Teaching Phytoremediation in a Geoenvironmental
Engineering Design Course

Alok Bhandari', Laura Christianson?, Larry E. Erickson®, Stacy L. Hutchinson?,
and Jwan Ibbini*
Department of Biochemistry*, Department of Civil Engineering®,
Department of Chemical Engineering®, and
Department of Biological and Agricultural Engineering?
Kansas State University Manhattan, KS 66506

New courses in geoenvironmental engineering and a graduate certificate
program have been developed as part of a National Science Foundation
Combined Research and Curriculum Development grant to a multidisciplinary
team at Kansas State University. Phytoremediation is being taught as part of the
Geoenvironmental Engineering Design course. Real design problems have been
assigned to multidisciplinary teams of students. The members of each team
work cooperatively to submit one design report for the team, and they
cooperatively make an oral presentation that provides a summary of the problem,
methods, and results. Empowerment evaluation has been used to evaluate the
course and recommend small changes that can improve the course. Both
students and faculty have demonstrated a strong interest in the course and the
decisions made with respect to the contaminated sites that have been selected
for investigation.



In planta visualisation of gfp expressing endophytic bacteria colonizing poplar

Jana Boulet'", Nele Weyens', Tanja Barac', Daniel van der Lelie?, Safiyh Taghavi® and Jaco
Vangronsveld'

Phytoremediation is considered as a promising new technology for the remediation of soils
and groundwater contaminated with heavy metals and organic pollutants. However, large
scale application of phytoremediation presently faces a number of obstacles including the
level of pollutants tolerated by the plant, the bioavailable fraction of the contaminants and, in
some cases, the evapotranspiration of volatile organic pollutants. A possible solution for these
problems can be the use of plant-associated bacteria. The rhizosphere provides a favorable
environment for micro-organisms. The overall effect of plant-microbe interactions is an
increase in microbial biomass in the rhizosphere by an order of magnitude or more compared
with that of microbial populations in bulk soil. Endophytes colonize internal plant tissues of
healthy plants without causing symptoms of disease. Similar to rhizosphere bacteria,
endophytes may even act as plant growth promotors by fixing atmospheric nitrogen,
sequestering iron from the soil and/or synthesizing phytohormones and enzymes.

Endophytic bacteria, if equipped with the appropriate characteristics, can assist their host
plant to tolerate higher concentrations of contaminants. These bacteria can be isolated and
reinoculated in the plant. Until now little is known about the re-colonization patterns or
population sizes of endophytic bacteria in poplar. The bacterial strain W619, Pseudomonas
putida, a poplar root endophyte, was genetically marked with a kanamycin:gfp cassette
inserted into the chromosome, allowing the visualisation of colonising bacteria and the
estimation of population sizes within the various tissues of the host plant.

Rooted poplar cuttings (Populus deltoides x (trichocarpa x deltoides)) were grown
hydroponically in the bacterial inoculum suspension (10° and 10° CFU/ml of W619) for four
weeks and were exposed to Ni concentrations of 0OmM and 0,05mM. Non-inoculated cuttings
served as controls. Re-isolation of inoculated bacteria out of the different plant parts of
inoculated cuttings, showed that Pseudomonas putida (W619) was highly represented in root
and stem, less in twig and leaf. Spinning disc confocal microscopy was used for the in planta
visualisation of the bacteria. As bacteria were localised at the root surface, in the root cortex
and xylem, we can confirm the colonization pathway of plants by bacteria through the root.
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Phytoremediation of 2,4,6-trinitrotoluene at Eglin Air Force Base, FL: A
Greenhouse Model Study

Laura B. Brentner and Jerald L. Schnoor

Environmental Engineering, The University of lowa
Continuous use of munitions on testing ranges at military bases leads to contamination of
soil and groundwater by explosives from unexploded ordinances. Although 2,4,6-
trinitrotoluene (TNT) has largely been replaced in munitions by hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX), historic use of TNT may contribute to remaining contamination at
these sites. A model, greenhouse-scale study is conducted using two different native soils
collected from Eglin Air Force Base (EAFB), FL, to assess the environmental factors
contributing to the success of phytoremediation of TNT by non-invasive grass species at
the testing range site. These environmental factors include physical-chemical soil
properties, plant species involvement, contaminant aging in soils, and microbial
populations present in native soils. These factors are assessed by comparing performance
in a potted plant study. Pots contain soils which have been aged with and freshly
contaminated with [U'*C]-TNT, using two different native soil types with very different
physical-chemical characteristics.
Comparisons are made between unplanted pots and pots containing Populus trichocarpa
cuttings or a grass mixture of Popsalum notatum Pensacola (bahiagrass) and Panicum
vigratum Alamo (switchgrass). Concentrations of TNT are monitored by extracting TNT
from soil and plant tissue samples and analyzing them using a liquid scintillation counter
and LC MS/MS to determine contaminant removal and detoxification potential. The
resulting data, including all soil characteristics and microbial concentrations, will then be
used to test a mass-balance mathematical model, adapted from Sung et al. (2004), for

predicting TNT concentrations in soils in a phytoremediation system.

Keywords: phytoremediation, TNT, Populus trichocarpa (Black Cottonwood),

switchgrass, bahiagrass
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BIODEGRADATION OF BIPHENYL AND ETHYLENE GLYCOL BY
RHIZOSPHERE CONSORTIA ENRICHED FROM A
PHYTOREMEDIATION TEST PLOT

David Carnegie, Malroz Engineering Inc.*, Bozhi Sun, Department of Chemical Engineering, Queen’s
University at Kingston, David Malcolm, Malroz Engineering Inc., Juliana Ramsay, Department of Chemical
Engineering, Queen’s University at Kingston

Pump and treat is commonly applied in the remediation of contaminated subsurface groundwater. While
the technique is effective in controlling plume migration of water soluble contaminants, extraction of
contaminants sorbed to soil remain a challenge. Other limitations of pump and treat include cost,
aesthetics and infrastructure requirements. Malroz Engineering Inc. installed a phytoremediation test plot
consisting of poplar and willow species on an active industrial site contaminated by failing waste lagoons,
to study its effectiveness as an alternative to pump and treat. The migrating contaminant plume consists
of multiple compounds with varied physical and chemical properties. Microbial consortia enriched from
poplar and willow rhizosphere degraded ethylene glycol (a highly water soluble chemical) and biphenyl
(a relatively insoluble chemical), under aerobic and anaerobic conditions. Factors identified as potentially
contributing to improved site management and improved degradation such as terminal electron acceptor
availability, influence of tree species and nutrient limitation, were studied. It was demonstrated that
degradation by rhizosphere microorganisms can significantly contribute to the remediation of water-
soluble and water-insoluble compounds such as ethylene glycol and biphenyl respectively. These
compounds did not appear to be taken up by the trees and rates of degradation seem to be influenced by
fertilization and rhizosphere association. Recent advances in molecular biology were employed to
demonstrate whether microbial populations from laboratory studies and field conditions could be

monitored to determine the effect of site conditions and treatments associated with site management.

Keywords: ethylene glycol, biphenyl, biodegradation, anaerobic, contaminated groundwater plume, rhizosphere.*
presenting author, 168 Montreal Street, Kingston, ON, K7K 3G4, 613-548-3446 x27, carnegie@malroz.com
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Uptake of Arsenic, Macro, and Micronutrients by two cultivars of the desert plant species
Chilopsis linearis (Desert Willow)

Hiram Castillo-Michel®, Nubia Zuverza-Mena”, Jason Parsons”, J.R Peralta-Videa®, J.L.
Gardea-Torresdey”

ADepartment of Chemistry and "Environmental Science and Engineering Ph.D. Program, The
University of Texas at El Paso, 500 West University Avenue, El Paso, TX 79968-0513, USA.

" Corresponding author. Tel.: +1 915 747 8855; fax: +1 915 747 5748.
E-mail address: hacastillo@utep.edu (Hiram Castillo-Michel)

ABSTRACT

This study investigated the absorption of arsenic and essential nutrients by two cultivars (red and
white flowered) of the desert plant Chilopsis linearis. One month old seedlings were exposed to
arsenic treatments containing 0, 20 and 40 mg As(V) L™ (As,0s); or 0, 10, and 20 mg As(III) L™
(As;03) in hydroponics for seven days. Plants exposed to As(IIl) did not survive any of the
treatments. Results from ICP/OES analysis of plants exposed to As(V) showed concentrations of
280 and 98 mg As kg dry wt for the red flowered cultivar roots and stems at 20 mg As L™,
respectively; and 196 and 103 mg As kg dry wt for the white flowered cultivar roots and stems,
respectively. In the 40 mg As(V) L treatment the red flowered cultivar had 290 and 151 mg As
kg'1 in roots and stems, respectively; whereas the white flowered cultivar had 406, 213, and 177
mg As kg” in roots, stems, and leaves, respectively. Both cultivars of C. linearis showed
increased uptake of Fe, Mo, Mn, Zn, and S, and decreased uptake of P. White flowered plants
maintain normal levels of Ca in all tissues and normal levels of K in the leaf. XAS analysis
revealed partial reduction of As(V) to As(IIl). The reduced fraction was found in the form of As
(SX)s species.

Keyword: Chilopsis linearis; Arsenic; X-ray absorption spectroscopy; Nutrients
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Nitrogen Application Effects on Total Petroleum Hydrocarbon Degradation in

Composted Drilling Wastes Differ with Compost Age

Woo-Jung Choi, Chonnam National University; Scott X. Chang, University of Alberta*

Using composted hydrocarbon-contaminated wastes generated from oil and gas drilling
activities as a soil amendment is considered a feasible method to dispose the wastes. The
composted drilling waste can serve as a source of nutrients and organic matter. Further
decomposition of residual hydrocarbon in the compost needs to be accomplished at the land
application stage and N application may enhance hydrocarbon degradation by lowering the
C/N ratio of the compost. The effects of N application on hydrocarbon degradation in
different-aged composts (1-, 2-, 3-, and 4-year-old composts, coded as 1Y, 2Y, 3Y, and 4Y,
respectively) were investigated through a laboratory incubation experiment without plants
and a pot experiment planted with white spruce (Picea glauca [Moench] Voss) seedlings.
During the laboratory incubation, N application significantly (P<0.05) enhanced the
degradation of total petroleum hydrocarbon (TPH, C11 to C40) in the 1Y and 2Y composts
that had relatively low mineral N concentrations and high C/N ratios, with the greatest effect
on the 1Y compost. However, the rate of degradation of TPH in the 3Y and 4Y composts
with properties contrasting the 1Y and 2Y composts was not affected by N application. In the
pot experiment, N application decreased TPH concentration only in the 1Y compost. Our
results from laboratory incubation and greenhouse experiments show that N application is an

effective measure to enhance hydrocarbon degradation in the younger (1Y or 2Y) composts.

Keywords: hydrocarbon contamination, white spruce, C/N ratio, drilling waste, compost
* presenting author, University of Alberta, 442 Earth Science Building, Edmonton, Alberta,

Canada T6G 2E3, 789-492-6375, scott.chang@ualberta.ca
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Use of a Multi-Year Water Balance to Assess a Phytoremediation

Plantation’s Effectiveness

Laura Christianson*, Kansas State University (KSU) Biological and Agricultural
Engineering (BAE); Stacy Hutchinson, KSU BAE; Charles Barden, KSU Horticulture,
Forestry and Recreational Resources; Larry Davis, KSU Biochemistry; Patrick Bussen,

KSU BAE

Landfill leachate plumes often contain hazardous chemicals that are harmful to
human, animal, and environmental health. Phytoremediation with poplar trees has
recently shown promise for remediating many of these types of contaminants. A
decommissioned chemical waste landfill in Manhattan, Kansas served as a
phytoremediation case study site where the desired objective was the hydraulic control of
a 1, 4 dioxane plume. In the spring of 2005, seven rows of cottonwood trees (Populus
deltoides, Marsh.) were planted down gradient from the landfill to impede plume
migration and enhance the uptake of the contaminant. In order to assess the potential
impact of the tree plantation on plume migration, a complete water balance was
conducted for the site. By assessing the groundwater, precipitation, ET, surface runoff,
and vadose zone soil moisture in the system over several years, it was possible to
estimate the effect of the plantation on the plume. If the migration of groundwater
plumes can be effectively halted through the use of vegetation, the feasibility of
controlling contaminants will be improved and the threat to human health will be
reduced. Upon continuation of this work, future findings may broaden the basis for

scientific decision making regarding contaminated sites worldwide.

Key Words: groundwater plume, phytoremediation, poplar, landfill, water balance

*presenting author: 129 Seaton Hall, Kansas State University, Manhattan, KS, 66506;
785-410-5715; lauraec@ksu.edu



Woody bioenergy crops for the southeastern US.
Mark D. Coleman' USDA Forest Service and Keith Kline, Oak Ridge National Lab

Hardwood tree species have long been considered for bioenergy crops due to high
production rates. In the southeastern US, the greatest production rates are confined to a
narrow set of sites or require costly inputs. Fast growing species such as eastern
cottonwood and American sycamore are bottomland hardwoods that demand adequate
supply of water and nutrients; however, much of the land available for energy crops
occurs on marginal upland sites where bottomland hardwood production rates are
unremarkable. These species also tend to be prone to a wide range of pest and disease
problems. Through proper selection and breeding, the site range of bottomland
hardwoods can likely be expanded with appropriate disease resistance to achieve target
energy crop growth rates. Other tree species are more tolerant of stressful upland sites
and common pest problems. Eucalypts require low water and nutrient supply and can
grow at exceptional rates; however, they are susceptible to frost and therefore can only be
grown in a narrow strip of land along the gulf coast, throughout Florida and southern
Georgia. Sweetgum, is also tolerant of upland sites, is frost hardy, has few pest or
disease problems, and grows across a broad range of sites from Virginia to east Texas.
As aresult sweetgum has been developed as a woody crop species to a greater extent than
any other hardwood in the southeast. Unfortunately, sweetgum growth rates are good,
but not exceptional. One species that has not typically been considered in energy crop
research is loblolly pine. The forest products industry has long recognized the potential
for loblolly pine and the forestry community typically considers it the primary candidate
for energy wood production, but promotion for this purpose has not been extensive.
Because loblolly pine has growth rates rivaling bottomland hardwoods, its robust site
requirements, extensive range and good pest and disease resistance and low input
requirements, it should be considered first for wood crop systems in southeastern US and
conversion technologies that can use pine should be encouraged.

Keywords: Short rotation woody crops, Poplar, American Sycamore, Sweetgum,
Eucalyptus, Loblolly pine.

'"USDA Forest Service, Southern Research Station, P.O. Box 700, New Ellenton, SC,
29809 (mcoleman01@fs.fed.us)



Phytoremediation of a Former Fuel Farm at US Coast Guard Base, Elizabeth City, NC

Rachel Cook, NCSU; James Landmeyer, USGS; Brad Atkinson, NCDENR-DWM; Jean-Pierre
Messier, USCG; Elizabeth Nichols*, NCSU

This project is a demonstration site for North Carolina Department of Environmental and Natural
Resources (NCDENR) as part of the US EPA 319 Program. The primary project goal is to
prevent petroleum contamination from entering the Pasquotank River at the US Coast Guard
Training Base, Elizabeth City, NC. We will also evaluate the impact of trees on polycyclic
aromatic hydrocarbons (PAH) weathering of the residual fuel in soil. The river is approximately
500 feet from a former fuel distribution facility that contained both above-ground and below-
ground storage tanks. Prior to planting a mixture of hybrid poplar and willow trees, additional
monitoring wells were installed, and groundwater, soil, and soil-gas samples were collected and
analyzed. Three phases of planting have occurred at the five-acre site. In April of 2006, 120
poplars were planted between the estimated contaminant plume and the river. In June of 2006,
380 poplars and willows were planted over the most concentrated residual petroleum
contamination. Between June and November 2006, 7.5% of Phase I and 60% of Phase II trees
died. In April 2007, 2,222 hybrid poplar and willow trees were planted to cover the remainder of
the site along with 237 replacements for Phase I & II tree mortality. Three-foot cuttings were
planted in auger holes that were backfilled with clean topsoil. Site assessment includes: (1)
monitoring groundwater for BTEX and MTBE; (2) analyzing soil samples for 42 alkylated and
non-alkylated PAHs, and (3) analyzing soil-gas samples for total petroleum hydrocarbons,
BTEX, MTBE, and specific PAH analytes by W.L. Gore and Associates, Inc.

Keywords: phytoremediation, hybrid poplars, willow trees, PAH, BTEX, MTBE

*presenting author- Elizabeth Guthrie Nichols, NCSU, Box 8006, 3136G Jordan Hall, Raleigh,

NC 27695. Phone: 919-513-4832. Fax: 919-515-6193



Low Cost Sensitive Analytical Procedure for 1,4-Dioxane in Plants

A.J. Dickinson?, Huicheng Xieb, Lawrence.C. Davisa and Larry E. Ericksonb
Departments of Biochemistrya and Chemical Engineeringb, Kansas State University

The cyclic diether 1,4-dioxane was widely used as a polar solvent and stabilizer in chlorinated
solvents. Its properties make it very difficult to separate from water based on partitioning to
either air, or sorbents. Thus it was little studied until availability of specific ion mass
spectroscopy combined with GC. Now it has been identified as a water contaminant at many
sites. Selective ion GC-MS is an expensive procedure not available to many investigators on a
routine basis. Therefore we developed a “salting out” method that alters the dioxane partitioning
ratio (Henry’s Constant) from around 1/4000 to about 1/5 (gas/liquid). Limits of detection using
a standard capillary GC, measuring 100 uL of headspace gas, are below 1 mg/L (initial aqueous
phase concentration) for samples of ~ I mL liquid. With deionized water, and optimum ratio of
gas/liquid, a 10-fold better detection limit is obtained. With extracts of plant leaves or shoot tips,
interfering substances determine the limit of detection through baseline tailing of unknown
volatile substances. Extracts are prepared using a French press to disrupt the tissue, followed by
centrifugation for 15 min at 15,000 x g to sediment debris. Sufficient potassium carbonate is
added to produce a saturated solution at ambient temperature. Other salts are not so effective.
Recovery of dioxane in poplar leaves is about half the level supplied to roots. For shoot tips the
recovery is nearly equal to the input concentration. The vapor pressure difference for dioxane
relative to water in leaves and air explains this difference of recovery.

Keywords: 1,4-dioxane, GC determination, volatilization, Henry’s constant.

* presenting author, 141 Chalmers Hall, Manhattan, KS 66506
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LIVINGSCAPES- Phytoremediation in a vertical hydroponics garden.
Greening indoor spaces using Rhizofiltration to clean air contaminants.
Stevie Famulari, ASLA, Landscape Restoration & Sustainability, Green Artist

A LivingScapes has many goals- indoor, vertical and non-soil greening for both psychological
and developmental benefits in an urban environment, apartment, lobby, school, office or hospital
setting. A more important goal, however, is the use of rhizofiltration to clean the air of toxins
which commonly circulate in the environment.

In current times, using the technology of phytoremediation in an approachable manner for indoor
air toxin cleaning is achievable for many people to apply in site specific pieces, with site specific
plant materials. Greenery has been shown to improve health- both physical and psychological
for people of all ages (Kaplan 2001; West 1986; Ulrich 1984, etal.)- with vertical indoor gardens
solving urban and indoor spatial design problems.

LivingScapes, by Stevie Famulari uses a vertical space, hydroponics and greenery to create an
indoor garden- with grasses, flowering plants and herbs. The current largest scale of a built
LivingScape is 9'x12' (larger than some urban garden plots).(A larger scale LivingScape planned
for Autumn/Winter 2007) The design and maintenance of the plants is similar to horizontal soil-
based gardens, including reseeding and removing dead plants.

This abstract directly addresses LivingScapes 1V-V built in a residential location in Albuquerque,
New Mexico. The project was started in May 2006 and continues growth and testing to present.
A variety of plant materials have been tested throughout the year, along with the air quality tests
in the room. Some of the results are below.

The air has been tested over the year period, with contaminants including: Environmental
Tobacco Smoke (ETS), Radon, Organic Gases, Pesticides and Biological Contaminants. These
are not uncommon air toxins, but improvement to reduce the levels of these toxins is the goal for
the rhizofiltration. The plant materials which continue to grow successfully while improving air
quality include: (from early tests to recent tests) Trifolium repens (White Dutch Clover),
Tricticum aertivum (Winter Wheat), Festuca rubra & F. glauca (Fescue).

Testing was done while the LivingScape was not running for 30-45 days, and then again tested at
90 days of greening. The results showed reduced levels of airborne contaminants, with more
success of recent plant material choices. Tests are still continuing to investigate additional plant
material results on a rotating basis.

Greening in urban areas must lead with design and technology. LivingScapes keeps with these
ideals and responds to the current urban conditions and provides the needed health benefits to
people and landscape with phytoremediation and indoor air quality improvement.

Photos: LivingScapes V, August 2006, full piece & detail

Keywords: Rhizofiltration, Hydroponics, Triticum
aestivum, Festuca, Indoor Air Toxins

Presenting Author: (Ms.) Stevie Famulari
stevie@steviefamulari.net (505) 710.3586
818 Marquette Ave NW, Albuquerque, NM 87102
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Using Infrared Imaging to Determine Changes in Plant Structure Due to
Chromium(VI) Exposure

Eenneth M. Dokken', Milka O. Montes-Holguin, Jose B. Peralta-Videa, Jorge L. Gardea-
Torresdey

Department of Chemmistry, University of Texas at El Paso, El Paso, TX 79968
ABSTRACT

The effect of plant stucture due to exposure to heavy metals has been predominantly
overlooked in the field of phytoremediation. Understandmg how toxic metals affect plant
development 13 important in deternuining the potential of a plant to remediate a particular
heavy metal. Infrared microspectroscopy (IMS) has emerged as a tool to probe plant
structure. IMS permits direct analysis of plant cell wall architecture at the cellular level in
situ, combming spatially localized information and chemieal mformation from the TR
absorbances to produce a chemical map that can be linked to a particular morphology or
functional group. This study demonstrated the use of IMS to determine changes in plant

I such as cellulose, ligmin, and proteins in the root and stem tissues of
Medicago trimeatula plants hydroponically grown in the presence of chrominm{VI).
Plants exposed to chrominm(VI) experienced a reduction o a change in structure m the
carbohydrate, protein, and lipid portion of the epidermis and vascular tissue of Toot
tissues. Analysis of the stem revealed changes to the carbohydrate portion and a reduction
m the overall intensity of IE. peaks associated with proteins in the vascular (xylem) tissue.
The results of this research indicate that IMS has the potential to become an important
analytical tool for determining the effect of heavy metal exposure on plant structure and

Keywords: infrared imaging, infrared microspectroscopy. phytoremediation,
chrommiumVT)

"To whom comrespondence should be addressed. Tel: 913-747-8855. E-mail:
kmdokkeni@mtep edu
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Introducing Phytoremediation in Education: Textile Dyes in
the Teaching Lab

Jwan Ibbini', Huicheng Xie 2 Lawrence C. Davisl, Larry Erickson®
! Department of Biochemistry, KSU, 2 Department of Chemical Engineering, KSU

Phytoremediation uses plants to clean up different contaminants such as metals,
pesticides, explosives and oil. Harmful chemicals can either be stored in the roots, stems
and leaves or changed into less toxic compounds within the plants. Textile dye
contamination is a major problem in developing countries. Different techniques are used
to remediate textile wastewater include coagulation-flocculation, reverse osmosis and
adsorption. Biological treatment with strains of fungi has been investigated. Recently,
phytoremediation of textile dyes has been introduced. The wide application and
advantages of using phytoremediation necessitate the introduction of this process in the
education system. From our experience, dye phytoremediation experiments are suitable
and easy to understand by both college students as well as middle school levels. These
experiments help visual learners, as students compare the color of the dye solution before
and after the plant application. The intensity of lab work will depend on the level of
students and time constraints. In general, phytoremediation experiments can be
introduced in classes such as biology, biochemistry and ecological engineering. Examples
will be presented.
Keywords: phytoremediation, textile dye, pesticides, respiration.

* Presenting Author, 146 Chalmers Hall, Manhattan KS, 66506, (785)532-6124.
E-mail: jwan@ksu.edu

For poster presentation at the 4™ international conference on phytotechnologies.
24-26 September 2007 Denver, Colorado.



Use of bromide tracer to demonstrate effectiveness of a phytoremediation system used for
hydraulic control: a greenhouse study

Arati R. Kolhatkar*l, David T. Tsao> Leonor Diaz del Castillo’ , Frank Thomas”
'2BP Corporation North America Inc., **KMA

*Remediation and Engineering Technology, Remediation Management, BP Corporation North
America Inc. 501 Westlake Blvd, Suite 20.104B, Houston, TX 77079
Phone: +1 (281) 366 5596 FAX: +1 (281) 366 7094 Email: kolhal @bp.com

ABSTRACT Phreatophytic plants like hybrid poplars are being used to create hydraulic barriers
and prevent or minimize migration of impacted groundwater from the site. These deep-rooted,
high-water-uptake plants tap into the groundwater and transpire it to the atmosphere. There is a
clear need to develop simple methods to illustrate the effectiveness of a phytohydraulic system
(phytoremediation system used for hydraulic control). Bromide is usually used as a conservative
tracer in groundwater remediation systems to determine/confirm hydraulic connections in the
subsurface or evaluate effect of dilution in a liquid-addition remediation system. However it has
been shown that bromide can be taken up by plants from the soil/groundwater matrix. This
paper discusses the comparison of bromide uptake by hybrid poplars and eucalyptus tress in a
greenhouse study. Two methods of irrigation were used (surface and pan+surface) to add 4 to 8
ppm potassium bromide to the plants. Hybrid poplars showed that bromide accumulation in the
leaves after 17 days was 3.6 to 6.5 times the baseline bromide concentration as compared to the
2.5 times accumulation observed in the control (unamended). In some plants, the bromide taken
up by the plant may undergo transformation to volatile methyl bromide. In this study, eucalyptus
trees showed no accumulation of either inorganic bromide in leaves and no detection of methyl
bromide from the transpiration gas samples. In conclusion, the greenhouse study showed that
accumulation of bromide in leaves can be used to as simple method to illustrate uptake of
bromide-amended (added in monitoring well upgradient of the tree line) groundwater by certain
species like poplars. Based on the results of this greenhouse study, additional field studies to
determine the usefulness of this technique to assess the effectiveness of phyto-hydraulic (using
poplars) systems are underway.
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A comparison of microsomal enzymes implicated in PCB metabolism in rat
liver and poplar plant tissue cultures

Catherine Krahel*, Jerald L Schnoor'.

"Department of Civil and Environmental Engineering, The University of lowa, Iowa City, IA
52242

Polychlorinated biphenyls (PCBs) are a persistent pollutant in the environment.
Phytoremediation has been considered as a cost-effective treatment method for contaminated
soils and groundwate. One of the model plants for phytoremediation is the hybrid poplar
Populus deltoides x nigra DN34; poplars are native to much of North America, grow quickly,
and can tap into groundwater supplies. Poplars may be studied as trees, plantlets grown from
cuttings, or plant tissue cultures, masses of undifferentiated photosynthetic tissue suspended in
growth medium. Plant tissue cultures are particularly useful in that they can be grown from
single cells, eliminating bacterial or fungal endophytes, and because they are essentially all
parenchymal tissue. Plants metabolize xenobiotic substances, such as PCBs, in the same way
that the mammalian liver does; this is known as the Green Liver Model (1). This may include
similar gene expression, metabolites, and enzymes (1).

To test the Green Liver Model, hybrid poplar tissue cultures were exposed to PCB
congeners 3, 15, 28, 52, and 77 in scaled doses. Microsomes were isolated from the tissue
cultures at 0, 12, 24, 48, and 96 hours after exposure and assayed for enzyme activity, including
cytochrome P450. The enzymes assayed included those found in the microsomal fraction of rat
liver cells after exposure to PCBs. The rat liver enzymes and poplar tissue culture enzymes were
compared, both in terms of which enzymes were present and in terms of enzyme activity. The
total uptake of PCBs from solution was also measured.

This information will allow us to make generalizations on PCB metabolism in both plants
and animals. Because the experiment uses plant tissue cultures rather than trees or plantlets, only
one type of cell, the least differentiated, is involved. This gives an idealized view of PCB uptake

and metabolism analogous to using bacterial cultures.

Keywords: phytoremediation, green liver, PCBs, microsomes, plant tissue culture
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Potential of Sonchus arvensis for Phytoremediation of Lead-

contaminated Soil

Wunrada Surat, Maleeya Kruatrachue*, Prayad Pokethitiyook

Sonchus arvensis is one of the pioneer plant species found in the abandoned Bo Ngam Pb mine,
Thailand. S. arvensis was collected from three sites. The highest Pb shoot concentration was
9317 mg kg and the highest TF and BF values were 2.5 and 6.0, respectively. To investigate Pb
uptake capacity of S. arvensis, a hydroponic experiment was performed for 15 days. S. arvensis
exposed to 5 mg L' Pb solution had the highest Pb shoot accumulation (849 mg kg™'). In a pot
study, S. arvensis was grown in Pb mine soils amended with organic and iorganic fertilizers for 2
months. Addition of organic fertilizer to the soil increased plant dry biomass sharply. All
treatments with EDTA had Pb accumulation in shoots > 1000 mg kg™ and the highest Pb shoot
accumulation was found in S. arvensis grown in soil amended with organic fertilizer and EDTA
(1397 mg kg"). In a field trial study, S. arvensis was grown at three sites in the mine area for 6
months. S. arvensis could tolerate total Pb of 100,000 mg kg in the soil and accumulated Pb in
the shoots up to 3664 mg kg with high TF (2.19) and BF (2.38) values. These results suggest

that S. arvensis is a good candidate for Pb phytoremediation.

Keywords: Sonchus arvensis, phytoremediation, lead, ethylene-diamine-tetra-acetic acid
(EDTA), soil amendment, pioneer plant species
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Selection of Plants for Optimization of Vegetative Filter Strips
Treating Runoff from Turfgrass
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John M. Clark’,
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ABSTRACT

Runoff from turf environments, such as golf courses, is of increasing concern due
to the associated chemical contamination of lakes, reservoirs, rivers and
groundwater. Pesticide runoff due to fungicides, herbicides, and insecticides used
to maintain the golf courses in acceptable playing condition is a particular
concern. Maintaining the quality of turf expected by millions of golfers,
homeowners, and the general public, while also protecting of the nation’s
waterways, would be the ideal situation. One possible approach to achieve this
balance is through the implementation of effective Vegetative Filter Strips (VFS)
on golf courses and other recreational turf environments. The objective of the
current study was to screen ten aesthetically acceptable plant species for their
ability to reduce the loss by runoff of four commonly used pesticides from turf

environments, reducing off-site contamination. The current experiment evaluated



ENHANCED RHIZODEGRADATION OF MUNITIONS EXPLOSIVES TNT
AND RDX BY SELECTED PLANT SPECIES
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ABSTRACT

Elevated military munitions explosive residues and their degradation products of TNT
(2,4.6-trinitrotoluene) and RDX (1,3,5-hexahydro-1,3,5-trinitrotriazine) in soil and water
have raised many public health and environmental concerns. Phytoremediation
techniques would provide a potential cost-effective alternative to mitigate the health and
ecological risks of these contaminants. A growth chamber study was conducted to
investigate the effects of eight plant species on rhizodegradation of '*C-TNT and '*C-
RDX and their relationship with soil enzyme activities. The plant species included: 1)
switchgrass, 2) eastern gammagrass, 3) tall fescue, 4) orchardgrass, 5) smooth
bromegrass, 6) perennial ryegrass, 7) Illinois bundle flower and 8) hoary tick-trefoil. All
plant treatments were grown in pots containing Mexico silt loam,while the soil without
plants served as controls. Plants were grown to maturity (~3 months), and the rhizosphere
soils were collected for enzyme analyses. The '*Clabeled TNT or RDX was then applied
to the rhizosphere soil and incubated in the dark at 20°C for 100 days. The preliminary
results suggested that rhizodegradation of TNT, RDX was significantly stimulated by
selected grasses, particularly warm-season switchgrass and eastern gammagrass. The
grass species showing high potential of TNT and RDX rhizodegradation could be
incorporated into remediation scheme of the explosive contaminated sites.

Key Words: bioremediation, enzymatic activities, explosives, grasses
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ABSTRACT

The efficacy of vegetative buffer strips (VBS) in removing herbicides from surface runoff is
related to the ability of plant species to promote rapid herbicide degradation. A walk-in growth
chamber study was conducted to investigate the rhizodegradation of '*C labelled atrazine and the
relationship of degradation with soil enzyme activities in the rhizosphere of eight selected plant
species. The plant species including 1) switchgrass, 2) eastern gammagrass, 3) tall fescue, 4)
orchardgrass, 5) smooth bromegrass, 6) ryegrass, 7) Illinois bundle flower and 8) hoary tick-
trefoil were grown in pots containing Mexico silt loam. Pots containing soil without plants were
used as controls. *C-atrazine was applied to soil after plants were established. Rates of atrazine
degradation in plant rhizospheres were significantly enhanced by 84 to 260%. Among the plant
species, eastern gammagrass showed the highest capability for promoting bio-degradation of
atrazine in the rhizosphere. More than 90% of atrazine was degraded in rhizosphere of eastern
gammagrass as compared to 24% in the control after 100 days of incubation. The mineralization
rates of atrazine was more closely correlated with the soil enzyme activities for B-glucosidase
(BGLUS; r = 0.857) and dehydrogenase (DHG; r = 0.763) than with fluorescein diacetate
hydrolysis (FDA; r = 0.494). Dealkylation of atrazine strongly correlated with increased
enzymatic activities of BGLUS (r = 0.96), DHG (r = 0.842) and FDA hydrolysis (r =0.702). The
incorporation of eastern gammagrass into VBS designs may significantly promote the
degradation of atrazine transported to the VBS. Microbial parameters widely used for assessment
of soil quality, e.g., DHG and BGLUSD activities, are promising as useful tools for evaluating
the overall rhizodegradation potential of various vegetative buffer designs for atrazine
remediation.

Key Words: atrazine, bioremediation, B-glucosidase, dehydrogenase, forages, fluorescein
diacetate hydrolysis, grasses



In Situ Accumulation of Polychlorinated Biphenyls (PCBs) in Target Plant Species During
Exposure to Contaminated Soil

Low, J.E."", Rutter, A, and Zeeb, B.A.",
'Royal Military College of Canada, Kingston, Ontario, Canada
? Queen’s University, Kingston, Ontario, Canada
PCB contamination reduces property values and hinders redevelopment efforts at numerous sites
across North America. Originally, highly hydrophobic compounds such as PCBs were thought to
be too strongly sorbed to soil particles for phytoextraction to be successful. However, recent
studies have demonstrated the possibility of phytoextraction of PCBs from soil with the use of

various plant species.

The present field study examines the uptake of Aroclor 1248 in pumpkin (Cucurbita pepo cv.
Howden), tall fescue (Festuca arundinacea), spreading oval sedge (Carex normalis), switchgrass
(Panicum virgatum), and various native colonizers throughout the 2006 season at an industrial
site located within the City of Kawartha Lakes (Lindsay), Ontario. The pumpkins were harvested
following 56 days of growth, whereas the native colonizers and grasses were harvested after 78
days. Although, mean soil concentration was only 4.1 pg/g PCB, pumpkins accumulated 15-79
ng/g and 12-38 ng/g PCBs in the root and shoot tissues, respectively. Taking plant biomass into
account, this translates into 27-149 pg and 26-63 pg total PCBs extracted into the root and shoot
tissues, respectively. In comparison, the grass and sedge had lower [PCB] in the range of 4-31
ug/g in the roots, and 1-2 pg/g in shoots, translating into PCB extractions of 9-170 pg in the
roots, and 2-9 pg in shoots. Native colonizers showed some promise with concentrations from 4-
22 pg/g in the root (15-36 pg), although very low concentrations were found in the shoots (0.7-
1.8 pg/g representing 3-9 ug PCBs).

Keywords: In situ, Phytoremediation, Phytoextraction, Polychlorinated Biphenyls

*Presenting author, Environmental Sciences Group, Royal Military College of Canada PO Box
17000 Stn Forces, Kingston, Ontario K7K 7B4. 613-541-6000 ext.3614 jennifer.low@rmc.ca



Model for estimation of biomass production and nutrient absorption by

macrophytes in public water bodies
R. Malla*, O. Nagao, Y. Tanaka, K. Mori

Abstract for student poster competition

Using phytoremediation technique water pollution in the public water bodies can be reduced at a
satisfactory level, if they are not heavily polluted. In this study, the construction of the models
was based on revise of past researches on relationship between the growth of several plants and
basic environmental factors. The growth model developed is based on the conventional model
with simple logistic growth. Some parameters for each sub-model were measured in the
cultivation tests using Duckweed (Spirodella polyrhiza), Water hyacinth (Eichhornia crassipes),
and Loose strife (Lythrum anceps). Michaelis Menten’s nutrient uptake equation has been used
as a nutrient absorption model. Both the Nash efficiency and coefficient of determination showed
that the model was able to reproduce the biomass (>90%) in case of Duckweed. The performance
of model in simulating the biomass production for Water hyacinth was nearly 50% and was
greater than 95% for Loose strife. In case of Water hyacinth, the model could not reproduce the
biomass after flowering stage. These results indicated that growth model for macrophytes can be
constructed to a good level with revisions in their steady states of growth. However, the value of
nutrient uptake for N and P simulated by the model were apparently different. The uptake of N
from model simulation was found to be less by 14%, while uptake of P was found to be more by
54%. For N uptake, the model underestimated the value by nearly 14%, whereas, for P uptake,
the model overestimated by nearly 54%. Selection of more behavioral model structural,
adjustment of parameters can help in removing these discrepancies. With further improvement in
the performance of nutrient absorption model, both the constructed models can be useful as they
require low cost data, easy to understand and compute for estimation of biomass production and

nutrient absorption by the macrophytes.

Keywords: Growth model, nutrient absorption model, macrophytes, phytoremediation
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Fourth International Phytotechnologies Conference
Proteomic/Protein Analyses of GST in Poplar
Kate Merchie, Laura Brentner, Benoit Van Aken, and Jerald L. Schnoor*

Glutathione S-transferases (GSTs) are a group of enzymes believed to have an important
role in plant metabolism of xenobbiotics in plants by catalyzing the formation of
conjugates with reduced glutathione. These enzymes have potential application as plants
may facilitate detoxification of hazardous pollutants in the environment, rendering them
less harmful to potential receptors in a process know as phytoremediation. The nitro-
substituted explosive, 2,4,6-trinitrotoluene (TNT) is one such hazardous pollutant
commonly found residing in soils and groundwater adjacent to military ammunition
manufacturing and testing facilities. TNT is a good candidate for phytoremediation
because of its widespread contamination in ecologically-sensitive areas. In previous
work, two GST genes were shown to be induced in poplars exposed to TNT using
reverse-transcriptase real-time PCR.

This research focuses on the characterization of GST enzymes which may be induced by
exposure to TNT. This is done by utilizing proteomic techniques to isolate, purify and
describe them to get a better sense of the specificity and reactivity of these enzymes with
TNT. One dimensional SDS-PAGE is used to identify protein subunits and provide a
crude comparison of protein expression between exposed and unexposed poplar plantlets.
Affinity chromatography is used to isolate GST proteins from crude protein extracts in a
glutathione-sepharose column using fast protein liquid chromatography (FPLC).
Separated fractions, assayed for GST activity, and analyzed on SDS-PAGE for product
size, are used to attempt in vitro conjugation of TNT with reduced L-glutathione (GSH).
In vitro conjugation will proceed in serum bottles in buffer solution with GSH, plant-
derived GST protein fractions and TNT. Conjugation products are detected using
LC/MS-MS. This work is done to demonstrate direct enzyme activity of poplar-derived
GSTs in the conjugations of glutathione with TNT and/or it’s metabolites as an attempt to
solidify previous work showing that GST genes are induced by exposure to TNT. Better
characterization of the role of GST enzymes in detoxification of TNT may prompt further
investigation and application for this enzyme in phytoremediation of TNT.

Keywords: GST, TNT, xenobiotics, detoxification
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Determining the Effectiveness for an Evapotranspiration Cover on the Solvay

Settling Basins.

Jaconette Mirck and Timothy A. Volk
Department of Forest and Natural Resources Management,

State University of New York, College of Environmental Science and Forestry.

The production of soda ash, using the Solvay process, resulted in the creation of about
600 ha of settling basins near Syracuse, NY over a 100 year period. Currently, about 250 ha of
the settling basins remain uncovered. Chloride leaching from the Solvay settling basins into
surrounding surface and ground water including Onondaga Lake is a concern. The goal of this
project is to determine if an evapotranspiration cover based on fast growing shrub willows will
help to reduce the amount of leachate generated from the settling basins.

As part of a project sap flow and soil moisture were measured throughout the 2006
growing season in four varieties of shrub willow plantings on the settling basins. The willows
were planted in the spring of 2004 in Solvay waste amended with biosolids, and the
measurements started during the beginning of the third growing season. The objectives of our
study were to test the impact of shrub willow on soil moisture as a measure of effectiveness for
an ET cover, and to do an comparative analysis of soil moisture and sap flow data for four
willow varieties. Sap flow varied among willow varieties, ranging from 4.2 L stem™ d”' in June
to 0.2 L stem™ d' in October. Soil moisture measurements showed a difference between willow
varieties and increased towards the end of the growing season due to leaf senescence, while sap

flow values decreased during that same period.



Phytoremediation at a Former Landfill/Burn Area
Jennifer Musella*, Ari Ferro, Michael Jordan, ENSR; and
J. P. Messier, USCG CEU Cleveland

Areas with complex mixtures of recalcitrant contaminants require multi-faceted remediation
strategies. Solid Waste Management Unit (SWMU) 15, at the United States Coast Guard
(USCG) Support Center in Elizabeth City, North Carolina, required such an approach. SWMU
15, located on the banks of the Pasquotank River, was reportedly used for waste incineration
between 1939 and 1950, and was later filled with concrete and other materials. Recent site
investigations revealed concentrations that are above standards for PAHs in surface and deep
vadose-zone soils, as well as arsenic and lead in surface soils. In the spring of 2007, a
phytoremediation system employing several vegetative species was installed to accelerate
attenuation of PAHs and inorganic contaminants in SWMU 15 soils.

White willow (Salix alba) trees were planted as long hard-wood cuttings ("poles") over the
majority of SWMU 15. Thus, 69 poles were deeply planted on about 10 ft centers in boreholes
backfilled with a mixture of sand and compost. The objective of the deep-rooted tree stand is to
gradually reduce PAH concentrations via microbial degradation in rhizosphere soil, as well as to
reduce concentrations of inorganic compounds by plant uptake and accumulation in woody
tissue. Additionally, the trees will increase plant transpiration, thereby reducing the percolation
of precipitation and the potential leaching of contaminants to the groundwater.

Soil cuttings generated during tree installation were mixed to from a composite sample, and this
was used to fill nylon ("bridal veil") bags. Six triplicate sets of bridal veil bags were buried near
a cluster of deep-rooted willow trees, and an additional six sets were buried at a control location
within SWMU 15 that does not contain trees. Soil samples from replicate sets of bridal veil bags
will be extracted and analyzed for PAHs annually. These data will be used to assess the rate of
removal of PAHs via degradation by rhizosphere microbes. The highest concentration of BaP in
SWMU 15 soil is 50 mg/kg, and the target remedial concentration is 0.6 mg/kg. Empirical data
from Spriggs et al. (2005) was used to calculate a half-life for BaP degradation in contaminated
soil planted with black willow (Salix nigra). Based on the assumption that BaP degradation is a
first order process, the time required to reduce the contaminant to target concentrations is
estimated to be approximately 17 years.

In addition to the installation of willow trees, three areas (64, 64, and 140 ftz) within the eastern
lobe of SWMU 15 were planted with 180 Chinese Brake fern (Pteris vittata) to phytoextract
arsenic in areas with relatively high concentrations (0.19 to 52 mg As/kg) in the upper soil
profile. One additional area of 120 ft* containing high lead concentrations (1.8 mg/kg to 2,700
mg Pb/kg) in surface soil was planted with 71 seapink thrift (Armeria maritima) and 60 dwarf
sunflowers (Helianthus annuus) to evaluate their potential to phytoextract lead.

Keywords: PAHs, arsenic, lead, Salix alba, Pteris vittata
* presenting author, 7041 Old Wake Forest Road, Suite 103 Raleigh, NC 27616
imusella@ensr.aecom.com, 919-872-6600




Plasmid-Bearing Rhizosphere Pseudomonas
for Enhanced Phytoremediation Performance

M. C. Negril, V.V. Kochetkov** , T.V. Siunovaz, T.O. Anokhina®, O.1. Sizovaz,
AM. Zyakun2’3, AM. Boronin**

' Argonne National Laboratory, USA
*Institute of Biochemistry and Physiology of Microorganisms, Russian Academy of
Sciences, Prospect Nauki, 5, Pushchino, Moscow region, Russia
3Pushchino State University, Prospect Nauki, 3, Pushchino, Moscow region, Russia,
Pushchino, Russia.

Phytoremediation of soils contaminated by oil, heavy metals, and other pollutants
faces challenges due to the toxic nature of the contaminants to be treated, which may
affect plant growth and allow plant pathogens to further weaken the phytoremediating
plants. This challenge can be addressed by the use of plants inoculated with growth-
promoting rhizobacteria (PGPR), specifically fluorescent bacteria of the Pseudomonas
genus, able to protect roots from pathogenic organisms and toxic compounds, and able to
degrade recalcitrant organic compounds. A new approach in the development of PGPR for
phytoremediation applications is to combine the genetic systems (plasmids) responsible
for the degradation of polycyclic aromatic compounds (PAHs) and for resistance to heavy
metal/arsenic, with those responsible for suppressing phytopathogenic activity and for
stimulating plant growth. We have constructed new PGPR strains bearing plasmids
responsible for the degradation of PAHs and for resistance to heavy metals and other
toxicants. Some of these constructed strains degrade naphthalene and phenanthrene more
efficiently than natural bacterial isolates. The most efficient plasmid-bacteria
combinations have been obtained from P. aureofaciens strain BS1393 and P. chlororaphis
strain PCL1391. This poster will present results from experiments conducted using soils
contaminated by a PAH mixture (naphthalene and phenanthrene), nickel and arsenic.
These experiments have demonstrated that some plasmid-bearing PGPR strains protected
plants both from the soil-borne plant pathogens and from the toxicants very efficiently,
allowing larger biomass production and better degradation of contaminants. The use in
phytoremediation of these new multifunctional PGPR Pseudomonas strains appears to be
a promising avenue for phytoremediation.

The work is supported by 1) U.S. DOE-IPP Grant CRDF RBO-10118 under CRADA with
Atlantic Richfield, Chevron, Applied Natural Sciences, Inc. and Diversa Corporation.; 2)
CRDF grant # RUB2-010001-PU-05; 3) Ministry of Education and Science of Russian
Federation grant #RNP 2.1.1.9321.

Keywords: rhizoremediation, PAH, heavy metals, plasmids, Pseudomonas, rhizobacteria.

Corresponding Author: M. Cristina Negri, 9700 S. Cass Avenue, Argonne IL 60439; 630
252-9662; negri@anl .gov




ABSTRACT
Native Plant Species for In Situ Phytoremediation of Pb-Contaminated Sites

Litton Sushanto Halder' and Orlex B. Yllano®
Graduate Biology Program, Adventist University of the Philippines®
MBB Program, University of the Philippines, Los Banos, Laguna, Philippines?

Lead (Pb) contaminated areas are constant threat not only to flora and fauna but to
humans as well. This makes Pb pollution a major environmental problem today. This
study was designed to analyze the ability of native plant species found in two Pb-
contaminated areas in Luzon, Philippines as candidate species for in situ
phytoremediation. Pb levels in plant and soil samples from two military firing ranges
were analyzed using Inductively-Coupled Plasma Atomic Emission Spectrometry (ICP-
AES). Physicochemical analysis of soil from different distances in site 1 and 2 revealed
variable profiles in soil pH, cation exchange capacity (CEC), organic matter (OM), and
Pb concentrations. The average Pb concentration in site 2 (3185.17 ppm) was higher
compared in site 1 (1173.14 ppm). These Pb concentrations in the contaminated sites
were three orders of magnitude higher than that of the control site (10 ppm). These
variations were associated with the firing activities and frequencies done in site 1 and 2.
Correlation analysis indicated that the soil Pb concentrations were positively related with
soil pH and OM but negatively associated with soil CEC. Likewise, there were native
and Pb-tolerant plant species in both sites with high Pb bioaccumulation in their root
and shoot tissues. Pb concentrations in the root and shoot tissues of Mimosa pudica
(1693.45 ppm), Dichanthium sericeum (1486.75), Centrosema pufescens (1239.00
ppm), Eleusine indica (981.05 ppm), Panicum antidotale Retz (851.55 ppm), Cynodon
dactylon (823.90 ppm), Cyperus rotundus (646.60 ppm) and Ricinus communis (52.15
ppm) were considerably higher to their control counterparts. Correlation analysis
showed that total Pb accumulation was positively associated with root and shoot Pb,
relative dominance (RD), and relative frequency (RF), and importance value (IV) of the
species. Centrosema pufescens had the highest bioconcentration factor (BCF) of 0.86.
Among the Pb-tolerant species identified in two sites, Centrosema pufescens, Mimosa
pudica, Cynodon sp., Eleusine indica and Panicum antidotale Retz were the candidate
native plant species that can hyperaccumulate Pb in their root and shoot tissues. Our
results provide compelling evidence on the potential of these Pb-tolerant and
hyperaccumulator native plant species for in situ phytoremediation of Pb-contaminated
sites.

Key words: in situ phytoremediation, native species, Pb contamination,
bioconcentration factor
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In planta expression of Pleurotus ostreatus laccase gene (poxC) for phytoremediation of

polyphenols polluted soils

F. Palomba*, P. Chiaiese, E. Filippone
Department of Soil, Plant, Environmental, and Animal Production Sciences

School of Biotechnology, University of Naples “Federico 11” (Italy)

In Southern Italy, as well as in other Mediterranean countries, severe soil polyphenols
contamination is coming from olive oil milling and tanning plant wastewaters, which are
often freely released into the environment. In nature, soil bacteria and white-rot fungi can
oxidize organ pollutants by production of enzymes having degradation activity. Among
enzymes capable of degrading phenolic pollutants, laccases (EC 1.10.3.2) have become of
interest. Those enzymes are oxidoreductases catalysing non-specific oxidation of aromatic
substrates with a concomitant reduction of molecular oxygen to water.

In our laboratory, an ongoing phytoremediation project is aimed to obtain transgenic plants
overexpressing one or more laccase genes. The fungal poxC laccase gene, isolated from the
basidiomycete edible fungus Pleurotus ostreatus, was transferred by Agrobacterium-mediated
genetic transformation into tobacco (Nicotiana tabacum) cv Samsun NN genome. Twenty-
eight independent transgenic tobacco clones were identified to express POXC enzyme by
Western blot assay carried out on leaf total soluble proteins. In addition, further experiments
showed that the transgenic laccase is released by the plant root apparatus into the growth
substrate and the enzyme is fully functional, as reported by ABTS assay. Preliminary
experiments of phenols degradation carried out on olive milling wastewaters resulted in an
overall reduction of phenols. However, some plants showed from slight to severe

morphological variations compared to non-transgenic plants.

Keywords: phytoremediation, laccase, tobacco transgenic plants, soil phenol pollution, olive

milling wastewaters, poxC
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Cd and Zn accumulation in plants from the PADEANG Zinc
mine area

Chetsada Phaenark, Prayad Pokethitiyook*, Maleeya Kruatrachue

There has been continuous interest in searching for native tolerant plants which adapt to local
climatic conditions and are able to colonize metalliferous soils for use in land reclamation. A
field survey of terrestrial plants growing on PADAENG zinc mine area, Thailand, was
conducted to identify metal tolerant species accumulating exceptionally high concentrations
of Cd and Zn. Five sampling sites were selected to collect plant and soil samples. Cd and Zn
concentrations in surface soils ranged from 11.73 to 1,294.44 mg kg™ and 318.53 — 78,196.33
mg kg, respectively. The extremely high concentrations of heavy metals and low nutrients
in five sampling areas could strongly restrict plant growth. However, a total of 37 plant
species belonging to 13 families, collected from those sites, could be considered as metal
tolerant plants or metallophytes. In this survey, Chromolaena odorata might be considered as
Cd hyperaccumulator because they had >100 mg kg™ Cd in their shoots and the translocation
factor more than one. However some excluder plants, i.e. Aerva sanguinolenta, and
Thysanolaena maxima, were useful for phytostabilization of Cd/Zn co-contaminated soil.
They had higher concentration of metals in their roots. The metallophytes found in metal-
enriched areas might be useful for phytoremediation via either phytostabilization or

phytoextraction approaches.

Keywords: cadmium, zinc, hyperaccumulator, excluder, phytoremediation
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Pyrene and benzo[a]pyrene removal by Bouteloua curtipendula under
In vitro cultures
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Departamento de Biotecnologia. ‘Departamento de Hidrobiologia. Universidad Auténoma
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* Corresponding author

Abstract

The capacity of Bouteloua curtipendula to remove a hydrocarbon mixture under in vitro
conditions was evaluated and compared to a control (Festuca arundinacea). The mixture
of hydrocarbons consists in three polycyclic aromatic hydrocarbons (phenanthrene,
pyrene and benzo[a]pyrene) and Maya crude oil (1:1) the initial concentration of the
mixture in the culture was 1 500 mg kg™.

The germination (as a visible cracking of the seed coat with a measurable root or shoot
production) of the two plants) was studied with and without hydrocarbons. The
germination of two species was about the same with or without hydrocarbons in the
medium. Our results suggested that the germination studies by themselves would not
predict the success of subsequent growth of the species. Plant growth (as root and stem
length) was quantified as well. The two species exhibited reduced growth in the presence
of the hydrocarbon mixture. B. curtipendula had a similar behavior as F. arundinacea.

Residual hydrocarbon in the medium was quantified after 40 d of culture by extraction
with dichloromethane using gas chromatography, a Varian 3800 with fused silica capillary
column. The detector was tuned at 290°C. All the analysis were performed for triplicate.
In vitro conditions allowed direct contact between plants and the hydrocarbon mixture to
achieve maximum PAH reduction and there were no microorganisms. F. arundinacea
removed 17.52% more hydrocarbon mixture than B. curtipendula, although B.
curtipendula removed more pyrene and benzo[a]pyrene (24.29 y 21.18% respectively)
from the medium than the control. However, there was no significant difference in the
dissipation of phenanthrene with both species. The results suggest that B. curtipendula
have the potential to enhance pollutant removal as toxic and carcinogenic molecules like
benzo[a]pyrene. It is possible that B. curtipendula absorbed the contaminants by the root
to be subsequently stored or metabolized by the plant; we continue studying the complete
final process.

In vitro culture technology could be use as a tool for investigate and evaluate the
phytoremediation potential of the plants to remove hydrocarbons.

Key words: Polycyclic aromatic hydrocarbons (PAH), Maya crude, in vitro culture,

phytoremediation.
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Preliminary Trichloroethene Results in Tree-Core Samples
Collected at the X-749/X-120 Phytoremediation Area
of the DOE Portsmouth Gaseous Diffusion Plant, Piketon, Ohio

David E. Rieske, CDM Federal Services Inc.*
Amy C. Lewis, CDM Federal Services Inc.

ABSTRACT

The U.S. Department of Energy (DOE) at the Portsmouth Gaseous Diffusion Plant (PORTS), a
former uranium enrichment facility in Piketon, Ohio, has installed a phytoremediation system to
help remediate the X-749/X-120 area groundwater plume contaminated mostly with
trichloroethene (TCE).

In 2001 and 2002, over 2700 hybrid poplar trees (variety: NM-6, Populus nigra X
maximowiczii) were planted covering 20 acres of the X-749/X-120 area plume. Dissolved TCE
is present in a 5 ft thick semi-confined aquifer located 30 ft below the ground surface. The
upward hydraulic gradient from the semi-confined aquifer allows groundwater to flow up sand-
filled boreholes (sand pipes) from the contaminated zone to the root zone of the trees planted in
trenches filled with nutrient amended soil. Trenches are 2 ft wide and up to 15 ft in depth. TCE
concentrations in groundwater are up to 5.0 mg/L.

The TCE groundwater plume lies beneath approximately 91 acres in the southern portion of
PORTS, and extends southward threatening to cross the DOE property boundary. As part of the
Resource Conservation and Recovery Act (RCRA) corrective action process, phytoremediation
was chosen by the Ohio Environmental Protection Agency to help contain the plume through
hydraulic control by the removal of contaminated groundwater using trees.

Core samples were collected from the five-year old hybrid poplars and older native cottonwood
and locust trees during the summer of 2006 and 2007. Tree coring is performed by boring a 0.4
in. diameter hole in the trunk of the tree using a small hand auger (incremental core sampler); a
0.2 in. diameter, 2 to 4 in. long core is retrieved for analysis.

Preliminary results show TCE present in both the young hybrid poplars and older native trees.
These detections provide evidence that the phytoremediation system is capable of removing
contaminated groundwater from a semi-confined aquifer 30 ft below the ground surface.

Keywords: phytoremediation, trichloroethene, tree-core, hybrid poplar, NM-6

* presenting author, CDM Federal Services Inc. 3930 U.S. Route 23S., P.O. Box 789, Piketon,
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Identification of Degradative Bacterial Species and Assessment of
Bacterial Ribotype Richness in Phytoremediation System Soils

Robert J. Stuck (Civil and Environmental Consultants, Inc.) and Paul R. Thomas (Civil and
Environmental Consultants, Inc.)

Terminal restriction fragment length polymorphism (TRFLP) analysis was used to identify
degradative bacterial species and ribotype richness in phytoremediation system soils. The role of
plants in increasing and supporting soil microbial populations has been established as a critical
function in phytoremediation. The objective of this research was to identify the specific effects
of soil moisture and organic carbon on the control of degradative bacterial populations in
phytoremediation system soils. The soils used were collected from a remediation system using
willows (Salix alba) and were impacted with volatile organic compounds (VOCs). Soil moisture
was shown to be a primary controlling factor in bacterial species diversity. Soil organic carbon,
while shown to increase population density, was shown by the results of this research to have

significantly less impact on diversity than soil moisture.
Keywords: TRFLP analysis, degradative bacterial strains, phytoremediation, phytotechnologies

*Paul R. Thomas, 3600 Park 42 Drive, Suite 130B, Cincinnati, OH 45241, 513-985-0226,
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Plant-Influenced Variation of Oxidation-Reduction Potential in Soil Systems
and the Effect on Perchlorate Bioremediation

Garrett C. Struckhoff* and Gene F. Parkin, University of lowa

Perchlorate has been linked with thyroid dysfunction in humans and thus represents a
serious potential health risk. Prior research on perchlorate remediation has shown that (1)
perchlorate-degrading bacteria are present in nature but are often limited by a lack of electron
donors; (2) plants release electron donors and carbon sources into soil; (3) perchlorate reduction
is faster at low measured redox potential; and (4) plants raise measured redox potential in
hydroponic systems. These findings are somewhat contradictory and may impact perchlorate
bioremediation schemes. We are studying the relationship between plants and bacteria to
determine whether the integrated effect of plants on bacteria is synergistic or antagonistic,
whether the release of electron donor and carbon by plants is sufficient to overcome the
inhibition to bacterial perchlorate reduction caused by the higher redox potential.

Using laboratory scale soil-filled reactors, it was found that when organic matter is not
limited the reduction of perchlorate appears to decrease as measured redox potential increases
independent of the presence of plants. Concurrently, we have found that when sufficient organic
matter is available, the presence of plants actually decreases the amount of perchlorate degraded,
most likely due to the increase in measured redox potential. Using soil-filled reactors is novel
because soil is a far more chemically complex system than the media of hydroponic studies.
Perchlorate removal efficiencies ranging from 10 to 100 percent at measured redox potentials of

+268 to -410mV have been quantified.

*presenting author, 4105 Seamans Center, University of lowa, lowa City, [A 52242, 319-321-

7637, garrett-struckhoff@uiowa.edu
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APPLIED PHYTOTECHNOLOGIES:
TRIALS, TRIBULATIONS, AND OTHER LESSONS LEARNED

Mark Dawscn, Sand Creek Consultants, Inc!, Brenda 5. Halmimiak, Sand Creek Consultants,
Ine.; Christopher J. Rog, Sand Creek Consultants, Ine.

Sand Creek Consultants, Inc. has deployed phytotechnologies (mostly hybnd poplar and willow)
at dozens of sites over the last few years, each posing its own set of plant Establishment and
Mamtenance (E&M) challenges. Some recent installations inclnde alternative landfill cowvers,
application of paper sludge leachate to trees, riparian buffers, imigation treatment facilities for
mdustrial (food products) wastewater, storm water management facilities, and of course soil
and/or groundwater remediation of petroleum, solvents, pesticides, and mitrogen.

In such systems, remedial effectiveness is often directly coupled with plant E&M. Over the
years, Sand Creek Consultants has leamed to overcome nearly every conceivable seil, climate,
bio-competition, pest, and other obstacles to achieve adequate plant E&M. Many of these
obstacles had to be overcome “on-the-fly’ as they often arose unexpectedly, especially n the
early years.

We ve learned a lot since the early years, including: the importance of soil charactenization and
preparation and how to do it; how tree selection, pre-planting storage, and spacing affect final
E&M; that weed-block itzelf 1s highly desirable but that the wrong type of fabric can be
devastating; the types of "emergency’ (and unbudgeted) imgation measures that work best when
unanticipated severe drought ocours; how to cost-effectively manage deer, rodent, and pest
damape; and others. Now, after years of mbulations, what nsed to be ‘unexpected” E&M
problems are now, much more often than not, foreseeable, manageable, and mostly avoidable by
employing some lessons leamned to tree-based phytotechnology projects.

Eeywords: apphed phytoremediation, phytotechnologies, hybrid poplar, maintenance, lessons
leamned.
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USE OF MICROARRAY ANALYSIS IN ARABIDOPSIS EXPOSED
TO RDX AS A SCREENING TECHNIQUE FOR DETERMINATION
OF RDX UP-REGULATED GENES IN POPULUS

Sachiyo Tanaka'®, Kate Merchie', Hsiao-Ping Peng®, Ming-Che Shih?, Benoit Van Aken’
Jerald L. Schnoor'

'Department of Civil and Environmental Engineering, the University of lowa, Iowa City, IA
52241

*Department of Biological Science, the University of lowa, Iowa City, A 52241

*Department of Civil and Environmental Engineering, West Virginia University, PO Box 6103,
Morgantown, WV 26506-6103

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is one of the most powerful and commonly used
explosives by the military today. Van Aken et al. (2004. Environ. Sci. Tech. 38:4572-4579) has
reported a light-mediated partial mineralization of RDX by poplar tissue cultures (Populus
deltoides x nigra DN34). In order to identify catabolic enzymes involved in RDX transformation
by poplar, Arabidopsis whole genome microarraY analyses were performed. Two-weeks-old
Arabidopsis seedlings were exposed to 40 mg L RDX for 24 to 48 hours, and transcriptional
patterns were analyzed. Approximately 300 of 26,300 genes showed at least 2-fold induction in
response to 24hr-RDX treatment. Several genes encoding enzymes which are known to be or
suspected to be involved in biological transformations of RDX and/or plant general
detoxification mechanisms were induced. These genes included a cytochrome P 450s (CYP)
gene (4.2-fold), 3 flavin-containing monooxygenase (FMO) genes (2.1 to 3.0-fold), a 2-
oxoglutarate dependent Fe(Il) oxygenase (20G) (6.3-fold), 2 possible nitroreductases genes;12-
oxophytodienoate reductase genes (OPR1/2) (2.2-fold), an unspecific oxidoreductase gene (2.2-
fold), and 4 genes with glycosyltransferase activity (2.0 to 4.9-fold). Poplar homologous genes
were found by performing tBLASTn search at Joint Genome Institute (JGI) Populus Gemone
Project database (http://genome.jgi-psf.org/Poptrl/Poptrl.home.html). Phylogenetic trees were
constructed to identify the closest poplar protein sequences to the target Arabidopsis protein
sequences. Reverse transcriptase real-time quantitative PCR was performed to analyze
transcriptional responses of the selected poplar genes in response to RDX. The results showed
greater than 2-fold induction of a 20G gene, a MO1 gene, a CYP gene, and two genes with
glycosyltransferase activity in poplar. Altogether, these results showed that Arabidopsis
microarray results in response to RDX treatment can be used to infer gene expression patterns in
a phytoremediation model plant, Populus.

Keywords: microarray, gene expression analysis, phytoremediation of explosives,
cytochrome p450

* Presenting author: Phone (319)400-1465, E-mail: sachiyo@hotmail.com

68



International Phytotechnologies Conference 2007

Onsite Phytoreclamation of Wastewater Effluents Using
Shallow Drip Dispersal in the Landscape

Jill Tomaras*, Rebecca Parzen, and Robert L Siegrist

Colorado School of Mines, Environmental Science and Engineering, Golden, Colorado

Infrastructure for water and sanitation is essential for a healthy standard of living and it must
be effective in protecting public health and environmental quality while being affordable,
socially acceptable, and sustainable. There are many situations within the U.S. and around the
world where onsite and decentralized wastewater treatment approaches and technologies are
critical to achieving these goals. Onsite or satellite water and wastewater systems involve an
expanding array of technologies to achieve treatment objectives while minimizing energy and
chemical use and enabling beneficial reuse of water and nutrients. An emerging approach to
onsite water reclamation involves phytoreclamation by drip dispersal of wastewater effluents
into the landscape. Drip dispersal offers great potential to enhance beneficial reuse of
wastewater, particularly in semi-arid climates such as Colorado, but to date few systems have
been installed in the semi-arid western states. A drip dispersal system was installed at the Mines
Park Test Site at Colorado School of Mines in Golden, Colorado in Fall 2005 and has been used
to disperse either 0.125gal/ft*/day or 0.25 gal/ft*/day of domestic septic tank effluent into the
shallow rhizosphere of an Ascalon sandy loam soil. Within the drip system footprint area, one
portion was landscaped with Kentucky Blue grass sod while another portion was allowed to
naturally re-vegetate. After an initial few months of startup activities, routine operation
commenced in March 2006. Since that time, routine monitoring and a multicomponent tracer
test have been completed to evaluate system performance and determine the water balance and
transport and fate of chemicals and microbes in the effluent dispersed. Described here is the
installation and startup of the phytoreclamation system and performance observations made

during nearly two years of continuous operation.

Keywords: soil, land treatment of wastewater, water and nutrient reuse, phytoreclamation

*Presenting author, Colorado School of Mines, Coolbaugh Hall 112, Golden, CO 80401-1887,
303.384.2002, jtomaras@mines.edu
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Abstract:

Recent studies have demonstrated that it may be possible to use plants to remove, or
‘phytoextract’, PCBs from soil. A pilot-scale, in situ field trial, using the plant species
Cucurbita pepo cv. Howden (pumpkin), Carex normalis (sedge), and Festuca
arundinacea (tall fescue) has been established in order to evaluate the practical
applicability of this technology under realistic field conditions. The study site is
contaminated with approximately 24 ng/g total PCBs (Aroclor 1254/1260). In the first
year of the study, shoot [PCB] ranged between 13 pg/g in sedge, 7 ug/g in pumpkin, and
5 ng/g in tall fescue. However, portions of the pumpkin plant shoot were observed to
have accumulated [PCB] as high as 18 pg/g. In the second field season at this site the
pumpkin shoot [PCB] was significantly higher, with an average shoot [PCB] of 18 pg/g
and sections of the shoot with [PCB] > 50 ng/g. Further research at this site in seasons
two and three investigated the uptake and translocation pathways of PCBs into study
species and the phytoextraction potential of several native colonizer species. Key results

from this multi-year field trial will be presented.

Keywords: polychlorinated biphenyls (PCBs), phytoextraction, persistent organic
pollutants (POPs), organochlorines, brownfields, bioaccumulation factor (BAF)
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Groundwater Flow and Carbon Tetrachloride Transport Modeling
for the Design and Assessment of an Integrated
Groundwater and Surface Water Phytoremediation Treatment System

Y. Eugene Yan,* Robert A. Sedivy, Lorraine M. LaFreniere, M. Cristina Negri, Argonne
National Laboratory; Steve Gilmore, Don Steck, CCC/USDA

An integrated remedial system combining large-scale phytoremediation plantings and in-stream
wetlands was developed to mitigate carbon tetrachloride contamination identified in surface
waters and shallow groundwater in the headwaters area of a small creek at Murdock, Nebraska.
This paper describes the use of numerical modeling to assist in evaluation of remedial design
elements and operational parameters for this full-scale field application.

In this study, the three-dimensional groundwater flow and contaminant transport modeling codes
MODFLOW-2000 and MT3D were used as design tools to investigate the potential (1) hydraulic
influence and (2) contaminant removal capabilities of multiple alternative phytoremediation
planting and wetlands configurations. The modules for simulation of evapotranspiration, well
pumping, and drainage provided in MODFLOW-2000 were employed to approximate the
expected effects of the remedial system components on the shallow groundwater at the site. The
resulting coupled flow-and-transport models were well-calibrated with multiple time-series sets
of water level and contaminant data collected from a large on-site monitoring network, plus
measurements of flows from agricultural drain tiles and base flow to the creek in the
investigation area.

The results of the calibrated model simulations identified a preferred remedial configuration
consisting of shallow and deep planting zones, combined with in-stream wetlands, for treatment
of the surface water and shallow groundwater. The results indicated that significant (1) hydraulic
containment of the groundwater and (2) reduction in the seepage of contaminated groundwater to
the creek tributary could be expected within about five years of remedy implementation, upon
maturation of the phytoremediation and wetlands plantings.

On the basis of these analyses, the selected remedial configuration was installed at Murdock in
2005. Monitoring data collected over the next two years have confirmed the early performance
of the phytoremediation and wetlands systems. These data have been used to validate and further

refine the calibrated models and the simulation approach, which can be employed to support
potential future system design studies.

Keywords: phytoremediation, wetlands, modeling, groundwater, carbon tetrachloride, design
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Macro- and Micro-nutrient Concentration in Leaf, Woody, and Root Tissue of Populus

Irrigated with Landfill Leachate

JillL A. Zalesny*’l’z, Ronald S. Zalesny Jr.l, Adam H. Wiesel, Bart T. Sext0n3, Richard B. Hall?
U.S. Forest Service Northern Research Station
’lowa State University Department of Natural Resource Ecology and Management

0Oneida County Solid Waste Department

Landfill leachate offers an opportunity to supply water and plant nutritional benefits at a lower
cost than traditional sources. Information about nutrient uptake and distribution into tissues of
Populus irrigated with landfill leachate helps increase biomass production along with evaluating
the impacts of leachate chemistry on tree health. We irrigated eight Populus clones (NC13460,
NC14018, NC14104, NC14106, DM115, DNS5, NM2, NM6) with fertilized well water (control)
(N, P, K) or municipal solid waste landfill leachate weekly during 2005 and 2006 in Rhinelander,
Wisconsin, USA (45.6 °N, 89.4 “W). During Aug. 2006, we tested for differences in total N, P,
K, Ca, Mg, S, Zn, B, Mn, Fe, Cu, Al, and Pb concentration in preplanting and harvest soils, and
in leaf, woody (stems + branches), and root tissue. Other than N (P < 0.0191), leachate did not
increase the soil concentration of elements relative to preplanting levels (P > 0.05). There was
broad variation among genomic groups and clones for tissue element concentrations, along with
clone-specific uptake for most elements. The concentration of N, P, K, Ca, Mg, S, B, and Mn
was greatest in leaves and least in woody tissue, while that of Fe, Cu, and Al was greatest in
roots and least in leaves and woody tissue. Overall, there was successful uptake of macro- and
micro-nutrients without detrimental impact to tree health, which validated the use of landfill

leachate as an irrigation and fertilization source for Populus.

Keywords: hybrid poplar, phytoaccumulation, Populus deltoides, P. nigra, P. maximowiczii, P.

trichocarpa, waste management
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Establishment and Early Growth of Populus Hybrids Irrigated with Landfill Leachate

Ronald S. Zalesny Jr.*, Adam H. Wiese, Edmund O. Bauer, Jill A. Zalesny
U.S. Forest Service Northern Research Station

Hybrid poplar genotypes exhibit great potential for tree establishment and growth when irrigated
with municipal solid waste landfill leachate. We evaluated the potential for establishment on
leachate-irrigated soils by testing: 1) aboveground growth of hybrid poplar during repeated
irrigation with landfill leachate and 2) aboveground and belowground biomass after 70 d of
growth. We determined height, diameter, and number of leaves at 28, 42, 56, and 70 days after
planting (DAP), along with stem, leaf, and root dry mass by testing six hybrid poplar clones
belonging to three genomic groups (i.e. hybrid types): DN34, DNS, 14551 (Populus deltoides
Bartr. ex Marsh x P. nigra L.), NC14104 (P. deltoides x P. maximowiczii A. Henry), and NM2,
NMB6 (P. nigra x P. maximowiczii). The trees were planted in a greenhouse as 20-cm cuttings in
a split-split plot, repeated measures design with two blocks, two treatments (whole-plots), six
clones (sub-plots), and four sampling dates (sub-sub plots, repeated measure). Treatments were:
1) non-fertilized well water and 2) landfill leachate, applied every other day beginning 42 DAP.
The leachate-treated cuttings exhibited greater height, diameter, and number of leaves at 56 and
70 DAP (P < 0.05). There was broad variation in clonal responses to leachate treatment for dry
mass, with a general trend of leachate-treated cuttings exhibiting greater stem and leaf dry mass
(P <0.05), but negligible differences for root dry mass (P > 0.05). Genotypic responses to the
leachate treatment were clone-specific for all traits. The clonal ranking beginning with the
greatest establishment potential was DN34, NM6, DN5, NM2, NC14104, and 14551, with DN34

exhibiting a selection value 30% greater than 14551.

Keywords: genotype selection, hybrid poplar, Populus deltoides, P. nigra, P. maximowiczii,

waste management
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