populus. Canadian Jour-

210

nal of Forest Research. 24: 2377-2383.

Duda, A.M. 1982. Municipal point source and agricultural
non-point source contributions to coastal eutrophica-
tion. Water Resource Bull. 18: 397-407.

Ernst, W.H.O.; Verkleij, J.A.C.; Schat, H. 1992. Metal toler-
ance in plants. Acta. Bot. Neerl. 41: 229-248.

Fillatti, ].J.; Sellmer, J.; McCown, B.; Haissig, B.; Comai, L.
1987. Agrobacterium mediated transformation and regen-
eration of Populus. Molecular and General Genetics. 206:
192-199

Heilman, PE.; Hinckley, T.M.; Roberts, D.A.; Ceulemans,
R. 1996. Production physiology. In: Stettler, H.D.;
Bradshaw H.D., Jr.; Heilman, PE.; Hinckley, T.M., eds.
Biology of Populus and its implication for management
and conservation. Ottawa, Ontario, Canada: NRC Re-
search Press: 459-489. Chapter 18.

Koide, R.T. 1990. Nutrient supply, nutrient demand, and
plant response to mycorrhizal infection. New Phytol.
117: 365-386.

Komor, 5.C.; Magner, J.A. 1996. Nitrate in ground water
and water sources used by riparian trees in an agricul-
tural watershed: A chemical isotropic investigation in
southern Minnesota. Water Resources Res. 32: 1039-
1050.

Lee, B.S.; Youn, Y.; Lee, S.K.; Choi, W.Y.; Kwon, Y.J. 1989.
Transformation of Populus davidiana Dode by
Agrobacterium rhizogenes. Res. Rep. Inst. For. Gen. Ko-
rea. 25: 149-153.

Licht, L.A. 1992. Salicaceae family trees in sustainable
agroecosystems. For. Chron. 68: 214-217.

Lowrance, R. 1992. Ground water nitrate and denitrifica-
tion in a coastal riparian forest. J. Environ. Qual. 21: 401-
405.

Michler, C.H. 1993. In vitro genetic selection for woody
plant improvement. In: Ahuja, M.R. ed.
Micropropagation of woody plants. Dordrecht, The
Netherlands: Kluwer Academic Publishers: 443-455.

Michler, C.H.; Haissig, B.E. 1988. Increased herbicide tol-
erance of in vitro selected hybrid Populus. In: Ahuja,
M.R., ed. Somatic cell genetics of woody plants.
Dordrecht, The Netherlands: Kluwer Academic Publish-
ers: 183-189.

Moffat, A.S. 1995. Plants proving their worth in toxic metal
cleanup. Science. 269: 302-303.

Nguyen, PV,; Dickmann, D.L; Pregitzer, K.S.; Hendrick,
R. 1990. Late-season changes in allocation of starch and
sugars to shoots, course roots and fine hairs in two hy-
brid poplar clones. Tree Physiol. 7: 95-105.

O'Neill, GJ.; Gordon, A.M. 1994. The nitrogen filtering
capability of Carolina poplar in an artificial riparian
zone. J. Environ. Qual. 23: 1218-1223.

Ostry, M.E.; Wilson, L.F.; McNabb, H.S., Jr.; Moore, L.M.
1988. A guide to insect, disease, and animal pests of pop-
lars. Agriculture Handbook 677. Washington, DC: U.S.
Department of Agriculture, Forest Service: 118 p.

USDA Forest Service Gen. Tech. Rep. RM-GTR-297. 1997.

€ € € € € € € € € € € € € € € € € € € e € e eEeeCeeeeeeeee e«



€

€ € € € € ¢

€ € ¢

¢ € € € € € € € € € € €

€ €

€

€

¢

€ € ¢

Potential Use of Populus for Phytoremediation of Environmental Pollution in Riparian Zones

Pregitzer, K.S.; Dickmann, D.I.; Hendrick, R.; Nguyen, P.V.
1990. Whole-tree carbon and nitrogen partitioning in
young hybrid poplars. Tree Physiol. 7: 79-93.

Pregitzer, K.S.; Friend, A.L. 1996. The structure and func-
tion of Populus root systems. In: Stettler, R.F.; Bradshaw,
H.D., Jr.; Heilman, P.E.; Hinckley, T.M., eds. Biology of
Populus and its implications for management and con-
servation. Ottawa, Ontario, Canada: NRC Research
Press: 331-354. Chapter 14.

Riemenschneider, D.E.; Haissig, B.E. 1991. Producing her-
bicide tolerant Populus using genetic transformation me-
diated by Agrobacterium tumefaciens C58: A summary of
recent research. In: Ahuja, M.R., ed. Woody plant bio-
technology. New York: Plenum Press: 247-263.

Riemenschneider, D.E.; Haissig, B.E.; Sellmer, J.; Fillatti,
J.J. 1988. Expression of a herbicide tolerance gene in
young plants of a transgenic hybrid Populus clone. In:
Ahuja, M.R,, ed. Somatic cell genetics of woody plants.
Dordrecht, The Netherlands: Kluwer Academic Publish-
ers: 73-80.

Rouillon, R.; Poulain, C.; Bastide, J.; Coste, C.M. 1989. Deg-
radation of the herbicide chlorpropham by some
ectomycorrhizal fungi in pure culture. Agriculture, Eco-
systems and Environment. 28: 421-424.

Salt, D.E.; Blaylock, M.; Kumar, N.P.B.A.; Dushenkov, V,;
Ensley, B.D.; Chet, I.; Raskin, 1. 1995. Phytoremediaton:
A novel strategy for the removal of toxic metals from
the environment using plants. Bio/ technology. 13: 468-
474.

Schoeneberger, M. 1994. Woody plant selection for ripar-
ian agroforestry projects. In: Landis, T,, ed. Proceedings:
Northeastern and Intermountain Forest and Conserva-
tion Nursery Association. 1993 August 2-5; St. Louis,

USDA Forest Service Gen. Tech. Rep. RM-GTR-297. 1997.

MO, U.S.A. General Technical Report RM-243. Fort
Collins, CO, U.S.A.: U.S. Department of Agriculture,
Forest Service: 123-129.

Schultz, R.C.; Colletti, ]J.P.; Faltonson, R.R. 1995.
Agroforestry opportunities for the United States of
America. Agroforestry Systems. 31: 117-132.

Shrive, S.C.; McBride, R.A.; Gordon, A.M. 1994. Photosyn-
thetic and growth responses of two broad-leaf tree spe-
cies to irrigation with municipal landfill leachate. J.
Environ. Qual. 23: 534-542.

Stettler, R.F.; Bradshaw, H.D,, Jr.; Heilman, P.E.; Hinckley,
T.M., eds. 1996. Biology of Populus and its implications
for management and conservation. Ottawa, Ontario,
Canada: NRC Research Press. 539 p.

Stomp, A.-M.; Han, K.H.; Wilbert, S.; Gordon, M.P;
Cunningham, S.D. 1994. Genetic strategies for enhanc-
ing phytoremediation. In: Bajpai, R.K.; Prokop, A., eds.
Recombinant DNA technology II. Annals of the New
York Academy of Sciences. 721: 481-491.

Strand, S.E.; Newman, L.; Ruszaj, M.; Wilmoth, J.; Shurtleff,
B.; Brandt, M.; Choe, N.; Ekuan, G.; Duffy, ].; Massman,
J.W.; Heilman, P.E.; Gordon, M.P. 1995.
Phytoremediation of trichloroethylene from polluted
aquifers using poplars. In: Proceedings of the interna-
tional poplar symposium: Populus biology and its im-
plications for management and conservation. 1995
August 20-25; Seattle, WA, U.S.A. Seattle, WA, US.A.:
University of Washington: 88. Abstract.

Welsch, D.J. 1991. Riparian forest buffers: Function and
design for protection and enhancement of water re-
sources. Radnor, PA. NA-PR-07-91: U.S. Dept. of Agri-
culture, Forest Service, Northeastern Area State and
Private Forestry Forest Resource Mgmt. 20 p.

21



	Section V. Biotechnological Applications
	Chapter 27: Potential Use of Populus for Phytoremediation of Environmental Pollution in Riparian Zones


