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Foreword 

THE ACS SYMPOSIUM SERIES was first published in 1974 to provide 
a mechanism for publishing symposia quickly in book form. The 
purpose of this series is to publish comprehensive books developed 
from symposia, which are usually "snapshots in time" of the current 
research being done on a topic, plus some review material on the 
topic. For this reason, it is necessary that the papers be published as 
quickly as possible. 

Before a symposium-based book is put under contract, the 
proposed table of contents is reviewed for appropriateness to the topic 
and for comprehensiveness of the collection. Some papers are 
excluded at this point, and others are added to round out the scope of 
the volume. In addition, a draft of each paper is peer-reviewed prior to 
final acceptance or rejection. This anonymous review process is 
supervised by the organizer(s) of the symposium, who become the 
editor(s) of the book. The authors then revise their papers according to 
the recommendations of both the reviewers and the editors, prepare 
camera-ready copy, and submit the final papers to the editors, who 
check that all necessary revisions have been made. 

As a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions of 
previously published papers are not accepted. 

ACS BOOKS DEPARTMENT 
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Preface 

PHYTOREMEDIATION, or the use of plants to remediate contaminated soils 
and water environments, has recently become an area of intense study. Ten years 
ago there was a realization that the root zone of plants was special with respect 
to its capacity for biotransformation of organic molecules. The rhizosphere, as it 
was named, has since been studied for its important role in nutrient availability, 
as well as for the enhanced microbial degradation of pesticides, polynuclear 
aromatic hydrocarbons, and other synthetic chemicals. Plants impact 
contaminant reduction principally by providing an optimal environment for 
microbial proliferation in the root zone. This often leads to enhanced 
degradation of chemicals in soils that are vegetated, compared to nonvegetated 
soils. Contamination can also be reduced as a result of plant uptake into the 
tissue where it can be further degraded to innocuous substances, or removed 
from the site. In the latter case, plants can be used to extract contaminants from 
the environment, a process referred to as phytoextraction. 

Within the last few years, the vegetation-based bioremediation approach has 
evolved into an important, viable option for cleanup of contaminated sites. It has 
now earned the new label "phytoremediation" and is recognized for some 
especially attractive features, such as its low input and environmentally friendly 
character. With the development of risk-assessment approaches to 
environmental contamination, it is apparent that in certain situations a slow, 
sure, and economical strategy is the most feasible. Phytoremediation 
demonstrates clear advantages over another newly named process called "natural 
attenuation". 

Traditional methods of remediating contaminated soils and water, such as 
excavation or combustion, are environmentally disruptive and quite expensive. 
Phytoremediation may provide a cost-effective remediation technique for some 
contamination situations. In addition, it may make it possible to treat most 
contaminants in situ. By eliminating or minimizing the need to move 
contaminated soils, the risk of causing secondary contamination is also greatly 
reduced. 

The symposium on which this book is based took place at the 212th 
National Meeting of the American Chemical Society in Orlando, Florida, August 
25-29, 1996. This book provides an accumulation of some of the most recent 
research on phytoremediation. An overview is presented that describes the 
current understanding and use of plants for stabilization and cleanup of 

ix 
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contaminants. An additional overview of rhizosphere ecology is also presented. 
The remainder of the book discusses three topics: phytoremediation of 
agrochemicals, industrial organic chemicals, and metals. 

We believe that this book provides a good update of the field of 
phytoremediation since a previous rhizosphere-bioremediation symposium 
sponsored by the American Chemical Society in 1993. Our book that resulted 
from that assemblage of experts in the field was entitled Bioremediation 
Through Rhizosphere Technology (ACS Symposium Series No. 563), and it 
attempted to confirm and define the "rhizosphere effect" and explore ways to 
exploit it for improving environmental quality. The current book provides 
information related to remediation of metals and aquatic systems not included in 
the previous volume and focuses on direct application of the phytoremediation 
approach for specific contamination problems. 
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Chapter 1 

Phytoremediation of Contaminated Water and Soil 

S. D. Cunningham1, J. R. Shann2, David E. Crowley3, and Todd A. Anderson4 

1DuPont Central Research and Development, Environmental Biotechnology, 
GBC-301, P.O. Box 6101, Newark, DE 19714-6101 

2Department of Biology, University of Cincinnati, Cincinnati, OH 45221 
3Department of Soil and Environmental Sciences, University of California, 

Riverside, CA 92521 
4The Institute of Wildlife and Environmental Toxicology, Department 

of Environmental Toxicology, Clemson University, Pendleton, SC 29670 

Phytoremediation is the use of green plant-based systems to remediate 
contaminated soils, sediments, and water. Relative to many traditional 
remediation engineering techniques, phytoremediation is a fledgling technology 
intended to address a wide variety of surficial contaminants. Phytoremediation 
targets currently include contaminating metals, metalloids, petroleum 
hydrocarbons, pesticides, explosives, chlorinated solvents, and industrial by
-products. The primary market driver for continued research in this area is the 
significant cost reduction these systems appear to afford. Phytoremediation, 
however has inherent limitations in that plants are living organisms with specific 
oxygen, water, nutrient and pH limits that must be maintained. In addition, 
significant depth, concentration, and time frame limitations also apply. Despite 
these limitations, many forms of phytoremediation have emerged from the 
laboratories and are currently in practice. Commercial phytoremediation 
systems for clean up of shallow aquifers and water born contaminants are 
now in place. Field tests for the phytoextraction of metals from contaminated 
soils are underway as well as advanced stabilization trials. For the most part, 
the current practices are technically sound, but far from optimized. Field tests 
have generally been met by good regulatory and public acceptance, yet 
improvements and extensions can and will be made on many of them. The 
biological resource for phytoremediation remains largely untapped. Bringing 
multi-disciplinary teams consisting of biologists, chemists, engineers, as well 
as lawyers, accountants, and public advocates should continue to yield 
additional solutions and possibilities for continued application of 
phytoremediation. 

Significant quantities of air, water, and soil have been contaminated as a by-product of the 
industrial revolution and increased urbanization of the landscape. Increasingly stringent standards 
for water and air quality have propelled whole industries to re-engineer their fundamental 

2 © 1997 American Chemical Society 
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1. CUNNINGHAM ETAL. Phytoremediation of Contaminated Water & Soil 3 

processes and products. Through these types of change, contaminant loading to water and 
air has generally decreased. In addition to decreased input, the higher rates of mixing and 
dissipation of contaminants in air and water allow the environmental footprint of contaminants 
to rapidly fade. This is not the case in soil, a more static media where contaminants with low 
mobility (e.g. metals and lipophilic compounds) may cast longer shadows. Due to slow 
kinetics and reduced or absent dissipation processes, contaminated soils may show little 
inherent improvement over many decades. Unfortunately, contaminated soil is often the 
primary problem at many ofthe larger sites in need of remediation. Off site migration of the 
contaminants at such sites, if left unattended, can continue to further affect groundwater, 
neighboring areas, and bodies of surface water. Addressing these sites is proving litigious, 
time-consuming, and expensive. 

The art ofremediation begins with a site assessment, followed by containment of the 
identified problem, and theoretically ends with the clean-up of impacted areas. The term 
"remediation" often has more of a legal connotation than a technical one. Remediation can 
imply: a) "clean-up" where either the contaminant is removed from the matrix (leaching, 
bioremediation, etc.) or the entire contaminated matrix is removed from the site (excavation 
and landfilling at a second site), or b) "stabilization" where the physical or chemical form of 
the matrix or contaminant is transformed to a more inert condition. The intended remedy 
must be logistically and technically possible, accomplished within the required time frame, 
economically feasible, and in compliance with all legal requirements. The public and most site 
owners often prefer techniques that actually clean-up a site, as it provides the greatest degree 
of confidence and flexibility for future land use. At many sites, however, "clean-up" is not 
always possible or practical and "stabilization" techniques are then employed. 

Traditional methods of remediating contaminated soils, sediments, and groundwater 
are often based on civil and chemical engineering technologies that have developed over the 
last 20 years. These include a wide variety of physical, thermal, and chemical treatments, as 
well as manipulations to accelerate or reduce mass transport in the contaminated matrix. In 
certain cases, however, biological (especially microbial) processes have shown some 
applicability. Recent flexibility in the legal requirements associated with environmental clean
up has increased the acceptability of such "passive" approaches to remediation. In spite of 
this, a majority of the plans developed for site remediation do not rely on "natural attenuation". 
The reasons forthis are clear. Engineering technologies are often faster, relatively insensitive 
to heterogeneity in the contaminant matrix, and can function over a wide range of oxygen, 
pH, pressure, temperature, and osmotic potentials. Biological processes are at a significant 
disadvantage in most ofthese areas. The perceived advantage ofbioremediation is the often 
prohibitive cost of effective engineering approaches. If remediation based on traditional 
technologies were inexpensive, there would appear to be no driving force for the development 
of alternative strategies based on biological activity. 

In our experience, the total costs of remediation (calculated on a m3 basis) ranges 
from $10 to $100 for remediation methods that can be performed in-situ and $30 to $300 
for exsitu processes. Specialized techniques such as in-situ vitrification can easily surpass 
$1,000/ m3. In comparison, the agronomic community can move and process large volumes 
of soil at a relatively low cost. Techniques for "land-farming" the top meter of soil are orders 
of magnitude less (e.g. as low as $0.05/ m3 per year). It is this cost differential, as well as the 
reduced capital requirements and lengthened expenditure schedule, that is the source of 
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4 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

excitement over agriculturally-based remediation Agricultural practices, developed for the 
management of soil and crops, are well understood and tested. As agriculture has as its 
primary goal the maintenance of soil quality, many of its techniques may have applicability for 
soil remediation. Most agricultural sou management strategies rely on the physical protection 
offered by a vegetative cover and on the biological activity of the plants and their associated 
microbial communities. These same components (stabilization and biological activity) are the 
basis of plant-based approaches to clean-up of inorganic and organic environmental 
contaminants. 

Low-Input, Agronomic, Stabilization Techniques 

The use of agronomic techniques to stabilize contaminated sites in-âtu (1) is continuing to be 
advanced. Under this form of remediation, dsoc^ed"phytostabilization,,, soil amendments 
are applied to contaminated soil to reduce the bioavailabiHty of the contaminants. The site is 
then planted into vegetation, which reduces off site migration of the stabilized soil matrix and 
contaminant through water usage and erosion control. Plants are chosen to maximize root 
uptake of any small amounts ofcontaminant that would escape from the stabilizing mix and to 
sequester the material in the root tissue with little translocation to the shoot and potentially 
help catalyze the formation of insoluble contaminant species such as Pb-pyromorphite. 

There are many examples that suggest this strategy is sound It is known, for example, 
that Pb in soil and dust from natural sources is often less biologically available than similar 
concentrations ofPb from anthropomorphic sources. THs is likdy because many ofthe natural 
forms ofPb have low bioavailabilities. These natural forms do not dissolve well in either soil 
solution or rnammaliangastro-intestinal tracts. Researchers involved with advanced stabilization 
techniques postulate that if anthropomorphic forms ofPb could be converted to more stable 
forms, it may be safe to leave these materials in place. Conversion ofPb to less toxic forms 
has been shown to take place in a natural environment with the application of low-cost 
amendments (2-7). More importantly, these techniques are less likely to harm the soil's 
potential for sustaining plant growth than most engineering solutions. Similar processes for 
sequestration of organic contaminants are also beginning to be examined. 

Work is ongoing to further develop and validate in-situ stabilization as a viable 
technology for eliminating the hazard of contaminated soils. The five primary goals of this 
effort are to: 1) understand the mechanisms by which these technologies work, 2) develop 
appropriate testing protocols and methodologies that illustrate their utility, 3) improve predictive 
capabilities, 4) facilitate validation of the effectiveness and persistence ofthe technique, and 
5) prepare guidelines for its implementation. 

Phytoremediation 

Phytoremediation is a word formed from the Greek prefix "phyto" meaning plant, and the 
Latin suffix "remedium" meaning to cure or restore. Although the term is a relatively recent 
invention, the practice is not. The use of plants to improve water quality in municipal and more 
recently industrial water treatment systems, is well documented (8-9). Vegetation has long 
been used for the restoration of disturbed areas (1)9 and tolerant vegetation is often found on 
or planted into contaminated soils (10). There has also been the opportunity to study the 
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1. CUNNINGHAM ETAL. Phytoremediation of Contaminated Water & Soil 5 

plant-contaminant interactions that have resulted from the application of sewage sludge to 
land (11) and from our 50 years of pesticide use (12). Given our strong agriculturally-based 
experience with planted soils and die more recent issues of environmental contamination, it 
is natural to explore the use of plants to remediate contaminated sous, aquifers, and wetlands. 

The legal and technical process of soil remediation is complex and continually in 
flux. The guidelines are clearer when the contaminant is in water. In this media, there exists 
excellent toxicological data that allows a legal determination of when remediation and pollution 
prevention techniques are necessary. In soils, however, equivalent concentrations of 
contaminants often exhibit widely varying toxicity effects. Contaminant speciation, soil pH, 
other ions in solution, types of clays and oxide surfaces, presence of organic matter, vegetation 
and rainfall all affect the availability of the contaminant and its potential to cause harm. As a 
general rule, remediation appears to be necessary when anthropological activities result in 
an "unacceptable risk". As risk assessment is an imprecise science, and as the tolerance for 
risk and availability of economic resources vary widely at a community level, it is difficult to 
determine the exact extent of soils that need remediation. Despite this imprecision, the need 
for remediation at some sites is apparent even with a cursory overview. Sites that are devoid 
of vegetation, in proximity to residences, and those sites likely to represent a source of 
continued off site migration ofcontaminants are likely candidates for some type ofremediation 
Other cases are less apparent. A technical basis for decision making is of critical importance 
to the research and development community involved with phytoremediation. 

The market for any remediation technology is entirely dependent on compliance 
with the law. Plants grown for phytoremediation purposes are not like an agronomic crop 
where 50 bu is half as good as 100 bu. Phytoremediation systems that do not result in site 
"closure" (reduction to a legally acceptable level) are failures. In addition, a phytoremediation 
technique that can reduce contaminant levels twice as low as the legally acceptable limit may 
have no increased value over a technology that simply meets that level. The marketplace for 
remediation does not necessarily have value for a "cleaner" clean. Phytoremediation, like 
all remediation technologies under development is sensitive to the ongoing evolution of 
regulations. If the regulations for allowable contaminant concentrations in soil or water are 
set high, the market for a technolo^ First, the volume of contaminated 
soil and water to be remediated decreases dramatically. (There is much more low level 
contamination than high level contamination). Second, the technology must work at a still 
higher level and reduce it down to the new "acceptable" level. (Technologies that reduce Pb 
contamination in soil from 1,000to 500 ppm have significantly different chemical and physical 
constraints than those that mitigate 5,000 ppm to a 3,000 ppm guideline). 

Phytoremediation of Inorganic Contamination 

The elemental composition of normal soils is dependent on the geological and physical 
processes that occurred during its formation. Soils derived from marine sediments vary 
from those derived from rock outcroppings abundant in heavy metals. In addition to this 
inherent variability, anthropomorphic activities have increased soil heterogeneity. The most 
commonly cited sources of anthropogenic inorganic rontarnination are the mining and smelting 
of metalliferous ore, fossil fuel handling and use, industrial manufacturing, and the application 
of fertilizers and municipal sludges to land. 
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6 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

Decontamination ofheavy metals in sous and sediments is among the most technically 
awkward clean-ups. Many inorganic contaminants bind tightly to the soil matrix. At older 
contaminated sites this is nearly always true, since more mobile contaminants have already 
migrated off site in areas of even moderate rainfall. Few remediation options exists for the 
contaminants that remain Some advanced treatments include soil washing or electroosmosis, 
but for the most part many site clean-ups involve excavation and removal to a secure landfill 
area. Alternatively, some of these areas have also been simply covered in place in a process 
known as "capping". For still larger areas, particularly in die mining and smelting regions, 
site stabilization with some soil modification is done and revegetation occurs where possible. 

Phytoextraction. Phytoextraction involves the use of plants to extract contaminants 
from the environment. The term was originally applied almost exclusively to heavy metals in 
soils but has since come to apply to many other materials in other media as well. The 
phytoextraction R & D community involved with inorganics has gradually evolved into two 
groups. The first group uses phytoextraction for remediation purposes (primarily targeting 
Pb and radionuclides with some efforts on Cr, As, and Hg). The second group targets 
inorganics with intrinsic economic value (primarily Ni, some Cu and a few with precious 
metals). This latter technical area (also known as "bio" or "phyto"- rnining) is still in its 
infancy, but significant progress is being made with Ni (13). 

Water. The initial research on phytoextraction of inorganic contaminants in the 
environmental field began with the use of wetlands (constructed, natural, and reed beds) for 
water purification (8). In these systems the inorganic contaminants often precipitated out of 
the water into the sediments making them difficult to recover. Floating plant systems followed 
(14) in which the contaminants could be removed in the harvested biomass. Unfortunately, 
these systems are not particularly efficient or economical, especially in temperate zones. 
More recently, greenhouse based hydroponic designs using terrestrial plants (15) have been 
field tested for heavy metals and radionuclides. These latter systems have been developed 
with plants selected for high contaminant root uptake/affinity and poor translocation to the 
shoots. These terrestrial plant (and more recently seedling) based applications were developed 
to take the place of synthetic resin chelates for water purification. Again the contaminants 
are removed from the system by harvesting root biomass. Rhizofiltration fits well with many 
of the biological limitations inherent in phytoextraction (e.g. poor translocation of many 
contaminants from root to shoot). These systems appear technically promising and require 
less R & D innovation than the soil remediation systems. Unfortunately, there currently exists 
much competition from other waste water purification technologies. Many excellent, non-
plant based technologies exist to reduce water borne contaminant to meet regulatory guideline 
levels (e.g., alkali precipitation and cation exchange). For sites that are currently in compliance 
with local regulations the impetus for adopting new technology may be low. This is particularly 
true when the site has capital investments in water purification equipment already in place. 
Barring a change in water quality standards, an additional capital outlay for another technique 
(even if it were proven technically superior at a lower unit cost) is unlikely. New sites, 
additional polishing steps or large scale uses would appear to be the best target for 
"ihizofihration" 

Soils, In the soil environment, phytoextraction has fewer competing technologies 
for the clean-up of inorganic contaminants. The few that exist have significant technical and 
economic disadvantages. Stabilization technologies, however, may at times be in direct 
competition with this technology. 
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1. CUNNINGHAM ETAL. Phytoremediation of Contaminated Water & Soil 7 

At the beginning of this decade, most researchers believed the success of 
phytoextraction of inorganic contaminants from soils centered on four requirements: 1) the 
bioavailability of the contaminant in the environmental matrix, 2) root uptake, 3) translocation 
internal to the plant, and 4) plant tolerance (16). This set of minimum requirements has since 
changed, as will be addressed later in this review, although the original set of requirement 
remains a long-term goal of many active research programs. 

The fundamental paradigm of phytoextraction is that most inorganic contaminants in 
soils are difficult to extract with engineering technologies such as thermal, chemical, and 
physical techniques. Soil is a complex matrix consisting primarily of Si, ΑΙ, Ο and Fe based 
materials that are difficult to separate from contaminating inorganics. The premise behind 
phytoextraction is that plants can be used to extract inorganic contaminants from the soil 
matrix and transfer them into a primarily carbon-based matrix, the plant material. Engineering 
techniques that were ineffective on the soil matrix are more readily employed on the plant 
material. Chemical, thermal, microbial and leaching processes separate many of these 
inorganics from the plant matrix. The most cited example is the smelter analogy where an 
energy source and an ore are used to produce a product. In soil, the contarninating materials 
are often at too low a level and the energy requirements in smelting soil are too large to be 
effective. When plants are used to transfer and concentrate soil-borne œntaminants, however, 
the process becomes feasible. Plant material can have both significant stored energy potential 
and metal concentrations and can act simultaneously as both energy source and ore for a 
smelting process. 

In certain cases, inorganic contaminants have volatile forms and remediation strategies 
that end with the volatilization of the contaminant have been proposed and field tested. Selenium 
phytoremediation as phytoextraction (17) and "phytovolatilization" (18) have both been 
explored. More recently, transgenic plants have been shown to reduce Hg from the more 
hazardous ionic and methylated forms to Hg(0), which is then volatilized (19). In most 
remediation strategies, however, phytoextraction involves biomass removal and processing. 

Exploiting Botanical Variation 

All plants accumulate a wide variety of mineral elements but, for the most part, plants are 
quite adept at excluding those elements that are non-essential for their growth and survival. 
This general rule has notable exceptions. The first exception is that certain classes of plants 
take up large amounts of some non-essential, and relatively non-toxic elements. The clearest 
example of this is the element Si, which is taken up by many plants (particularly grasses) to 
levels that may exceed 1% of their dry weight. From this researchers have learned that if an 
element does not interfere with normal cellular metabolic processes and is appropriately 
sequestered, plants can tolerate relatively large loadings of inorganics. The second exception 
is that to a small degree all plants reflect the environment in which they grow. Many geologists 
have recognized this fact and have used plant-tissue analysis to locate buried ore bodies. The 
use of plants in this manner is referred "geobotanical prospecting" and is used to locate ore 
bodies containing elements such as uranium. The third exception to the text book rule is 
perhaps the most remarkable. There exists a small group of plants known as hyperaccumulators 
that can take up, translocate, and tolerate levels of certain heavy metals that would be toxic 
to any other known organism (20). 
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8 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

Hyperaccumulators- Despite widely varying soil concentrations of most elements, 
with rare exceptions almost all plants exist within a narrow spectrum of relative concentration 
of elements (21). Hyperaccumulating plants, on the other hand can take up, translocate and 
tolerate shoot concentrations ofheavy metals in excess of 0.1% Ni, Co, Cu, Cr, Pb or 1% Zn 
on a dry weight basis These plants, which often evolved on metalliferous outcroppings, 
are remarkable not only for their high levels of accumulation and tolerance, but also for their 
nearly insatiable desire to concentrate these elements from even "normal" soil. Although 
taxonomicalry widespread, this hyperaccumulating trait is relatively rare, indicating a rather late 
appearance in the evolution of modem species (22). Although the study of these plants still 
represents a focus of many labs, practical phytoremediation with these plants has remained 
elusive. Many of these species seem to hyperaccumulate only one metal while most sites have 
mixed metal contaminants. In addition, like any "weed" species little is known about their 
management. Many of these species are slow growing and, although they have high metal 
concentrations, produce low biomass. This is particularly problematic as the measure of 
phytoextraction success is often based on the amount of contaminant removed/hectare -y. 
High metal concentrations alone are insufficient. Slow-growing, low-biomass hyperaccumulating 
plants, no matter how fascinating biologically, are insufficient to form the backbone of a 
technology useful for remediation or biomining. 

Hyperaccumulators, however, remain a significant motivational factor to the agronomic 
and molecular biology communities. These plants prove that biological systems can be developed 
with plants maintaining up to 4% metal in their tissues without significant yield decreases. 
Additional effort will be required to engineer, breed or adapt plants to obtain this goal, but 
some efforts are now under way. Progress is being made on a number of fronts and the area 
has recently been reviewed (23). 

Induced Hyperaccumulation. Not long after hyperaccumulators showed the 
inherent botanical potential for phytoextraction (24), many additional laboratories began active 
research programs with these plants. It soon became apparent that the existing populations of 
hyperaccumulators were not ideal for commercial level phytoextraction. In 1991, screening 
projects began in a number of labs to identify higher biomass crop or weed species which 
might also accomplish the same feat. Various species were proposed by different groups 
ranging from Indian mustard (25), through ragweed (16). All of these plants showed 
improvement in biomass yet reduced metal uptake compared to hyperaccumulators. These 
experiments have continued with cultivar / ecotype screening in both Brassica juncea and 
Arabidopsis as they afford two ways to directly obtain or to engineer future high biomass 
hyperaccumulators. It is well known that there is much heterogeneity in many germplasm 
sources and screening these for metal uptake, translocation, and tolerance has proven no 
exception (26). 

Paralleling these efforts, however, the fundamental limiting factors of phytoextraction 
are being explored. Much of this work has been done with Pb, the most common heavy metal 
contaminant in the environment. In the case of this element, three limitations were uncovered. 
The first was that Pb soil solution levels were low even when total Pb concentrations were 
high. The second was that although most plant roots took up the Pb well, translocation from 
roots to shoots was poor. Lastly, tolerance to Pb in plant tissue at high rates severely reduced 
biomass (27). In retrospect, this troubling lack of translocation from root to shoot is not surprising 
given what is known about the chemistry ofPb under cellular conditions ofnear neutral pH and 
in the presence of cytoplasmic concentrations of phosphate, proteins and carbonate anions. 
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1. CUNNINGHAM ETAL. Phytoremediation of Contaminated Water & Soil 9 

The lack of availability of the contaminant and poor translocation and tolerance in plants 
were disappointing to many and led to the testing of potential techniques to circumvent these 
limitations. 

Much is known about the soil chemical processes that influence the solubility and 
availability of many inorganic rontaminants. Many researchers working in the phytoextraction 
of inorganics sought to alter such factors as soil pH, organic matter, phosphate level, etc. in 
an attempt to increase metal concentrations in plant tissue. To some degree this worked, and 
adoublmgof Pbconœntranonmtissuewasreported. This 200to 1000ppm level, however, 
was far short of the hyperaccumulator levels reported in some plants as well as the 
phytoextraction goal of 1%, calculated from engineering and economic parameters. Other 
remediation hybrid technologies were used, including electrokinetics, with only marginal 
increases in plant tissue concentrations of heavy metals. It was only when phytoextraction 
was combined with techniques learned from sou washing experiments that tissue roncentrations 
began to approach target levels. 

Chelating solutions have been used in soil washing experiments for some time. They 
increase the solution concentration of many heavy metals in soils and have also been used in 
agronomic and horticultural environments to deliver micronutrients to plants (most notably 
Fe-EDTA). Initial trials with chelates in many labs were too tentative. Many researchers 
were afraid of injuring the plants with high levels ofchelates or chelate-Pb complexes. It was 
only when a "non-botano-centric" rethinking of the problem occurred that high enough doses 
of chelates were used to obtain the desired Pb level in plants (2 7). In this case, chelates are 
applied to the soil and, as expected, Pb soil solution levels are increased. A remarkable, and 
serendipitous, benefit occurs, however, when the chelate Pb complex enters the plant and 
prevents Pb from precipitating in the root. The Pb-chelate complex continues up into the 
plantshootthrough the ?cylem (25-29/ In this scenario, plants are grown in soil, chelates and 
other amendments are added, and Pb complexes are taken into the plant under the plant 
transpiration gradient. In this case plant tolerance is more or less irrelevant as the plant lives 
most of its life without much tissue Pb. The amendments are applied to the soil and within one 
to two weeks the plants are harvested. The plant sustains significant damage; however, the 
Pb-laden plant can be readily harvested regardless of its physiological state. Chelates thus 
act to eliminate limitations in Pb solubility in the soil, root to shoot translocation and tolerance. 

The use of chelates is not, however, without a significant risk management and cost 
penalty. The technology is currently in its first field testing season with commercial customers 
slated for 1997. In conjunction with regulators and with local and state oversight, these 
techniques are being field tested by Phytotech, Inc. a New Jersey based firm. Chelates, 
albeit even ones used in foods like EDTA, raise safety concerns. Chelates increase the mobility 
of Pb in the soil. Downward movement must be monitored. Pb and EDTA have approximately 
the same molecular weights, so that if a 1-1 ratio exists, removing a ton of Pb may require a 
ton of chelate. Mechanisms to reduce this requirement are being explored along with chelates 
with significantly different properties. Given the value inherent in clean (vs. contaminated) 
soil, ton quantities of chelates and chelated-assisted phytoextraction may be a viable 
remediation technology, but most view this as only a first phase in its development. Chelate 
assisted phytoextraction may not be applicable for all areas, but with appropriate irrigation 
management techniques and site management, it may eventually become a viable remediation 
alternative. It is not, however, the best or probably even the ultimate answer for Pb 
phytoextractioa 
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10 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

Future of Phytoextraction 

Todate,noinorgarricrontair^ To these 
authors' knowledge perhaps a dozen field tests of phytoextraction as a remediation technique 
have been conducted with an additional four geared toward phyto-mining. The largest 
economic opportunity identified to date is in Pb phytoextraction. Unfortunately, the chemical 
and biological constraints are among the most difficult for this contaminant. Zinc or Ni would 
have been preferable targets from a biological and chemical perspective. It is clear that at 
least forPb, where most work has been done at a field/practical level, some mechanism of 
increasing Pb solubility around the root zone will be required. Plant or plant derived chelating 
complexes and pH shifts have been proposed but these hypotheses remain untested. Internal 
chelating mechanisms will also be needed to prevent Pb sequestration in the root tissue and 
to allow it to move from root to shoot tissue. Lastly, theultirnatePb-phytoext 
unlike the current chelate-assisted one, will probably also require Pb tolerant plants. 

This review represents only a brief snapshot in time of a field arguably only a decade 
old. Significant breakthroughs in many laboratories are continuing with reports, papers, and 
patent activity dramatically increasing for the phytoextraction of a wide range of elements 
and contaminated environments. To date, relatively few plants, people, and years have been 
spent on the development of phytoextraction as either a mining or remediation technique. 
Given that no plant in the history of the world was ever selected for maximum metal yield, the 
biological potential remains largely unplumbed. Futurists remark on a time when we may 
need to recycle most of our inorganics from our waste streams. Biornining and plant 
phytoextraction may provide one mechanism to do so. 

Phytoremediation of Organic Contaminants 

Unlike inorganic pollutants which are immutable at an elemental level, most organic pollutants 
can be altered by biological systems. This increases the inherent economic advantage of 
such techniques by potentially eliminating the needs for harvesting plant material. 

Direct Plant Effects- Uptake of Organics. Plant uptake of organic compounds 
is an important component which must be considered in the evaluation of phytoremediation. 
The majority of the data on plant uptake of nonnutritive substances comes from studies of 
agricultural chemicals, primarily herbicides. The effectiveness of many herbicides depends 
on their ability to enter the target plant. Since these compounds were commercially designed 
with this goal in mind, the principles regarding their uptake provide a strong basis for 
understanding that of other chemicals (30-3 J). 

Root uptake of organic compounds from soil is affected by three factors: (1) 
physicochemical properties of the compound, (2) environmental conditions, and (3) plant 
characteristics (32-33). Plant characteristics such as root surface area can substantially alter 
absorption. Surface area may be increased in plants with large root morphologies, or in those 
with a high number of fine root hairs. As water mediates the transfer of solutes to the root, a 
plant characteristic which affects évapotranspiration could also influence the potential for 
uptake of organic contaminants. A systematic approach to selecting plant species and varieties 
for maximizing traits such as these has rarely been attempted, but would be warranted in the 
development of phytoremediation technology. The bioavailability of organic contaminants 
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1. CUNNINGHAM ETAL. Phytoremediation of Contaminated Water & Soil 11 

for plant uptake is primarily under the control of environmental soil factors such as organic 
matter content, pH, and moisture. Even in this aspect, however, species and families of 
plants with traits that allow them to modify the environment (such as pH) surrounding their 
roots, could be investigated. 

Assuming constant plant and environmental characteristics, root uptake has been 
shown to be directly proportional to the n-octanol/water partition coefficient (Kow) for the 
chemical. More lipophilic compounds can better partition into roots and this structure-
activity relationship has been used to develop empirical models of the uptake of different 
classes of organic compounds (primarily pesticides) by plants. Unlike root absorption, 
translocation to aboveground plant tissues via the transpiration stream (measured as the 
transpiration concentration factor or TSCF) is most efficient for compounds with intermediate 
polarity (e.g. log Kow = 1.8) (34). Briggs and co-workers found that this relationship 
(maximum TSCF=log Kow of 1.8) held true for literature data despite a variety of plant 
species, compounds, and experimental techniques. Plant uptake of organic contaminants 
from soil has been primarily investigated using hybrid poplar trees by a number of groups 
(35-36). Theseauthorsnowrer^rtextendingthemodelproposedbyBriggsetal.(34)ÎOÏ 
organics ranging from pesticides to volatile organic compounds (VOCs) (3 7). Results of 
these studies indicate that VOCs with log Kow from 1.0 to 3.0 are taken up and translocated 
by rooted poplar cuttings in hydroponic solutions. It has been noted, however, that the modeling 
parameters developed for plants in hydroponic systems can be compromised in soil where 
fairly strong sorption to soil occurs. In soil system, it seems that the log Kow for TSCF 
maximum may be shifted down by two units (38). 

Many ofthe field tests currently underway with the phytoremediation of organics 
involve plant uptake of the contaminant from a water phase. These water borne contaminants 
include surface applied water, wetland areas, ponds and impoundments as well as shallow 
aquifers (35). 

Direct Plant Effects- Fate of Contaminants in the Plant Much is known 
about the general fate ofxenobiotics in plants. Unfortunately most of the literature base has 
evolved around increased understanding of the fate of pesticides with specific information on 
many of the priority pollutants lacking. In general, however, plants have a wide array of 
metabolic capacities which can effect the fate of a chemical once it enters the plant. General 
plant metabolism of many xenobiotics often appears remarkably similar to metabolic 
detoxification processes that occur in mammalian livers (39). In addition to herbicides, 
much metabolic work in plants has also been done with PCB's and more recently TCE. In 
many cases much of the contaminant entering plants get incorporated into cell biomass that is 
chemically difficult to extract and characterize. The rate and extent of these metabolic processes, 
relative to total contaminant uptake rate by the plant remain poorly characterized. It now 
appears, that transpiration rate, xylem mobility of the contaminant, and volatility may play a 
large fate in determining contaminant fate/partitioning. Evidence appears to be gathering that 
our understanding of the fate of contaminants may be greatly influenced by how these 
experiments are carried out. Sealed jars for mass balance studies may accentuate metabolism, 
studies under high transpiration streams found in a laboratory hood may accelerate volatilization 
of the contaminant through the plant transpiration stream. It is for this reason that carefully 
controlled field studies are needed. 

Preliminary results from one such study are reported in this volume (36). In this 
report, laboratory and field tests on phytoremediation of TCE-contaminated groundwater 
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12 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

are reported. Initial studies in the laboratory indicated that a hybrid poplar clone, HI 1-11, 
was able to absorb trichloroethylene (TCE) from groundwater and that cell cultures of HI 1 -
11 could metabolize "C-TCE as well as incorporate 1 4C into the cells. 

There is also increasing evkience that plants can d i r^^ 
outside the plant itself. Root enzymes, such as those involved with oxidative coupling, have 
long been suspected of influencing concentrations ofxenobiotics both internal and external to 
the plant upon release during normal or accelerated plant turn over (40). This process has 
been extended into sediment remediation by plant produced enzymes as well (35). The 
nature and extent of this process is under active investigation by a number ofgroups. 

Indirect Plant Effects: Plant-Microbe Interactions. The previous sections 
described ways in which the plant may act directly on organic contaminants through plant 
based uptake and/or transformatioa Although the plant may often metabolize or sequester 
environmental toxins, plants are at a significant disadvantage in two ways. Plants are primarily 
autotrophic and derive their living primarily by construction of cell materials from C0 2, light, 
water, and minerals. As such, unlike microbial systems, they have not had to evolve with the 
necessity to degrade chemically intransigent materials. The result of this is that plants metabolize 
a more restrictive set of chemical structures than do their microbial counterparts. Secondly, 
plants often detoxify xenobiotics by chemically altering them (e.g., by hydroxylation and 
gtycosilation) to more water soluble forms in the plant tissue. In many cases the parent material, 
or chemically altered form, is then sequestered in the cell wall matrix or cytoplasm. In contrast, 
microbial metabolism often ends with the compound being reduced to C02, water, and 
cellular biomass. In many ways, combining the plant structural functions (water transpiration, 
root surfaces and soil penetration) with microbial degradative processes is technically, 
economically and regulatorially attractive. 

In soils contaminated with lipophilic organic compounds, the plant may play a less 
direct role - perhaps only that of a support system for degradative microorganisms and microbial 
communities (41). Since the late 1970s, numerous studies have shown that plants (or planting) 
may enhance the degradation of selected compounds, including organo-phosphates (42), 
parathion (43) poryaromatic hydrocarbons (44)y and chlorinated organics (45-46). To date, 
much of the, research has been descriptive. Observed increases in degradation have been 
generally attributed to microbial activity in the rhizosphere, however, a mechanistic understanding 
of the process, is lacking. Successful appHcationofplant-microbial systems for bio 
of a wide range of contaminants will require that we understand how microorganisms that 
bring about chemical transformations are influenced by plant roots. The plant-contaminant-
soil interactions are already exceedingly complex. Adding to this a microbial community 
component which varies in time and space along the length of a root 
and in the bulk soil adds another technical dimension (and required skill base) and dramatically 
increases complexity of the system 

Plants might influence microorganisms that degrade organic contaminants by providing 
substrates for microbial growth or cometabolism, by allowing the assemblage of unique 
communities (analogous to biofilms) on root surfaces, and by alteration of soil chemical and 
physical conditions such as redox, pH and inorganic nutrient availability. These plant-microbial 
interactions are not necessarily distinct from the more direct activities of the plants themselves. 
For example, contaminants which are taken up by the roots may be transformed by the plant 
and subsequently redeposited into the rhizosphere in an altered chemical form. 
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1. CUNNINGHAM ETAL. Phytoremediation of Contaminated Water & Soil 13 

One of the first steps in dissecting how plants might accelerate biodégradation of 
organic soil contarninants is to consider the factors that influence the survival and activity of 
bacteria along a root. During growth, plants release significant quantities of carbon into the 
rhizosphere as amino acids, organic acids, sugars, and numerous other structurally diverse 
materials, which can comprise from 15 to 40% of the carbon assimilated through 
photosynthesis. Most of these materials are released in the zone of elongation, just behind the 
root tip, and support a diverse microbial community. In older root zones, carbon becomes 
limiting and the rhizosphere community includes nematode and protozoa predators that graze 
on bacteria associated with the roots. This bacterial turnover leads to selection for 
microorganisms that are adapted to coexistence in a crowded, oligotrophy environment. 
Subsets of the oligotrophic community undergo further succession as new carbon substrates 
become available when soil animals feed on the roots, or at sites where lateral roots emerge 
and rupture through the cortex tissue. Mycorrhizae formation with symbiotic root-colonizing 
fungi in the older root zones further changes the quantity and composition of root exudates to 
the rhizosphere microbiota. Eventually, as plant roots die and decompose, all of the compounds 
produced by plants and their associated microbiota, are released into the soil where they are 
degraded by yet another microbial community that includes specialized dégrader organisms 
capable of growth on cellulose, chitin, and lignin. 

The above concerns ways in which plant roots and their depositions determine the 
basic structure and makeup of the rhizosphere microbial community. The plant may also 
foster the development of degradative activity in the community by bringing together dense 
populations of diverse microorganisms that contain catabolic plasmids or genetic material. 
Following recombination, this proximity may lead to new pathways for degradation. Since 
bacterial mating and genetic recombination is dependent on the active growth of 
microorganisms, plants may accelerate the evolution of new catabolic pathways for degradation 
of xenobiotics by providing a mating surface. In addition to plasmids carrying catabolic genes, 
other plasmids may confer the genes for chemoattractant sensors, or antibiotic or heavy metal 
resistance that are beneficial to growth and survival of introduced dégrader organisms. Much 
of the latter remains speculative, but it is well known that genes for catabolism of a variety of 
substrates are plasmid borne, and recent work has shown that plasmid stability for degradation 
of a normally recalcitrant substrate, 2,5 dichlorobenzoate, is increased in the rhizosphere 
(47). In this manner, bioaugmentation of indigenous microbial communities using bacterial 
vectors that contain specific plasmids may be more easily accomplished in planted soils. 

Although the effect of plants on the physicochemical environment is a large and 
separate topic, one particular note should be made in regard to biodégradation of highly 
chlorinated compounds. Plant roots and their associated microflora alter soil redox through 
respiration. This could increase rates of reductive dehalogenation as electrons are generated 
during metabolism of root exudates. Plants can deplete soil oxygen while also removing the 
nitrate which may serve as an alternate microbial electron acceptor in lieu of oxygen Depending 
on water management of the soil, or the presence of plants with aerenchyma to transport 
oxygen into the rhizosphere, it may be possible to generate conditions favorable to both 
aerobic and anaerobic microorganisms that could transform chlorinated compounds through 
sequential anaerobic and aerobic metabolism. The microbial consortium would be analogous 
to a biofilm through which the contaminant is delivered during bulk flow of water. This idea is 
supported by reports of decWorinating microorganisms being found in the rhizosphere. Many 
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primary root colonizers (Pseudomonas, Arthrobacter, Achromobacter) are known to degrade 
various chlorinated hydrocarbons (see review- 48). In addition to bacteria, a rhizosphere 
fungal species, Aspergillus rriger, degrades PCBs (49) and 2,4-D, as well as carboxin fungicides 
(50). Still other rhizosphere fungi have been investigated for their ability to degrade chloroaniline-
based pesticides (51). 

Given the dynamic nature of the rhizo sphere, it is an enormous challenge to figure out 
the influence of the plant on the microbial œrnrnunity. Methods for examining microbial activity 
in the rhizosphere may involve the use of reporter genes in which the promoter for selected 
degradative genes is coupled to a reporter system such as bioluminescence (47), or may 
employ PCR to amplify genes lifted directly from soil or root sites (52). Other more general 
approaches have involved the plating of microorganisms associated with plant roots to 
determine their degradative abilities, or by simply sampling rhizosphere soil which contains 
microorganisms that have been previously enriched in soil associated with plant roots. 
Regardless, the growing number of techniques available are now allowing the exploration of 
the rhizosphere and providing the information needed to assess the potential for 
phytoremediation of organic contamination. This research area is receiving much current 
attention^. 

Future 

This overview has only touched on our current understanding and use of plants for stabilization 
or clean-up of inorganic and organic contamination. Increasingly phytoremediation literature 
and reviews are appearing in many venues (54). All indications to date suggest that multiple 
challenges and opportunities remain in the development and application of this as a viable 
technology. Perhaps the greatest hurdle is the elucidation of the mechanisms involved in all 
forms of phytoextraction and phytoremediation. Without a better understanding of many of 
these processes, it is difficult to exploit the selection and engineering of plant and microbial 
populations for process optimization. The research presented in the remainder of this volume 
is aimed at closing the gap between our current position and where we need to be; often by 
identifying key areas which require further investigation to advance this new technology. 

While the above suggests that this is still largely in the research and development 
phase, many scientific, economic, and societal factors support its development. The pace of 
research in this area is quickening, as evidenced by this volume. In a field that was of little 
interest 10 years ago, research is now on-going in dozens of labs. Because of the potential 
for significant economic return on these endeavors, groups conducting and funding research 
extend beyond the traditional academic and environmental sectors. Small entrepreneurial 
companies and spin-off technologies have recently emerged with names like: Phytotech, 
Phytokinetics, PhytoWorks, Ecolotree and Treemediation. 

Even as scientific progress is made, the societal view of environmental contamination 
and remediation is changing. The number of sites and volume of materials being listed in the 
U.S. alone under CERCLA (ie. superfund) and RCRA is staggering and unmanageable given 
the technologies and resources now available. While as a society we identify cleanup of 
environmental contamination as a national priority, there is a growing awareness of the economic 
realities associated with addressing this problem. This awareness is reflected in changes in 
legal standards and methods and measurements used to assess and prioritize remediation. In 
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the past, cleanup was based on the total loading of a contaminant - regardless of its biological 
and chemical availability or the intended future use of the site. At all levels the regulatory 
community is now leaning towards a more risk-based decision making process, where 
corrective action at a given site would be based on qualitative and quantitative assessment of 
the hazardous compounds available for interaction with living systems as well as future land 
use. This "bioavaUable" pool may be only a small percentage of the total amount of the 
compounds present. One of the pressing needs in environmental risk assessment, therefore, 
is the establishment of methods and approaches to evaluate the status of contaminants at a 
site. With these methods, environmentally acceptable (treatment) endpoints could be 
established as targets for traditional and alternate remediation technologies. With treatment 
guidelines based on biologically available quantities of contaminants, and atrearment technology 
which, almost by definition, remediates the biologically available fraction phytoremediation 
would have increased and renewed interest. These changes in technology, societal views on 
remediation, as well as increasing flexibility in the legal system would appear to bode well for 
the development of phytoremediation as a viable remediation technology of the future. 
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Chapter 2 

Rhizosphere Ecology of Xenobiotic-Degrading 
Microorganisms 

David E. Crowley, Sam Alvey, and Eric S. Gilbert 

Department of Soil and Environmental Sciences, University of California, 
Riverside, CA 92521 

The rhizosphere fortuitously enhances the population numbers 
and activity of certain microorganisms that degrade xenobiotic soil 
contaminants. This review examines the ecology of degrader 
microorganisms in the rhizosphere, and summarizes prior research 
that has examined the influence of plants on biodegradation of 
chlorobenzoates, chlordane, polychlorinated biphenyls (PCBs), and 
the herbicide atrazine. Degradation rates of most xenobiotics 
examined to date are not significantly influenced by the presence of a 
rhizosphere. However, a major benefit of the rhizosphere may be to 
harbor certain degrader organisms at higher cell numbers, thereby 
shortening the acclimation period. Another benefit may be enhanced 
transfer of degradative plasmids, or in some instances, enhanced 
cometabolism of compounds which can not be directly utilized as 
substrates for microbial growth. 

The use of plant-microbial systems for bioremediation is a rapidly developing 
technology that may be particularly beneficial for in situ treatment of contaminated 
soils (1, 2). Since the late 1970s, sporadic reports have appeared in the literature 
demonstrating that plants may enhance the degradation of several different 
compounds, including organophosphates (5), parathion (4) polyaromatic 
hydrocarbons (5), pentachlorophenol (6) and organic solvents such as 
trichloroethylene (7). However, to date there is very little knowledge of the specific 
mechanisms by which plants influence degrader organisms or the ecology of 
microbial communities that promote xenobiotic degradation. Successful application 
of plant-microbial systems against a wide range of contaminants that occur in the 
field will require that we have a better understanding of how soil microorganisms are 
influenced by the presence of plant roots, and the benefits and limitations of using 
plants to increase the activity of introduced or indigenous xenobiotic degraders. 

20 © 1997 American Chemical Society 
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2. CROWLEY ETAL. Xenobiotic-DegradingMicroorganisms 21 

The most commonly proposed explanation for the influence of plants on 
xenobiotic biodégradation is the general increase in microbial cell numbers and 
microbial activity that occur in the rhizosphere as a result of growth on carbon 
substrates provided by rhizodeposition. However, there are also a number of other 
effects plants might have on the soil microbial community as shown in Figure 1. In 
the rhizosphere, diverse species of heterotrophic microorganisms are brought 
together at high population densities, which may enhance stepwise transformation of 
xenobiotics by consortia, or provide an environment that is conducive to genetic 
exchange and gene rearrangements. 

In some instances, structural analogs of various xenobiotics contained in root 
exudates, cell wall components and lysates, as well as secondary products of 
decomposition of these materials may fortuitously select for microbes that 
metabolize or cometabolize xenobiotics. Evapotranspiration of water by plants also 
may influence the transport of water soluble compounds by increasing their mass 
flow to the root surface where they can be acted upon by the rhizosphere microflora. 
In other instances, it is possible the rhizosphere may have little or no effect on 
degradation of xenobiotics; for example, if a dégrader population is absent from the 
soil or is noncompetitive in the rhizosphere, or if the dégrader organisms can grow 
independently on the substrate such that the presence of the rhizosphere is 
superfluous. Prediction of the rhizosphere effect for a specific compound requires 
knowledge of its chemical characteristics, as well as its likely degradation pathway, 
and an understanding of the influence of plant root growth on the microorganisms 
that are involved in the degradation process. 

Ecology of rhizosphere dégrader organisms 

Although details of plant effects on xenobiotic degradation are still generally lacking 
for most compounds, several reports have given an indication of the various 
processes that may occur in the presence of roots and root exudates. In one of the 
earliest studies on the "rhizosphere effect", Hsu and Bartha (5) reported that the 
presence of plants or irrigation of soil with root exudates enhanced the rate of 
parathion mineralization relative to nonplanted soil. Because viable counts of 
microorganisms on soil extract agar plates were not significantly changed in planted 
or root-exudate-treated soils, population selection and possibly enhanced 
cometabolic activity were concluded to be the most likely mechanisms for the 
increased degradation. However, population estimates of the number of parathion 
degraders and cometabolizers were not conducted. 

In another early study, Sandmann and Loos (8) found very high R/S 
(rhizosphere/bulk soil) ratios of 2,4-D-degrading organisms in sugarcane rhizosphere 
soil, and much lower R/S ratios for African clover rhizosphere soil. The higher R/S 
ratios of 2,4-D-degrading organisms in some soils were too large to be explained by 
the general microbial population increase in the rhizosphere. Thus, the 2,4-D 
degraders appeared to have been selectively enriched in the sugarcane rhizosphere 
soils. Kunc (9) subsequently studied the effect of continuously-supplied, synthetic 
root exudate on changes in the number and proportion of organisms capable of 
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Plant 
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Figure 1. Conceptual model of plant and soil influences on bioavailability and 
biodégradation of xenobiotic soil contaminants by microbial communities in the 
rhizosphere. 
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degrading 2,4-D. After 2 wk, the proportion of 2,4-D degraders in the control soil 
had increased from 9.4% to 77.0 % of the total microbial population, while the 
proportion in the simulated rhizosphere soil increased slightly more from 9.4% to 
93.7%. Since 2,4-D is readily used as a carbon and energy source for growth, 
presumably, the major benefit of elevated dégrader populations in the rhizosphere for 
enhancing 2,4-D degradation would be to shorten the acclimation period prior to 
rapid growth linked disappearance of the herbicide. However, a particular 
mechanism explaining how the biodégradation was enhanced was not identified. 

In comparison to studies involving growth-linked degradation of soil 
contaminants, very few studies have yet examined the influence of the rhizosphere on 
xenobiotic-cometabolizing microorganisms. Fournier (70) quantified 2,4-D-
cometabolizing and metabolizing microbes in soil, which were estimated using a 
most probable number technique employing two types of 2,4-D-containing media. 
The first was a mineral salts medium used to estimate numbers of microbes capable 
of growth on 2,4-D as a sole carbon source (metabolizers). The second was a soil 
extract medium (0.2 g L"1 organic carbon) that was used to estimate microbes capable 
of degrading 2,4-D in the presence of additional carbon sources (cometabolizers). 
The results showed that in soils not previously exposed to 2,4-D, there were much 
higher populations of cometabolizers than microorganisms that were able to use 2,4-
D as a sole carbon source. In soil previously exposed to 2,4-D, however, an increase 
in the number of metabolizers but not cometabolizers was observed. 

These data suggest that in certain instances, plants may fortuitously enhance 
the populations of cometabolizer organisms. This phenomenon may be of importance 
when degraders that are capable of using the xenobiotic as a carbon source are absent 
or have an overly long acclimation period prior to reaching a population size 
necessary for rapid disappearance of the compound. Rates of cometabolism would be 
dependent on the availability of substrates provided by rhizodeposition in different 
root zones, as well induction of the necessary enzymes required for degradation of 
the xenobiotic. On the other hand, in soils that are contaminated with a xenobiotic 
that can be utilized as a growth substrate, and which is present at a concentration that 
is high enough to support active growth of the dégrader populations, plants may do 
little to improve the overall rate of xenobiotic degradation in a soil that is 
continuously exposed to the contaminant. 

Spatial Heterogeneity in Microbial Activity 

In many studies on the rhizosphere effect, a common practice is to compartmentalize 
the soil into rhizosphere and bulk soil fractions, which unfortunately may lead to 
speculative conclusions regarding the effects of plants on biodégradation of soil 
contaminants. For example, rhizosphere soil may be separated from bulk soil by 
pulling plants and shaking the soil that adheres to the roots into a beaker, after which 
it is sieved and placed into flasks for further study. Samples from these fractions 
typically are characterized in terms of viable cell counts on rich agar media, 
microbial activity (e.g., respiration or dehydrogenase activity), and for the ability of 
microorganisms in these fractions to degrade xenobiotic contaminants in 
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experimental systems that no longer include plants. The data are then compared to 
those obtained for bulk soil samples. In some instances, comparisons have been 
made with soils from field locations that apparently could not support plant growth, 
or with soil that did not adhere to the roots, but which had almost certainly been 
subjected to the previous influence of a plant rhizosphere (77, 12, 13). While these 
simple experimental methods are useful for characterizing the short term 
biodégradation potential of microbial communities associated with these crude soil 
fractions, the structural and dynamic nature of the rhizosphere has been destroyed, 
and consequently, the relevance of these data to in situ plant-microbial interactions is 
limited. 

The rhizosphere is commonly perceived as a site of high microbial activity 
and bacterial population numbers. Microbial population densities in the rhizosphere 
are typically measured at 109 cells per gram of soil or root (14), a number as great as 
that obtained in nutrient rich media used to culture cells in the laboratory and 100 to 
1000-fold greater than occurs in bulk soil. However, high numbers do not necessarily 
translate to high activity for all microorganisms associated with the rhizosphere. 
Rhizosphere ecologists have long recognized that much of the rhizosphere is 
oligotrophic, containing stationary phase or very slow dividing bacteria that are 
growth limited by lack of carbon substrates (75). In actuality, the only sites of 
relatively high microbial activity are confined to the root tips or sites of lateral root 
emergence where microorganisms have received a temporary pulse of carbon 
provided by root exudates or root cell lysates. These spatial variations in nutrient 
availability, as well as differences in the composition of plant derived compounds in 
different zones may impact both growth-linked and cometabolic degradation of 
xenobiotics. 

Different root zones can also influence the heterogeneity of the rhizosphere 
community, which reflects microbial succession after the primary colonization of 
new roots. Early studies of the rhizosphere microbial community suggested that 
pseudomonads were the predominant microorganisms associated with plant roots, 
comprising anywhere from 30 to 90% of the culturable organisms isolated on agar 
media (16). More recent studies using media that select for oligotrophic 
microorganisms or DNA probing methods show that there is tremendous diversity in 
the community of microorganisms associated with roots, and that these communities 
vary for different plant species, or even for the same plant species in different soils 
(7 7). Microbial communities associated with individual plants may even differ from 
one root to the next, depending on stochastic events that lead to the successful 
colonization of a particular root by different microorganisms. Redox and gas 
diffusion gradients, as well as the structure and transition of microbial communities 
in a biofilm that extends radially from the root surface further delimit environmental 
conditions that affect microbial transformations of xenobiotics. Lastly, protozoa and 
nematode grazing of bacteria associated with the root surface, results in turnover of 
microorganisms, release of nitrogen mineralized from the microbial biomass, and 
changes in the types and quantities of substrates that are available to competing 
microorganisms in the rhizosphere over time. 
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An illustration of the differences in microbial activity that occur along plant 
roots is shown in Figure 2, in which roots of bean plants were inoculated with a root-
colonizing pseudomonad containing a bioluminescence marker. In this marker, light 
production is regulated by a ribosomal promoter, such that light is produced only 
when the bacterium is actively growing. This organism also carried a plasmid which 
conferred the ability to degrade the recalcitrant xenobiotic, 2,5-dichlorobenzoate 
(18). The soil used for this study had been uniformly inoculated with the dégrader, 
and contaminated with the xenobiotic prior to transplanting the plants into the 
microcosms. After three days, the plants were removed and exposed to x-ray film for 
autophotography to locate actively growing cells. As shown in the Figure 2, growth-
linked bioluminescence of the pseudomonad was apparent only at the root tips and at 
sites of lateral root emergence. Several root tips did not show any bioluminescence 
and were colonized only at very low population densities by the dégrader organism. 
Other locations were found to contain high population densities, but the cells were 
not bioluminescent, indicating that the cells were in stationary phase. 

To further investigate the physiological status of this microorganism in 
different locations of the rhizosphere, we have since developed novel methods to 
quantify the relationship between the starvation state of this bacterium and 
expression of its bioluminescence marker (19). Starvation-related changes in cell 
physiology include a decrease in physiological activity (20), as well as sharp 
decreases in ATP, protein, DNA, and RNA per cell (27). When starved cells are 
subsequently provided with nutrients, one of the first events in their recovery is 
induction of rRNA required for production of new proteins. This leads to an longer 
lag phase in starved cells, which increases in proportion to the degree of prior 
starvation (22, 23). In Pseudomonas fluorescens 2-79RL, stationary phase cells are 
nonbioluminescent, whereas during recovery from starvation the first step prior to 
cell division is to synthesize new ribosome. Since the bioluminescence genes are 
coupled to a ribosomal promoter, the onset of light production marks the end of lag 
phase. In principle, this methodology is similar to other luminescence-based marker 
and reporter systems that have been used to assay the activity of pseudomonads in the 
rhizosphere (24, 25) and in soil (26). 

Typical data showing the physiological status (lag phase duration) and cell 
numbers of P. fluorescens 2-79 are shown in Figure 3. Short lag phases (line graph 
data) are observed primarily at locations behind plant root tips or at sites of lateral 
root emergence, reflecting the relative availability of carbon in these root zones. In 
soil and on older root parts, the lag phase ranges from 3 to 16 h depending on the 
degree of starvation and concomitant reduction in physiological status. Population 
densities (bar graph data) are highest in the zone of elongation 3 cm behind the root 
tip, and decline on the older root parts as the bacterium is displaced by other 
indigenous bacteria that are presumably better adapted to low carbon availability. 
Pulse-labeling by providing the plants with 1 4 C 0 2 allows us to quantify the relative 
amounts of carbon in different roots zones using a modified filter-paper technique. 

These studies show the heterogeneity of the plant rhizosphere in terms of 
physiological status and microbial distribution. Our data also reveal that there may be 
tremendous differences in the physiological status of microorganisms in the 
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Figure 2. Autophotographs of bean roots colonized by Pseudomonas 
fluorescens 2-79 RLD containing a bioluminescence marker. Plants were 
cultured for 3 days and 10 days in soil microcosms containing 10 mg kg"1 2,5-
dichlorobenzoate. Soil was inoculated with 106 cfu g soil. Film exposure times 
were 3 and 36 h for top and bottom autophotographs, respectively. Top: light 
production by actively growing cells at 3 d is associated with most of the root 
surface, but is particularly intense at root tips and sites of lateral root 
emergence. Bottom: After 10 d, light production by P. fluorescens is greatly 
diminished, except at the root tips and at base of the plant stem. 
Copyright 1996 with kind permission from Elsevier Science - NL. 
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ο 
2* 

tip 3 cm yl 
main root 

ol tip 
lateral roots 

Figure 3. Length of lag phase (line graph) and population density (bar graph) of 
Pseudomonas fluorescens 2-79RL in different root zones. Main root: tip 
(seminal root apex); 3 cm (site of highest root exudation distal to root apex); yl 
(young lateral roots, including sites where main root cortex tissue has been 
ruptured by lateral root emergence). Lateral roots: ol (older suberized lateral 
roots); tip (root apex). D
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rhizosphere than under laboratory conditions in rich media where xenobiotic 
degraders are frequently characterized. Although further study is necessary to extend 
these observations, the rapid decline to a status reflecting extreme starvation shows 
that the rhizosphere is a crowded, highly competitive, oligotrophic environment. 

Rhizosphere Effects on Biodégradation of Selected Xenobiotics 

There are a number of compounds that have been examined in studies with 
plants (Table 1). Most of these studies show an increase in the degradation of the 
xenobiotic in planted soil over nonplanted soil, and make a strong case that 
phytoremediation may be useful for cleanup of a variety of soil contaminants. 
However, in addition to demonstrating that there are statistical differences, it is also 
important to consider whether the measured differences have practical significance. 
For example, a difference between 2 and 4 days for disappearance of relatively 
nonrecalcitrant compounds, such as 2,4-D or certain chlorobenzoates, in soil with 
and without plants suggests that compound is not likely a problem in the 
environment provided that dégrader organisms are present (18). At the other extreme, 
it may be possible to show slight increases in rates of disappearance, but the practical 
value of these slight differences may be negligible if excessively long periods are 
required to phytoremediate the soil. 

Recently, there are data from a number of studies that suggest plants may 
have little effect on the actual degradation rates of many xenobiotics, but may still be 
important for enhancing the interim survival of dégrader organisms in soils between 
pulses of contamination, and for shortening the duration of the acclimation period 
prior to appearance of significant degradation activity after a soil has been 
contaminated. Pertinent findings of these studies are summarized in the sections 
below, while comparative data on plant effects on xenobiotic disappearance and 
effects of plants on cell numbers of culturable dégrader organisms or consortia are 
presented in Table 2. 

Chlorobenzoates. In initial research conducted by our laboratory, chlorobenzoates 
were chosen as model compounds for studies on the effects of rhizodeposition and 
selected organic substrates on microbial populations that metabolized the xenobiotic 
for growth in the absence of supplemental carbon, or that degraded chlorobenzoate 
by growth-linked metabolism or cometabolism requiring supplemental nutrients. 
Halogenated benzoic acids have previously been used as model compounds to study 
the degradation and metabolic pathways of other halogenated aromatic compounds 
(33,34). Chlorobenzoates can either be cometabolized (35-38) or used as a sole 
source of carbon and energy (39-42). Monosubstituted chlorobenzoates are only 
moderately recalcitrant, allowing degradation studies to be conducted in a period of 
several weeks. Along with being model compounds, chlorobenzoates are themselves 
environmental contaminants. They occur as a result of the use of chlorobenzoate-
based pesticides (40, 43), as breakdown products of other classes of pesticides (44) 
and as metabolites of polychlorinated biphenyl degradation (45). 
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Table 1. Rhizosphere Studies on Xenobiotic Degradation 

Reference Compound Rhizosphere Effect 

Reddy, 1983 (4) 
Hsu, 1979 (5) 

parathion Rate of mineralization was 
increased in both studies; the 
former a 4 fold increase with a 
mineralization of 23% in 15 days. 

Walton, 1990(7) TCE, trichloroethylene Increased mineralization in 
rhizosphere soil, but overall rates 
for both rhizosphere and bulk soil 
were slow. 

Haby, 1996 (72) 3-chlorobenzoate Increased numbers of degraders, 
and shorter lag phase until 
disappearance of the compound. 

Brazil, 1995(27) biphenyl inserted bph genes into a 
rhizosphere pseudomonad 

Krueger, 1991 (28) dicamba (3, 6-dichloro-
2-methoxybenxoic acid) 

Faster disappearance in planted 
soil, plants protected by 
inoculation with degraders. 

Aprill, 1990 (5) polyaromatic 
hydrocarbons 

Higher rate of disappearance in 
planted soil. 

Hsu, 1979 (5) diazanon 5% mineralization in bulk soil, 
13% in planted soil. 

Sandmann, 1984 (8) 2,4-D Higher R/S ratios of 2,4-D 
degraders in sugarcane. 

Ferro, 1994 (6) phenanthrene No change in mineralization in 
planted verses nonplanted soil 

Ferro, 1994 (6) pentachlorophenol 24% mineralization in planted 
soil verses 6% in nonplanted. 

Singh, 1991 (29) chlordane, heptachlor 
aldrin 

Similar persistence in cropped 
verses noncropped fields. 

Siebert, 1981 (50) 
Mandelbaum 1993 (75) 
Anderson, 1995 (57) 

atrazine Formation of hydroxyatrazine in 
the corn rhizosphere. Enrichment 
cultures from roots mineralized 
atrazine more slowly. Anderson, 
demonstrated mineralization in 
rhizosphere enrichment cultures, 
but rates for nonrhizosphere soil 
were not reported. 
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Table 2. Influence of Plants on Degradation Rates of Selected Xenobiotics and 
Final Population Numbers of Culturable Dégrader Organisms 

Chemical % Disappearance Dégrader Cell Numbers* * Plant 
No plants Plants No Plants Plants 

3-CB* 100 100 5 x l 0 4 1 χ 107 ryegrass (12) 
2,5-DCB 63 100 5x 102 8 x l 0 4 bean (18) 
chlordane 0 0 0 0 Bermuda grass 
4,4'-DCDB <1 <1 9 x l 0 6 1.8 x lO 7 ryegrass 
atrazine 84 71 270 8100 com (32) 

•Abbreviations: 3-CB 3-chlorobenzoate; 2,5-DCB 2,5-dichlorobenzoate; 4,4-DCDB 
4, 4'-dichlorobiphenyl (PCB). **Microcosms were bioaugmented with P. fluorescens 
2-79RLD for experiments lasting 14 to 21 d with 2,5-DCB, and with Arihrobacter sp 
BIB in 50 d studies with 4, 4-DCDB. Atrazine disappearance was measured as 
mineralization (14CC>2). Atrazine dégrader cell numbers are based on most probable 
number assays of an atrazine-degrading bacterial consortium after 4 wk. 3-CB 
degradation was studied for indigenous microorganisms after 6 months in soil 
continuously exposed or nonexposed to the xenobiotic; chlordane biodégradation 
experiments were conducted with soil containing an indigenous microflora that had 
been exposed to ca 100 ppm chlordane for several years. 
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3-Chlorobenzoate. Experiments were conducted with soil containing indigenous 
microorganisms capable of degrading the model compound 3-chlorobenzoate (3-CB) 
(72). The results showed degradation of 3-CB in 1:1 soil:water slurries from ryegrass 
rhizosphere soil that had not been previously exposed to 3-CB had a faster initial rate 
of 3-CB degradation than nonrhizosphere soil. This rhizosphere effect could be 
simulated in nonrhizosphere soil using glucose, mannitol, or benzoate. A long term 
experiment further showed that the population size of microorganisms that degraded 
3-CB in the absence of supplemental carbon (catabolizers), and those that degraded 
3-CB in the presence of supplemental carbon, e.g., via growth-linked metabolism or 
cometabolism, were enriched by 40- and 250-fold, respectively, in rhizosphere soil. 
In contrast, planted and nonplanted microcosms that were repeatedly exposed to 3-
CB over 24 wk were similarly enriched for 3-CB degraders, which had a MPN of 4 χ 
108 g"1 soil. Our results suggested that under conditions where there is not constant 
exposure of the microbial population to 3-CB as a carbon source, carbon provided by 
rhizodeposition may enhance the population numbers of microorganisms that 
degrade 3-CB by cometabolic or growth-linked metabolism, and thereby promote 
rapid depletion of 3-CB from soil during short term or low level exposure to the 
xenobiotic. 

2,5-Dichlorobenzoate. 2,5-DCB is normally a highly recalcitrant substrate 
and was not significantly degraded in soil unless the soil was bioaugmented with a 
dégrader bacterium. Genes for catabolism of this compound are carried on a catabolic 
plasmid pPBl 11, which was originally isolated from Pseudomonasputida P i l l , and 
transferred by conjugation to P. fluorescens 2-79RL (18). The major benefit of the 
plant rhizosphere was to promote a greater rate of degradation and to improve long-
term stability of the plasmid in P. fluorescens 2-79 RLD. Part of the difference in the 
rate of 2,5-DCB disappearance appeared to be due to plant uptake of the compound, 
but the major effect appeared to involve enhancement of degradation activity. In the 
presence of plants, the xenobiotic was completely mineralized after 4 days, whereas, 
in nonplanted soil 2,5-DCB disappeared after 7 days to 14 days. One possibility for 
the enhanced disappearance rate may have been that the plasmid was more stably 
maintained in the rhizosphere, which is supported by the fact that most of the 
introduced bacteria continued to carry the plasmid even after the 2,5-DCB substrate 
was gone. Another benefit may have been enhanced transfer of the degradative 
plasmid to the indigenous microflora (18). 

4,4f-Dichlorobiphenyl. A microcosm study was conducted to investigate the 
influence of the ryegrass rhizosphere on polychlorinated biphenyl (PCB) 
biodégradation. Each microcosm contained 100 g of 4,4'-dichlorobiphenyl 
contaminated soil (100 mg kg"1), selected as a model PCB congener (46), and 
received a single inoculation with Arthrobacter sp. strain BIB, a natural soil 
bacterium isolated after enrichment on biphenyl and known to cometabolize PCBs 
(47). The inoculated populations declined approximately 10-fold over 50 days with 
respect to the initial cell densities in both the planted and unplanted treatments; the 
cell densities at the conclusion of the experiment were not statistically different 
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(p<0.32; Table 2). Trace amounts (<1 ppm) of 4-chlorobenzoate (4-CB), a metabolic 
intermediate of aerobic cometabolism of 4,4'-dichlorobiphenyl, were detected in both 
microcosms. The presence of 4-CB indicated that a biologically-mediated 
transformation occurred; however, there were no differences between the planted and 
unplanted treatments. Although a well-developed rhizosphere was established in the 
planted microcosms, the results of our study found that this was not sufficient to 
promote cometabolism of the model PCB. These results support the concept that 
phytoremediation of recalcitrant compounds via bacterial cometabolism will only be 
effective if the plants provide a substrate which increases production of the requisite 
enzymes involved in catabolism of the target compound. 

Atrazine. Among the various xenobiotics that may have enhanced degradation in the 
rhizosphere, atrazine is a particularly good candidate since, like most hydrophobic 
compounds, it accumulates on clay and organic matter in the upper soil horizon 
occupied by plant roots. At normal application rates, it is present at relatively low 
concentrations that may preclude the growth and maintenance of an effective dégrader 
population size (48). This latter problem is particularly problematic for atrazine, 
which has a highly oxidized triazine ring that provides no energy for microbial growth 
(49) Thus atrazine-degrader organisms can only acquire energy by utilizing carbon in 
the side chains attached to the ring or by growth on other carbon compounds 
contained in soil organic matter or root exudates. Atrazine has also been shown to 
serve as a nitrogen source for microbial growth (50-52), which may be enhanced by 
plant uptake of nitrogen and simultaneous deposition of carbon, thereby providing a 
selective advantage for microorganisms that are able to derive nitrogen from the 
triazine ring. 

Recent studies in our laboratory have shown that despite optimistic scenarios 
for enhanced atrazine biodégradation in the rhizosphere, that rates of atrazine 
biodégradation were not significantly improved by the presence of plants when 
atrazine degraders were added to soil at a high population density (32). 
Bioaugmentation of soil contaminated with 6 ppm atrazine resulted in mineralization 
ca. 75-80% of that applied in 4 wk in the presence or absence of plants. The only 
benefit of the plants was to slow the decline in population size of the consortium over 
that which occurred in bulk soil without plants. Thus if atrazine degraders were ever 
utilized for removing atrazine residues at the end of a growing season, there might be 
some benefit to utilizing plants in conjunction with bioaugmentation. This might also 
be employed for bioaugmentation of riparian strips to reduce atrazine runoff into 
surface waters. However, these data again point to the consistent observation that the 
primary benefit of the rhizosphere is to harbor the dégrader organisms at a larger 
population size that may shorten the acclimation period rather than enhancing the 
actual rate of degradation by the dégrader organisms. 

Data from our experiments showed that com plants themselves may have 
been responsible for transformation of the parent compound to nonphytotoxic 
hydroxyatrazine, since high levels of hydroxyatrazine accumulated in the rhizosphere 
even under axenic conditions. Differences in the level of hydroxyatrazine formation 
between greenhouse and growth chamber experiments further revealed the 
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importance of environmental conditions on the rate of hydroxyatrazine 
transformation mediated by plants (32). Further incubation of the planted soils under 
fallow conditions demonstrated that hydroxyatrazine was a relatively transient 
molecule with subsequent formation of hydroxylated N-dealkyl metabolites (32). 
These data highlight some of the complexity that must be considered in evaluating 
disappearance of xenobiotics from soil or in characterizing rhizosphere effects on 
biodégradation by soil microorganisms. 

In soils where atrazine is present at concentrations that will support direct 
growth of a dégrader population it has been shown that bioaugmentation results in 
high levels of degradation. Mandelbaum and coworkers inoculated soils from a 
hazard waste site (51) and found ca. 65% disappearance of the atrazine upon 
inoculation with the atrazine mineralizing Pseudomonas sp. in 3 wk (51). Other 
studies have demonstrated similar rates of mineralization of atrazine in soil, Alvey 
and Crowley found 60 % mineralization of 1000 ppm of atrazine in soil after 
inoculation with a consortium and Kontchou and Gschwind found 60 % 
mineralization of 10 ppm in soil (32, 53). These data suggest that bioaugmentation 
alone might be sufficient for remediation of atrazine contaminated soils. 

Future Directions 

The successful application of plant-microbial systems to bioremediation 
problems requires an understanding of rhizosphere ecology to predict the ways in 
which plants influence microbial biodégradation of specific xenobiotics. There are 
numerous scenarios by which plants might affect the biodégradation process. As 
reviewed by Alexander (54) there are several aspects of biodégradation which can be 
considered independently; including acclimation, microbial population sizes and 
growth kinetics, bioavailability, and environmental factors, all of which contribute to 
the rate of degradation. In some instances, plants might directly influence 
biodégradation by promoting growth-linked degradation or by enhancing 
cometabolism via rhizodeposition of cosubstrates that induce the enzymes for 
catabolism of soil contaminants. Plants may also have an indirect influence on 
biodégradation processes; for example, by creating microenvironments that are 
conducive to increased genetic exchange of degradative plasmids. Finally, plants may 
physically alter the .soil environment for xenobiotic degradation by altering pH and 
redox conditions in the rhizosphere, or by influencing the spatial arrangement of 
microbial communities that develop in the vicinity of plant roots. To optimize the 
processes that control the rates of degradation, it is important to understand the 
specific ways in which plants might influence microbial ecology. 

Although there is increasing evidence that plants may under certain 
conditions enhance the biodégradation of xenobiotics, it should be kept in mind that 
there are also circumstances where plants may have no effect on biodégradation, or 
even inhibit biodégradation. For example, when a compound can be used as a growth 
substrate, there are probably very few instances where plants will benefit the 
degradation rate if the indigenous microflora has already acclimated to the substrate. 
This was observed in our studies with chlorobenzoates and atrazine. Even in 
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experiments with 2,5-DCB, the primary factor causing disappearance of this 
recalcitrant compound was bioaugmentation with a dégrader organism, not the 
effects of plants on the activity of this dégrader. 

The importance of plants for harboring dégrader organisms in the 
rhizosphere, and thereby shortening the acclimation phase, also has to be considered 
in relation to the bioremediation problem. For instance, this effect of the rhizosphere 
is probably not relevant for phytoremediation of waste sites in which the indigenous 
microflora have already been subject to long term exposure to the contaminant. On 
the other hand, if the degradation process is dependent on specific plant exudate 
components or other rhizodeposition products for cometabolism, the rhizosphere 
may exert a real effect on the disappearance of the contaminant, provided that the 
cometabolizers have first access to this substrate. In some cases, there may also be a 
priming effect in which the rhizosphere fortuitously enhances the growth of a 
dégrader organism to a population size that subsequently becomes effective for 
metabolizing a contaminant otherwise present at a level too low to support growth of 
the dégrader. 

By knowing the rate limiting factors that control degradation, it is also 
possible to speculate on situations in which bioremediation might be inhibited by 
plants, or influenced by the nutritional management of the plant microbial system. 
For example, in situ bioremediation of petroleum hydrocarbons under nitrogen-
limiting conditions is a case where plants might increase the length of time necessary 
for cleanup. Because the target compound is composed primarily of carbon, 
achieving the most rapid degradation occurs by providing the limiting nutrients that 
permit the carbon to be metabolized (primarily nitrogen and phosphorus), as was 
done following the Exxon Valdez oil spill (55). Because the rhizosphere is relatively 
rich in carbon-containing root exudates, enhanced root exudation could have the 
effect of suppressing metabolism of the target compounds by providing a superior 
source of carbon. On the other hand, if the system is not nitrogen limited, the 
development of an active biofilm of microorganisms on the root surface, in 
combination with bulk flow of contaminants through évapotranspiration, might 
promote more rapid degradation. 

Conclusions 

While it is possible to demonstrate significant rhizosphere effects in the laboratory 
using various model systems, it is also possible to create experimental systems that 
unrealistically demonstrate positive effects of plants on biodégradation. When a 
compound is being considered for cleanup with phytoremediation, it is important to 
consider its bioavailability and the potential pathway by which it will be broken 
down, in order to decide whether plants will be of benefit to the process, and the best 
ways in which the plant-microbial system can be manipulated to achieve this 
purpose. This will likely vary for every class of chemical compounds that are 
targeted for remediation, but will provide a rational approach that considers the 
ecology of soil microorganisms and the influence of the plant rhizosphere on their 
growth and activity. 
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Chapter 3 

Aromatic Nitroreduction of Acifluorfen in Soils, 
Rhizospheres, and Pure Cultures of Rhizobacteria 

Robert M . Zablotowicz, Martin A. Locke, and Robert E. Hoagland 

Southern Weed Science Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, P.O. Box 350, Stoneville, MS 38776 

Reduction of nitroaromatic compounds to their corresponding amino 
derivatives is one of several pathways in the degradation of nitroxenobiotics. 
Our studies with the nitrodiphenyl ether herbicide acifluorfen showed rapid 
metabolism to aminoacifluorfen followed by incorporation into unextractable 
soil components in both soil and rhizosphere suspensions. Aminoacifluorfen 
was formed more rapidly in rhizospheres compared to soil, which can be 
attributed to higher microbial populations, especially of Gram-negative 
bacteria. We identified several strains of Pseudomonas fluorescens that 
possess nitroreductase activity capable of converting acifluorfen to 
aminoacifluorfen. Factors affecting acifluorfen nitroreductase activity in pure 
cultures and cell-free extracts, and other catabolic transformations of 
acifluorfen, ether bond cleavage, are discussed. Plant rhizospheres should 
be conducive for aromatic nitroreduction. Nitroreduction by rhizobacteria is 
an important catabolic pathway for the initial degradation of various nitro-
herbicides and other nitroaromatic compounds in soils under phytoremediation 
management. 

Nitroaromatic compounds are of environmental concern because they represent a class of 
chemicals that are widely used as herbicides, explosives, pharmaceuticals and industrial 
chemicals. Understanding their biotransformations can lead to more effective management 
techniques to minimize their persistence and subsequent environmental contamination. 
Phytoremediation is an environmentally desirable approach for remediating contaminated 
matrices (1). Enhanced degradation of xenobiotics under phytoremediation strategies can be 
due to both uptake and transformation by the plant as well as by the general rhizosphere 
effect that enhances a microbial community capable ofbiodegrading the contaminant (2,3). 

Several mechanisms are possible in bacterial transformations of nitroaromatic 
compounds: oxidative pathways, reductive pathways and partial reductive pathways. 

38 This chapter not subject to U.S. copyright. Published 1997 American Chemical Society 
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Nitrophenols can undergo an oxidative liberation of nitrite and replacement by a hydroxyl 
group prior to ring cleavage and complete mineralization (4, 5). Reductive pathways are 
mediated by the enzyme nitroreductase which transforms the nrtro moiety to the corresponding 
amino derivative. Aromatic nitroreductases have been widely studied in gastrointestinal 
microflora, especially in anaerobic bacteria such as Bacteroides (6), Clostridium and 
Eubacterium (7) and in certain aerobic and facultative anaerobic bacteria, i.e., Nocardia 
and Pseudomonas fluorescens (8) Escherichia coli (9), Enterobacter cloacae (10) 
Mycobacterium sp. (11) and Salmonella typhimurium (12). However, little attention has 
been given to the contribution of this enzyme to biotransformations of nitroherbicides by 
terrestrial bacteria. 

Acifluorfen, 5-[2-cMorc-4-(trifluorometh^ acid, is a widely 
used herbicide in soybean, peanut and rice production to control many broadleaf and certain 
grass weeds (13). The major degradation metabolite of the nitrodiphenyl ethers observed in 
soil, especially under low redox conditions, is the amino derivative (14-17). Limited studies 
on the degradation of acifluorfen in soil are available in the literature. The half-life of acifluorfen 
can range from 23 to 122 d in soil (18). Recently, the ability of mixed bacterial cultures to 
degrade acifluorfen under anaerobic (19) and aerobic conditions (20) has been reported with 
aminoacifluorfen as the major accumulating metabolite under both conditions. 

Enhanced degradation of the nitroaromatic herbicide trifluralin has been reported in 
rhizospheres of tolerant plants colonizing pesticide-contaminated sites (21). Little is known 
about the fate of other nitroaromatic herbicides in the rhizosphere. In this report we examined 
the potential for metabolism of acifluorfen in soils, rhizospheres, and pure bacterial cultures. 
This information may be useful in exploiting the potential of enhanced degradation of 
nitroaromatic herbicides in the rhizosphere for phytoremediation. 

Materials and Methods 

Chemicals. Acifluorfen, (free acid, technical grade) was obtained from Chem Service (West 
Chester, PA). Radiolabeled acifluorfen, -̂(UL)-4-trinuoromethyl-2-cWoropheiiol-ring label 
(99% purity, 667 MBq mmol1 specific activity), aminoacifluorfen, decarboxyacifluorfen, and 
4-trifluoromethyl-2-chlorophenol (TFMCP) were obtained from BASF (Berlin, Germany 
and Research Triangle, NC). NADH, NADPH, FMN, and 2-nitrobenzoic acid (2-NBA) 
were from Sigma Chemicals (St. Louis, MO). 

Degradation of acifluorfen in soil and rhizosphere suspensions. Soil (Dundee silt loam) 
with a long-term history of acifluorfen application (10 yr) and soybean (Glycine maxL. 
Merr.) roots were collected from a field near Stoneville, MS. Loosely adhering soil was 
removed upon excavation and approximately 3 kg of roots and rhizosphere soil were collected. 
Soil, to a depth of 15 cm, was collected from areas free of vegetation. Outer rhizosphere soil 
was removed by shaking and gently brushing the roots with a camel hair brush. Root-free 
and outer rhizosphere soil was sieved (2-mm sieve) to remove coarse material and nodules 
were removed with forceps. Inner rhizosphere soil was removed from the processed roots 
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by vigorous shaking in 2.5 L potassium phosphate buffer (0.125 M, pH 7.0) for 2 h followed 
by mild sonication in a sonicator bath. The inner rhizosphere soil suspensions were concentrated 
by centrifugation (13 k χ g, 20 min.) and resuspended in a final volume of225 ml phosphate 
buffer that contained 6.23 mg of soil (oven dry weight ml1). Five g (oven dry weight equivalent) 
of root-free and outer rhizosphere soil were added to sterile 25 ml centrifuge tubes, and 
phosphate buffer was added to a final volume of 3.0 ml water. Eight ml (500 mg of soil) of 
inner rhizosphere soil suspension were added to the tubes. Eight ml of 3 0 μΜ acifluorfen (free 
acid) solution prepared in phosphate buffer containing 3250 Bq 1 4C- labeled acifluorfen was 
added to each tube. Eighteen tubes were prepared for each soil sample with 2 replicates 
sampled at time of treatment and four replicates each at 24,48,96 and 144 h after treatment. 

Aqueous soluble 14C-material was recovered by centrifugation (9.75 kxg, 10min). 
Acifluorfen and metabolites were further recovered from soil by a 24-h extraction with 10 ml 
methanol and a second 24-h extraction with 10 ml methanol:NaOH(0.5 N) 95:5 (v:v). Each 
fraction was weighed and recovery of 1 4C was determined from duplicate aliquots by liquid 
scintillation spectroscopy using Ecolume cocktail. Each corresponding extract was diluted 
with water, acidified with HC1 (pH 3.0), and then passed though a C-18 column. Acifluorfen 
and metabolites were eluted from the C-18 column with 4.0 ml methanol. Methanol extracts 
were concentrated as needed under N 2 and analyzed by RAD-HPLC and RAD-TLC. 

Bacterial populations were determined in soil suspensions prepared as above, except 
non-radioactive acifluorfen solution was used. Total aerobic heterotrophic bacteria, Gram-
negative bacteria and fluorescent pseudomonads were enumerated by serial dilution and spiral 
plating on appropriate media as described elsewhere (22). Three replicates of root-free and 
outer rhizosphere suspensions, and four replicates of inner rhizosphere suspensions were 
evaluated at 0,24,48,96 and 144 h after treatment. 

RAD-HPLC and RAD-TLC Analytical Methods. A Waters (Waters, Milford, MA) 
HPLC system (Model 510 pump, 712 WISP autosampler, 490EUV detector, System Interface 
Module) with an Altima C-18 reversed phase column (5 μΜ, 250 mm) (Deerfield, IL) was 
used. Mobile phase conditions were 1.0 ml min1,60:40 isocraticacetonitrile^OipHS^ 
adjusted with H^PO^. Acifluorfen and metabolites were monitored using UV detection (230 
nm) and 1 4C was monitored using a Beta-Ram detector (INUS Systems Inc., Tampa, FL). 
HPLC retention times were: acifluorfen = 10.1 min, aminoacifluorfen = 13.0 min, and TFMCP 
= 8.5 min. 

TLC was conducted on silica gel plates (250 μΜ thickness) with fluorescent indicator 
(Whatman, Clifton, NJ). Two solvent systems were used for acifluorfen and metabolites : A= 
ethyl acetate:toluene:acetic acid:water (50:50:1:0.5) and Β=ethyl acetate: hexane:acetic acid 
(95:5:1). Acifluorfen had Rvalues of 0.20 (A) and 0.35 (B); aminoacifluorfen had Rj. values 
of 0.35 (A) and 0.65 (B), TFMCP R f = 0.75 (A) and 0.90 (B); and decarboxyacifluorfen 
R f = 0.95 (A) and 0.98 (B). Radioactivity in chromatograms was analyzed with a Bioscan 
System 200 imaging Scanner (Bioscan, Washington, DC). 
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Acifluorfen Metabolism by Pure Cultures of Bacteria. Acifluorfen metabolism by 
pure bacterial cultures were evaluated in several Pseudomonas fluorescens strains BD4-
13, UA5-40, (23), and RA-2 (22) that have been shown to possess other herbicide 
catabolic pathways. Additionally, Enterobacter cloacae strain ATCC 43560 previously 
reported to have aromatic nitroreductase activity (10) was also evaluated. In all studies, 
bacterial strains were grown on tryptic soy broth (TSB) for 48 h, cells were harvested by 
centrifugation (9.75 k χ g, 10 min.), and washed twice in potassium phosphate buffer (KPi, 
0.05M,pH7.6). Washed cells were resuspended in KPi to cell concentrations of optical 
density (o.d.) 10.0 to 16 determined at 660 nm [ca. 4.2 to 5 mg cells dry weight ml-1]. In 
some studies frozen cell suspensions (-5° C) were used for preparation of cell-free extracts. 
Cultures of ATCC 43560 were also grown in the presence or absence of 50 μΜ 2-
nitrobenzoic acid (2-NBA) to assess possible induction of acifluorfen nitroreductase. 

Initial studies assessed acifluorfen metabolism in cell suspensions by BD4-13, RA-
2, UA5-40 and ATCC 43560. Cell suspensions (500 μλ, o.d. = 10, about 2 mg cells) 
were placed in 2.0 ml polypropylene microcentrifuge tubes. Then a stock solution of technical 
grade acifluorfen and 1 4C- labelled acifluorfen were added to achieve a concentration of 8 
or 80 μΜ and 4,000Bq ml1 in a final volume of750 μλ. KPi with acifluorfen was included 
as a control. The tubes were capped, contents were vigorously mixed, and incubated statically 
at 30 °C. Aliquots (150 μλ) were removed periodically, transferred to microfuge tubes, 
then 300 μλ of methanol and 15 ul sonication for 15 min. The suspension was clarified by 
centrifugation (22 kx g, 10 min), and the supernatant analyzed by either RAD-TLC and/or 
RAD-HPLC as previously described. 

The effects of aeration on acifluorfen metabolism by BD4-13 and RA-2 were 
evaluated in cell suspensions and TSB cultures. Cell suspensions (4.0 ml) ofBD4-13 (o.d. 
= 16,17 mg ml1], and RA-2 (o.d. = 12,5 mg ml1], were placed in sterile centrifuge tubes 
(25 ml) and 4.0 ml of sterile unlabeled acifluorfen (320 mM in KPi) was added, and the 
tubes loosely capped. Duplicate tubes were incubated statically at 28 °C, and two replicate 
tubes were incubated on a rotary shaker at 150 rpm at 28 oC. Erlenmeyer flasks (250 ml) 
containing 20 ml of 50% strength TSB and 160 mM acifluorfen were inoculated with 1.0 ml 
of the same cell suspensions of BD4-13 and RA-2. Duplicate flasks of each strain were 
incubated at both aeration regimes. Following a 24 h incubation, 2.0 ml aliquots were 
removed, acidified with 200 μλ of 1.0 N HC1, and phase-extracted twice with 8 ml of 
methylene chloride. The combined methylene chloride extracts were concentrated to 4 ml 
under N 2 and analyzed by HPLC. 

The effects of preconditioning cells under microaerophilic conditions and exposure 
to 2-nitrobenzoic acid as an inducer of acifluorfen metabolism were investigated in strain 
RA-2. Cell suspensions (10 ml, od = 10,4.2 mg ml1], were placed in sterile screw cap 
Erlenmeyer flasks (25 ml). Then 2.0rnlof200mM2-NBAinKPior2.0mlofKPiwas 
added, and flasks were loosely capped. The flasks were incubated on a rotary shaker (150 
rpm, 28 °C) or incubated statically at 28 oC, three replicates per treatment. Following a 24 
h incubation, acifluorfen metabolism was evaluated in whole cells or cell-free extracts (cfe). 
Whole cell assays were conducted in 4 ml conical vials with a screwcap with septum 
containing 700 μΐ of cells and acifluorfen in a final volume of 1.0 ml and a final concentration 
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of 75 μΜ acifluorfen, with four replicates per treatment. KPi controls were included for 
both assays. Following 2.5 h incubation the reaction was terminated by addition of 250 μΐ 
of 1.0 N HC1 and 3 ml of methanol. The suspensions were extracted as described above 
and analyzed by HPLC. Cfe's were prepared by sonication as described elsewhere (23). 
Acifluorfen nitroreductase assays were conducted in 4.0 ml conical vials containing 700 μΐ 
of cfe (approximately 1.0 mg protein), 75 nmol acifluorfen, 320 nmolNADH, and 10 nmol 
FMN in a final volume of 1.0 ml under a N 2 atmosphere for 2.5 h. These reductant 
concentrations (320 μΜ NADH and 10 μΜ FMN) are similar to those used by others 
(10,11). Assays were terminated with 250 μΐ of 1.0 N HC1 and 3 μΜ of methanol and 
analyzed like the whole cell suspensions. 

Further studies on acifluorfen nitroreductase activity were conducted on cfe's of P. 
fluorescens strains RA-2, UA5-40, and EC43560 to ascertain the role of reductant co-
factors and oxygen. Assay mixtures contained approximately 125 μΐ cfe (0.3 to 0.38 mg 
protein), 14.22 nmol of acifluorfen (4000Bq) in a final volume of208 μΐ. Cfe's treated with 
reductant included 64 nmolNADH (320 μΜ) and 2.08 nmol of FMN (10 μΜ) in a final 
volume of208 μΐ. Three replicates of each treatment per strain were incubated under a N 2 

atmosphere or air for 2 h at 28 oC. Assays were terminated with a similar ratio ofHCl and 
methanol as described above, and extracted by sonication prior to analysis by TLC. 

Kinetics parameters of aerobic acifluorfen nitroreductase activity were determined 
in cfe's ofRA-2 and UA5-40. Mcrofuge tubes contained 125 μΐ cfe (RA-2=0.32, UA5-
40=0.38 mg protein), and 0.2 to 3.02 nmol of acifluorfen (2000 Bq) in a final volume of 
200 μΐ ofKPi, with three replicates per concentration The reaction was initiated by substrate 
addition, mixed vigorously, and incubated at 28 oC under static conditions for 2 h. The 
reaction was terminated by addition of 20 μΐ 1.0 N HC1 and400 μΐ methanol, and extracted 
as described above. Production of aminoacifluorfen and TFMCP was determined by RAD-
TLC. Kinetic parameters (Km and V ^ J were determined from the Michaelis-Menten 
equation using a nonlinear regression model. 

Results and Discussion 

Acifluorfen Metabolism in Soil and Rhizosphere Suspensions. Acifluorfen (I; see 
Fig. 5 for structures of parent and metabolites) was rapidly degraded in rhizosphere and 
root-free soils (Fig. 1 and 2). After a $ d incubation no acifluorfen was recovered from inner 
or outer rhizosphere soils, and 32 % recovered from root-free sou. Because different amounts 
of soil were used in the inner rhizosphere studies (500 mg) compared to 5.0 g for root-free 
and outer rhizosphere soils, only limited comparisons can be made. Half-lives for acifluorfen 
were 1.3 d in inner rhizosphere soil, 2.5 d in outer rhizosphere soil, and 4.5 d in root-free 
soil. Metabolism of acifluorfen by soil and rhizosphere suspensions produced one major 
metabolite (Fig. 1 and 2). This compound has been identified as aminoacifluorfen, based 
upon co-chromatography with an authentic pure standard in HPLC and TLC analyses in 
two solvent systems. Based on production of aminoacifluorfen, reduction of the nitro moiety 
proceeded more rapidly in inner rhizosphere > outer rhizosphere > root-free soil (Fig. 1 and 
2). Rapid incorporation of 1 4C into methanol and alkaline methanol-unextractable residues 
in the sou was concurrent with aminoacifluorfen formation Throughout the study, significantly 
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PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

0 1 2 3 4 5 6 7 
Incubation (d) 

Figure 2. 1 4 C- Acifluorfen transformations in inner rhizosphere suspensions. 
Acifluorfen (solid line), aminoacifluorfen (dashed line), unextractable (dotted line) 
over a 6 d incubation. 
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3. ZABLOTOWICZ ETAL. Aromatic Nitroreduction of Acifluorfen 45 

greater amounts of the applied 1 4C were incorporated into unextractable material in outer 
rhizosphere soils than in root-free soils. During the course of the incubation, two other 
metabolites (TFMCP and decarboxyacifluorfen) were found in methanol extracts (each less 
than 2% of total 1 4C applied). Decarboxyacifluorfen was also found in sterile acifluorfen 
solution during the incubation and may be a product of photolysis (24). Since we used only 
1 4C label in one of the two acifluorfen rings, we are only able to account for the fate of the 
trifluoromethyl, 2-chlorophenol ring. The basic degradative pathway for transformation of 
acifluorfen in soils and rhizospheres appears to be initial nitroreduction as reported for other 
nitrodiphenyl ether herbicides (14-17), followed by ether bond cleavage and incorporation 
of these products into unextractable humic components. Oxidative coupling reactions for 
incorporation of phenols (25) and anilines (26) into humic acids have been described for 
many pesticide metabolites. 

Table L Aerobic, Heterotrophic Bacterial Populations Associated with 
Root-free Soil, and Outer and Inner Rhizosphere Soil Suspensions 

During a 144 h Incubation 

Ήme Fluorescent Gram-negative Total bacteria* 
(h) pseudomonads* bacteria* 

log (io) cfu g"1 soil 

Root-free soil 
0 4.99 d 6.17 d 7.43 c 

24 5.21c 6.30 d 7.82 b 
48 5.46 b 6.85 b 8.09 b 
96 5.81a 6.85 b 8.10 b 

144 5.96 a 7.13 a 8.17 a 
Outer rhizosphere 

0 6.83 d 7.32 d 8.24 d 
24 7.00 c 7.65 c 8.67 c 
48 7.41a 8.10 b 9.10 a 
96 7.40 a 8.25 a 9.09 a 

144 7.16 b 8.21a 8.79 b 
Inner rhizosphere 

0 8.07 d 9.00 d 9.51c 
24 8.32 be 9.16 b 9.63 a 
48 8.38 a 9.24 a 9.57 ab 
96 8.34 ab 9.08 c 9.41 d 

144 8.26 c 9.08 c 9.36 d 

* Mean of three replicates of root-free and outer rhizosphere soil and four replicates of 
inner rhizosphere soil. Means within a column for a particular soil followed by the same 
letter do not differ at the 95% confidence level. 
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The kinetics of acifluorfen metabolism is dependent on initial microbial populations 
associated with the soil and rhizosphere samples and subsequent population changes 
observed during the incubation (Table I). Numbers of all three classes ofbacteria were 
greatest in inner rhizosphere, with outer rhizosphere populations greater than in root-tree 
soil. Gram-negative bacteria became i.e., in root-
free soil, they accounted for 5 % of the total bacteria initially and 9 % after 6 d. In outer 
rhizosphere soil, Gram-negative bacteria comprised 12 % of the total bacteria initially and 
27% after 6 4 whUeminner rhizosphere sofc^ Fluorescent 
Pseudomonas populations exhibited a similar enhancement as observed in the Gram-
negative bacteria during the study. 

Acifluorfen Metabolism by Pure Cultures of Rhizobacteria. Several strains of 
rhizosphere competent/! fluorescens strains were capable of transforming acifluorfen to 
aminoacifluorfen in resting cell suspensions under static (microaerophilic) conditions (Fig. 
3). Reduction of the nitro moiety proceeded more rapidly in the three P. fluorescens 
strains compared to the Enterobacter cloacae strain. In the three Pseudomonas strains 
incubated in 80 mM acifluorfen, rapid conversion to aminoacifluorfen was observed initially 
during the incubation, followed by a period of lower activity. Similar patterns of 
aminoacifluorfen reduction were noted in enrichment cultures (19), which was attributed 
to either insufficient reductant or possible toxicity of aminoacifluorfen. No metabolites 
other than aminoacifluorfen were observed in any of these strains at this concentration. A 
more complete reduction of acifluorfen was observed when either strain RA-2 or UA5-
40 was incubated in 8 mM acifluorfen (Fig. 3). Only strain UA5-40 produced TFMCP, 
at about 3 % of the initial 1 4C after 20 h at 8 μΜ acifluorfen (data not shown). Isolates 
obtained from enrichment cultures capable of acifluorfen nitroreduction (27) have been 
characterized as spore-forming bacteria (Bacillus thuringiensis, Clostridiumperfiinges 
and C. sphénoïdes). Our work indicates that this transformation can also be mediated 
by obligate aerobic organisms; i.e., P. fluorescens, and that perhaps this transformation 
may be mediated by a wide variety ofbacteria as has been suggested for other nitrodiphenyl 
ether herbicides (15). Ε cloacae ATCC 43560, has aromatic nitroreductase activity on 
a wide range of substrates including trinitrotoluene and nitrobenzoic acid (10), in addition 
to acifluorfen as demonstrated in our study. Thus, acifluorfen may be a substrate for 
nitroreductases from many sources. The nitroreductase of ATCC 43560 is considered 
inducible (10). However in our studies, exposure to2-NBA, prior to acifluorfen exposure 
had no effect on acifluorfen reduction (data not shown). Similar low rates of aminoacifluorfen 
reduction (12 % of acifluorfen transformed to aminoacifluorfen in 24 h) were observed 
under both conditions. 

The effects of aeration on formation of aminoacifluorfen by strains BD4-13 and 
RA-2 were evaluated in cell suspensions and TSB cultures (Table Π). Under well-aerated 
conditions, rninimal production of arninoacifluorfen was observed by both strains in either 
cell suspensions or TSB cultures. Although lower amounts of aminoacifluorfen were formed 
by static broth cultures, the cell density was 10%ofthatof cell suspensions. Studies by 
others (19) indicated that acifluorfen reduction was much more rapid under anaerobic 
compared to aerobic conditions. Further studies on acifluorfen metabolism with strain 
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3. ZABLOTOWICZ ETAL. Aromatic Nitroreduction of Acifluorfen 47 

Incubation (h) Incubation (h) 

Incubation (h) Incubation (h) 

Figure 3. Acifluorfen transformations by static bacterial cell suspensions over a 20 
to 22 h incubation. Acifluorfen (solid line), aminoacifluorfen (dashed line). 
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RA-2 evaluated the effects of preconditioning the cells under microaerophilic conditions 
(static incubation) or by exposure to an alternative substrate 2-NBA (Table ΓΠ). Even 
when cell suspensions ofRA-2 were well-aerated, they expressed 75% of the nitroreductase 
activity of statically incubated RA-2 cell suspensions during a 2.5 h microaerophilic assay. 
Prior exposure ofRA-2 cells to 2-NBA under either incubation condition had no significant 
effect on aminoacifluorfen formation by whole cells. However, cfe's obtained from these 
cells had significantly different activities under a N 2 atmosphere. Crude extracts from 
microaerophilic cultures exhibited 51 to 139% greater total activity ml'1 compared to cells 
maintained under well-aerated conditions. Cells previously maintained under well-aerated 
conditions in the presence of 2-NBA had significantly greater acifluorfen nitroreductase 
activity compared to well-aerated cells not exposed to 2-NBA only in total activity (not 
specific activity). Cells exposed to 2-NBA under microaerophilic conditions were not 
different than cells incubated under microaerophilic conditions in the absence of 2-NBA. 
These studies indicate that a certain level of aminoacifluorfen nitroreductase activity in these 
strains is constitutive, however this activity can be stimulated under low oxygen tensions. 

Table IL Production of Aminoacifluorfen in Cell Suspensions and 
TSB Cultures of Strains BD4-13 and RA-2 Incubated Statically or 

Under Well-aerated Conditions 

Incubation condition Aminoacifluorfen formed 
nmole ml1 cells in 22 h 
BD4-13 RA-2 

Cell suspensions, well-aerated 1.0* 1.3 
Cell suspensions, static 52.3 17.6 
TSB culture, well-aerated 0.3 0.4 
TSB culture, static 17.6 6.8 

* Average of duplicate samples 

Table ΙΠ. Effects of Preconditioning Aeration and 2-Nitrobenzoic acid (2-
NBA) on Acifluorfen Nitroreductase Activity of Strain RA-2, in Whole Cell 

Suspensions and Cell-free Extracts 

Precondition Whole Cells Cell-free extracts 
regime nmol aminoacifluorfen formed nmol aminoacifluorfen formed 

mtx cells hrl mtx cfe hl mgproteinr1 hl 

Microaerophilic, 2-NBA 6.96 a* 25.5 a 6.04 a 
Microaerophilic, none 6.67 a 27.0 a 6.37 a 
Aerated, 2-NBA 5.23 b 16.8 b 4.27 b 
Aerated, none 5.17b 11.3 c 4.73 b 

* Mean of three replicates, means within a column followed by the same letter do not 
differ at the 95% level. 
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Aromatic nitroreductases of various bacteria have been shown to require various 
reductants, i.e., NADH and /or NADPH (6, 9-12). Flavin mononucleotide is also an 
important cofactor in many aromatic nitroreductases (6,9-12). We investigated acifluorfen 
nitroreductase activity in cfe's as affected by oxygen and exogenous reductant (NADH or 
NADPH, and FMN) of three bacterial strains ATCC 43560, RA-2 and UA5-40 (Table 
IV). No acifluorfen nitroreductase activity was observed in cfe's of Enterobacter cloacae 
strain ATCC 43560 under any ofthe conditions studied, even when assay conditions were 
extended to 5 h (data not shown). No nonenzymatic nitroreduction observed in acifluorfen 
controls regardless of reductant. In the presence of exogenous reductant (NADH and 
FMN), acifluorfen nitroreductase activity of RA-2 and UA5-40 under air was approx
imately 70% of that under a nitrogen environment, indicating minimal inhibition by oxygen. 
Addition ofNADH and FMN significantly increased aminoacifluorfen formation in strain 
RA-2 under both atmospheres. In strain UA5-40, increased nitroreductase activity due to 
NADH and FMN was observed only under nitrogen. Addition ofNADPH had no effect 
on RA-2 activity but significantly reduced UA5-40 acifluorfen nitroreductase activity. 
TFMCP was produced under most of these assay conditions by both strains. In most 
cases much more TFMCP was produced in cfe's of UA5-40 compared to RA-2, except 
when exogenous NADH or NADPH were added under aerobic conditions. In both strains 
the highest amount of TFMCP was produced when only NADH was added. A general 
mechanism of resistance to the diphenyl ether herbicides in plants is metabolic inactivation 
by a glutathione- or homoglutathione-mediated cleavage of the ether bond (28). This has 
also been observed for the nitrodiphenyl ether herbicide fluorodifen by various rhizosphere 
pseudomonads (23). Aminoacifluorfen is more electrophilic than acifluorfen and may be 
more susceptible to glutathione-mediated cleavage of the ether bond compared to 
acifluorfen. Studies on metabolism of the dinitro herbicide 3,5-dinitro-o-cresol by a 
Pseudomonas sp. demonstrated that one nitro group is initially reduced via nitroreductase, 
followed by hydroxylation, before the second nitro group is reduced (29). 

Table IV. Formation of Aminoacifluorfen and 4-Trifluormethyl-2-
chlorophenol (TFMCP) by Cell-free Extracts of Strains RA-2 and UA5-40 as 

Affected by Atmosphere and Reductant 

Assay conditions Aminoacifluorfen formed TFMCP formed 
Atmosphere :Reductant nmol mg protein hr1 nmol mg protein hr1 

RA2 UA5-40 RA-2 UA5-40 

N2 : NADH and FMN 15.58 a 3.63 a <0.15c 1.25 b 
N 2 : : none 6.97 c 2.59 b 0.57 b 1.04 b 
Air : NADH and FMN 11.22 b 2.67 b 0.18 c 1.07 b 
Air : : NADH 4.80 d 2.31b 2.19 a 1.94 a 
Air : : NADPH 3.52 d 1.60 c 1.40 a 1.61 ab 
An- : FMN 3.94 d 2.55 b <0.15c 1.06 b 
Air: none 3.88 d 2.27 b <0.15c 1.20b* 

* Mean of three replicates, means for a strain within a column followed by the same letter 
do not differ at the 95% level. 
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Aerobic aminoacifluorfen formation in crude enzyme preparations (cfe's) ofRA-2 
and UA5-40 exhibited acifluorfen concentration dependent kinetics (Fig. 4) that can be 
described by me MichaeUs-Menten equation. Apparent kinetic parameters for acifluorfen 
nitroreductase in strain RA-2 and UA5-40 were: K m = 44.2; Vmax = 6.07, and K m = 
60.7 iM; =6.07 nmol mg protein1 hr1, respectively. The apparent Km for acifluorfen 
in these P. fluorescens crude extracts is similar to that reported for 2,4,6- trinitrotoluene, 
but ten-fold lower than that for 2,4-dinitrotoluene and nitrofurazone in a purified 
nitroreductase preparation from Enterobacter cloacae 43560 (10). TFMCP was 
produced at all acifluorfen concentrations in cfe's from UA5-40. In RA-2 preparations, 
TFMCP was consistently observed in all replicates at acifluorfen concentrations up to 50 
μΜ But at higher concentrations, TFMCP formation was inconsistent and/or below levels 
of detection (<2.2 % of total radioactivity) in RA-2. In assays with UA5-40, TFMCP 
production was 24 to 43% of the aminoacifluorfen formed, with the relative amount 
decreasing with increased acifluorfen concentration. Based on this and the previous study, 
it appears that there is competition for reductant between nitroreduction and ether bond 
cleavage. This is evident from studies with cell suspensions, where TFMCP was rarely 
observed except for UA5-40 exposed to 8 μΜ acifluorfen. Coordinate expression of 
both pathways would be highly desirable for remediating matrices contaminated with 
nitrodiphenyl ether herbicides. Data from pure culture and cell-free bacterial metabolism 
and from soil/rhizosphere studies suggest a multi-stepped degradation pathway for 
acifluorfen (Fig. 5). An understanding of the dynamics of reductant (NADH) and GSH 
pools of rhizosphere bacteria in relation to the activity of these enzymes is needed. The 
relationship between expression of nitroreduction and ether bond cleavage is being pursued 
in further studies. 

Implications of Aromatic Nitroreduction in Phytoremediation. Our studies indicate 
that the potential for aromatic nitroreduction of acifluorfen is enhanced in rhizosphere soil 
compared to root-free soil. We did not control redox potential or measure oxygen 
œncentration in our experimental system However, microbial activity, growth and respiration 
in these soil slurries could have reduced 0 2 tensions (especially in a closed system) that 
favored the transformation of acifluorfen to aminoacifluorfen. Studies by others (14-17) 
indicated that formation of aminoderivatives of nitrodiphenyl ether herbicides occurs 
primarily under low redox conditions. Plant rhizospheres have several unique factors that 
would perhaps make expression of nitroreduction more prevalent in rhizospheres compared 
to soil. It has been demonstrated here and in many other studies that microbial populations 
(especially Gram-negative bacteria) are more numerous in the rhizosphere (3,22). Root 
exudation of labile carbonaceous materials enhances microbial activity. Higher microbial 
respiration combined with root respiration would result in lower 0 2 and higher C0 2 

concentrations. Other processes related to reduced 02tension, i.e., denitrification, are 
more active in rhizospheres compared to soil (30,31). Our findings that several Gram-
negative bacteria (P. fluorescens and Enterobacter cloacae) capable of nitroreductase 
activity on acifluorfen indicates this activity is perhaps widely distributed in soil, and especially 
in rhizosphere bacteria. Bacteria with acifluorfen nhroreductase activity ident^ 
study also have activity on other nitroaromatic substrates such as the herbicide trifluralin, 
rdtrophenol, and nitrobenzoic acid (unpublished data). It may be feasible to select specific 
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Acifluorfen (μΜ) Acifluorfen (μΜ) 

Figure 4. Concentration dependent aerobic catabolism of acifluorfen in cell-free 
extracts of Pseudomonas fluorescens strains RA-2 and UA5-40, without 
exogenous reductant. Aminoacifluorfen (solid line), TFMCP (dashed line). 

OH-Anthranilic Acid 

Fgure 5. Proposed degradation pathway for acifluorfen in soils and rhizospheres. 
I = acifluorfen, Π = aminoacifluorfen, ΙΠ= 4-trifluoromethyl-2-chlorophenol 
(TFMCP), IV = glutathione conjugate of anthranilic acid, V = hydroxy anthranilic 
acid. 
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organisms with more unique transformations of certain nitroaromatic compounds; i.e., 
oxidative release of nitrite, or nitroreduction and subsequent ring hydroxylation (29), but 
this has not been observed in enrichment cultures with acifluorfen (18,19). Strains that 
have acifluorfen nitroreductase activity also express other catabolic pathways for 
detoxification of other herbicides, i.e., glutathione conjugation for UA-5-40 andBD4-13 
(23 ), and/or aryl acylamidase, RA-2 (22). Certain algae and higher plants possess 
similar nitroreductases, that may have promise in removal of trinitrotoluene and other 
nitroaromatic contaminants from soil and water (32). It may be possible to exploit both 
microbes and plants in bioremediation approaches. There is intrinsic potential for 
degradation of nitroaromatic compounds in the rhizosphere. Understanding factors 
regulating aromatic nitroreductase activity and maximizing expression of this enzyme(s) 
by rhizosphere microorganisms may lead to practical methods for the removal of 
nitroaromatic contaminants using phytoremediation. 
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Chapter 4 

Atrazine Degradation in Pesticide-Contaminated 
Soils: Phytoremediation Potential 

Ellen L . Kruger1, Jennifer C. Anhalt1, Diana Sorenson1, Brett Nelson1, 
Ana L . Chouhy2, Todd A. Anderson3, and Joel R. Coats1 

1Pesticide Toxicology Laboratory, Department of Entomology, Iowa State 
University, Ames, IA 50011-3140 

2Ministerio de Ganaderia Agricultura y Pesca, Direccion de Sanidad Vegetal, 
Servicios de Laboratorios, Montevideo, Uruguay 

3The Institute of Wildlife and Environmental Toxicology, Department 
of Environmental Toxicology, Clemson University, Pendleton, SC 29670 

Studies were conducted in the laboratory to determine the fate of atrazine in 
pesticide-contaminated soils from agrochemical dealer sites. No significant 
differences in atrazine concentrations occurred in soils treated with atrazine 
individually or combinations with metolachlor and trifluralin. In a screening 
study carried out in soils from four agrochemical dealer sites, rapid 
mineralization of atrazine occurred in three out of eight soils tested, with the 
greatest amount occurring in Bravo rhizosphere soil (35% of the applied 
atrazine after 9 weeks). Suppression of atrazine mineralization in the Bravo 
rhizosphere soil did not occur with the addition of high concentrations of 
herbicide mixtures, but instead was increased. Plants had a positive impact 
on dissipation of aged atrazine in soil, with significantly less atrazine 
extractable from Kochia-vegetated soils than from nonvegetated soils. 

High concentrations of pesticides in soils is a serious problem at agrochemical dealer sites 
where contamination has resulted from inadvertent spillage during mixing and loading of 
chemicals for application to crops. Expensive remediation technologies may not be 
economically feasible tor such dealerships. In addition, biological approaches (bioremediation) 
may be inhibited by the presence of mixtures of contaminants at high concentrations. The 
primary contaminants at many of these sites are herbicides (1); thus, using a phytoremediation 
strategy as an in situ solution for cleanup of these soils is challenging. Studies of pesticide-
contaminated soils from several agrochemical dealer sites have shown encouraging results, 
however, in that certain plants can survive moderate contamination (2). 

It is important to understand how the fate of individual pesticides in soil can be 
influenced by the presence of other pesticides. Pesticide fate studies in soil, however, have 
typically addressed individual compounds only. An additional problem with soils that have 
been contaminated over the course of many years is the decreased bioavailability of the 
compounds for further degradation by biological systems. Compounds that remain in soil for 

54 © 1997 American Chemical Society 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
8,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
4.

ch
00

4

In Phytoremediation of Soil and Water Contaminants; Kruger, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



4. KRUGER ETAL. Atrazine Degradation in Pesticide-Contaminated Soils 55 

an extended time are referred to as aged pesticide residues, with the word residue referring 
to the residual nature of the compound (3). In conducting laboratory studies to better 
understand the fate of pesticides in contamination scenarios, it is important to consider the 
influence of aging the compounds in soil. 

A phenomenon that can occur in soil that has had long-term exposure to chemicals is 
enhanced degradation. When the chemical is applied to soil that has previously been exposed 
to that chemical, accelerated decomposition can occur. This enhanced degradation is induced 
by the prior treatment to the soil, but does not develop in all soils nor with all pesticides. 
Microorganisms able to survive or benefit from the imposed selective pressure will dominate 
and be poised to more rapidly degrade the compound upon the next application (4). In a 
pest-control situation, this is not ideal because failure to control unwanted plants or insects 
can result in financial loss to the farmer. In a contaminated-soil scenario, however, this could 
be a desirable characteristic in that subsequent spills would be more rapidly degraded by the 
selected microbial population. Also, soils with the capability of rapidly degrading a particular 
pesticide are primary candidates for isolation of degrading populations of microorganisms, 
which could be cultured and used in bioremediation approaches, such as bioreactors or on-
site inoculations. 

Phytoremediation of pesticide-contaminated soils is ofgreat interest as an inexpensive, 
on-site alternative to agrochemical dealers. Plants can have a positive influence on removal 
of organic wastes by taking up contaminants into the plant tissue, with the possibility offurther 
metabolism into innocuous compounds. Plants also influence the degradation of contaminants 
as a result of the increased microbial activity associated with the roots (5). A study conducted 
in this laboratory indicated that degradation of a mixture of herbicides was greater in soil 
taken from the rhizosphere of a herbicide-tolerant plant than in soil from a nonvegetated area 
of an agrochemical dealer site (φ. 

Studies were conducted in this laboratory on contaminated soils taken from 
agrochemical dealerships to determine the fate of a herbicide when applied individually or in 
combination with other herbicides, to determine the degradative capabilities of the soils on 
freshly applied herbicide wastes, to determine if the degradative ability could be suppressed 
by high concentrations of pesticide mixtures or if this ability could be transferred from one soil 
to another, and to assess whether plants could have a positive influence on the degradation of 
these wastes. Summaries of results from several experiments are presented in this chapter to 
give an overview of the approach we have taken to solve the problem of remediation of 
pesticide-contaminated sites. 

Degradation of Atrazine Applied in Herbicide Mixtures to Soil From a Pesticide-
Contaminated Site 

Surface soil samples from an agrochemical dealership in Iowa were obtained by using shovels 
to remove the top 15 cm of soil. Samples were placed into large 30-gallon metal drums and 
transported back to the laboratory where they were stored at ambient temperature. Soils 
were sieved (2.4 mm) and mixed well. A subsample of soil was sent to Midwest Laboratories 
of Omaha, NE, for determination of physicochemical properties. Background herbicide 
concentrations were determined by extracting subsamples of soil three times with ethyl acetate 
(2:1 solvent:soil ratio, v/v). Samples were extracted by mechanical agitation for 20 minutes, 
followed by vacuum filtration. Combined extracts were concentrated by rotary evaporation 
and then rediluted to 10 mL. Concentrations of pesticides in the extracts were determined by 
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using gas chromatography. A Shimadzu GC9 A gas chromatograph equipped with a nitrogen-
phosphorus detector was used under the following conditions: packed glass column, OV17 
(1.8 m); injector temperature, 250 °C; detector temperature, 250 °C; column temperature, 
235 °C; carrier gas, He (40 mL/rnin). External standards ofknown pesticide concentrations 
were used in detennining pesticide concentrations in soil extracts. 

Soils were treated at 50 ug/g for each herbicide to obtain the following four treatments 
(three replicates each): (1) atrazine; (2) atrazine and metolachlor, (3) atrazine and pendimethalin; 
and (4) atrazine, metolachlor, and pendimethalin. Treated sous were mixed well before aliquots 
were transferred to French square bottles (250 mL volume) and randomly assigned to one of 
four incubation lengths (0, 21, 63, and 160 days.) Soil moistures were adjusted to the 
gravimetric sou moisture content at -3 3 kPa and maintained at this level throughout the incubation 
period by adding ultrapure water to maintain the initial weight. The jars were opened to the 
air once a week to maintain an aerobic headspace. All treatments were incubated at 25 °C in 
the dark. At the end of each incubation period, a 20-g aliquot of soil from each incubation jar 
was extracted and analyzed as described previously. 

The soil used in this experiment had the following physicochemical properties: loam 
texture; organic matter content, 3.9%; sand content, 50%; silt content, 34%; clay content, 
16%; total nitrogen content, 0.26%; pH, 7.0; and cation exchange capacity, 12.7. Background 
concentrations of atrazine and trifluralin were 1 μg/g or less, whereas concentrations of 
metolachlor and pendimethalin were 4 to 11 μg/g. Atrazine was very degradable in these 
soils, and no significant differences in atrazine concentrations were seen among the four 
treatments (ANOVA; ρ = 0.85) (Figure 1). After 21 days, 6% of the applied atrazine was 
extractable from soil (mean of all treatments), and 2% of the applied atrazine was extractable 
after 160 days. The half-life of atrazine, based on extractable atrazine residues, was calculated 
to be 45 days. The half-life was not significantly effected by the application of multiple 
herbicides. 

Assessing the Degradative Capabilities of Pesticide- Contaminated Soils from 
Agrochemical Dealer Sites 

To determine if rapid atrazine degradation was widespread in pesticide-contaminated soils 
from agrochemical dealer sites, soils from four locations in Iowa were used for mineralization 
studies. Surface soils (0 to 15 cm) were taken from nonvegetated areas of dealer sites by 
using hand trowels. Soils were placed in whirlpak™ bags and transported to the laboratory. 
From two of the soil-source sites (Alpha and Bravo), Kochia scoparia plants were 
transplanted to small pots and transported to the laboratory. Rhizosphere soil was obtained 
by shaking the plants and collecting soil that had been in close contact with the roots. Soils 
were mixed well and sieved (2.4 mm), and soil moistures were determined. Twenty-gram 
aliquots were extracted and analyzed for background herbicide concentrations, as described 
earlier (Table 1). Soils with the greatest quantities of herbicide contamination included Echo 
B, with over 2600 y^/g trifluralin and Foxtrot Β with 9 \\%/g of atrazine. Soil from Echo A had 
1 to 3 ng/g of alachlor and metolachlor, respectively. A treating solution of analytical grade 
atrazine (ChemService; West Chester, PA) and uniformly ring-labeled 14C-atrazine (Ciba 
Crop Protection; Greensboro, NC) was made in certified acetone. Aliquots of soil (10 or 
20-g) were placed in 250-ml incubation jars (three replications) and treated with the 
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Incubation Length (days) 

Figure 1. Atrazine degradation in pestidde-contarninated soils applied with mixtures 
of herbicides (50 μg/g per herbicide). Bars represent standard deviations of the mean 
(n=2). 
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Figure 2. Mineralization of 14C-atrazine applied topesticide-contaminated soils from 
agrochemical dealer sites at a concentration of 50 μg/g. Bars represent standard 
deviations of the mean (n=3). 
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radiolabeled treating solution to give a final atrazine concentration of 50 μg/g soil. Acetone 
was evaporated immediately. Soil moistures were adjusted to 60% saturation, and each 
incubation jar was equipped with a scintillation vial containing NaOH (0.5 N) to trap l 4 C0 2 

evolved from atrazine mineralization. The traps were changed weekly, and 1 4 C0 2 was 
quantified by using liquid scintillation techniques. Soil moistures were maintained by adding 
ultrapure water to the incubation jars to maintain the original weight at 60% saturation. 
Aerobic conditions were maintained in the incubation jars by opening the jars up during trap 
changing each week. 

The greatest amount of atrazine mineralization occurred in soils from Bravo (both 
nonvegetated and rhizosphere soils) (Figure 2). After 9 weeks, 33% and 35% of the 
applied 14C-atrazine was mineralized to C0 2 in the nonrhizosphere and rhizosphere soils, 
respectively. Perkovich et al. (7) found that atrazine was mineralized to a greater extent in 
rhizosphere soil than nonrhizosphere soil from this site after 36 days of incubation. In the 
current study, there was no statistical difference was shown between the rhizosphere and 
nonrhizosphere soils after 63 days, although the lag time for mineralization was less in 
rhizosphere soils than nonrhizosphere soils (Figure 2). One soil from the agrochemical 
dealership in Nebraska (Foxtrot B) mineralized 31% of the applied atrazine. Before the 
herbicide treatment for this study, atrazine was the only detectable contaminant of this soil (9 
Mg/g). The otherNebraskasofl (Foxtrot A) that ctid no 
background levels of alachlor and pendimethalin (2.7 and 1.4 μg/g, respectively). Both 
soils from Illinois (Echo A and B) did not mineralize atrazine. As mentioned previously, 
Echo A had background concentrations of alachlor and metolachlor (1.4 and 3.4 μg/g, 
respectively) and less than 0.5 μg/g of atrazine, trifluralin, and pendimethalin. The other 
Echo soil (B) had extremely high levels of trifluralin (2638 μ^/g) (Table 1). This study 
shows that the extent of atrazine mineralization in pesticide-contaminated soils from 
agrochemical dealerships is variable. Sites that have rapid mineralization characteristics for 
atrazine might be candidates for isolation of atrazine-degrading microorganisms for potential 
use as inoculants of soils that do not have this capacity. Several researchers have isolated 
atrazine-degrading microorganisms from pesticide-contaminated soils (8-10). While an 
atrazine-mineralizing capacity has been demonstrated in several soils, most soils do not 
develop an atrazine-mineralizing characterization. The natural selection of atrazine-degrading 
populations of microorganisms may be inhibited in most soils by other pesticide contaminants 
or by other characteristics of the soil. 

Suppression of Atrazine Mineralization 

An experiment was conducted to determine if greater concentrations of herbicide mixtures 
would suppress atrazine mineralization in the Bravo soil. Four treating solutions were made 
with combinations of analytical grade atrazine, metolachlor, and trifluralin. All treating 
solutions contained uniformly ring-labeled 14C-atrazine. The four treatments were: (1) 
atrazine, (2) atrazine and metolachlor, (3) atrazine and trifluralin, (4) atrazine, metolachlor, 
and trifluralin. Twenty-g aliquots of Bravo rhizosphere soil were treated with one of the 
four treating solutions (two replications), as described previously, to reach a final soil 
concentration of200 μg/g per herbicide. The methods of soil moisture adjustment, 1 4 C0 2 

trapping, and incubation were identical to our study described in the previous section. 
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Atrazine mineralization was not suppressed by the higher concentrations and mixtures 
of herbicides (Figure 3). Instead, the rate of mineralization of atrazine in soils treated with 
herbicide mixtures at 200 pg/g each was approximately twice that in Bravo rhizosphere soils 
treated with 50 μg/g of the individual herbicide atrazine (Bravo B, Figure 2). After 9 weeks, 
there were no significant differences in the percentages of atrazine mineralized among the 
four treatments, with the percentages ranging from 69 to 76% of the applied 14C-atrazine. 
Herbicide mixtures at these concentrations may be toxic to competing microbial populations, 
thus allowing for proliferation and increased degradation of atrazine by the atrazine-degrading 
population. It may also be possible that more of the 14C-atrazine is available to the 
microorganisms at the higher concentration. 

TVansfer of Degradative Capabilities 

Results of the screening study, which assessed the degradative capabilities of soils from 
several agrochemical dealer sites, revealed that not all soils could rapidly mineralize atrazine 
(Figure 2). An experiment was conducted to determine if a soils ability to degrade atrazine 
could be transferred to a soil that could not mineralize atrazine by mixing the two soil types 
in an attempt to "inoculate" the slow atrazine-degrading soil. The two soils used for this 
study were the Bravo Β (rhizosphere) soil and the Echo A (nonrhizosphere) soil with the 
lower background herbicide concentrations (Table 1). Four combinations of soil mixtures 
wereusedforthis study: (1) 100% Bravo, (2) 90% Echo: 10% Bravo, (3) 80% Echo: 20% 
Bravo, and (4) 100% Echo. The treating solution consisted of analytical grade and uniformly 
ring-labeled 14C-atrazine in acetone. Soil combinations were mixed thoroughly, and 20 g of 
each combination (two replications) were treated in 250-ml incubation jars to obtain a soil 
concentration ofatrazine at 50 pg/g. The methods of soil moisture adjustment, 14C02trapping, 
and incubation were identical to the previous studies described earlier. 

Atrazine mineralization in soils of all combinations is shown in Figure 4. Thirty-six 
percent of the applied 14C-atrazine was mineralized in the 100% Bravo soil. The 100% 
Echo soil did not mineralize any atrazine. The soil combination made up of 80% Echo and 
20% Bravo had significantly greater mineralization than did the 100% Echo soil or the 
combination of 90% Echo and 10% Bravo soil. On a percentage mineralized per gram soil 
basis, the addition ofBravo soil to the Echo soil did not enhance mineralization of atrazine in 
the Echo soil. It is possible that characteristics of the Echo soil did not provide an optimal 
environment for survival of the degraders. Echo soil had a much lower pH (4.3) compared 
with the Bravo soil (pH = 7.5). Neutral pH is generally optimal for microbial growth, 
because most microorganisms cannot tolerate extreme pH (11). The Echo soil was also a 
very saline soil with an dectricd conductivity value of 8.9 n^ (12). Fertilizer spills at 
this site may have contributed to the high salt content in this soil. Generally, the success rate 
of enhancing biodégradation in soils by inoculation with known degraders has not been good 
(13), although transfer has been accomplished with carbamate and certain organophosphate 
insecticides. Preliminary evaluations of pestiride-rcntaminated soils would be necessary for 
detennining the viability of an inoculation approach. 
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- ATR 
—•—ATR/TRF 

0 2 4 6 8 
Incubation Time (weeks) 

Figure 3. Herbicide concentrations in soil at 200 pg/g did not suppress atrazine 
degradation in Bravo rhizosphere soil. Bars represent standard deviations of the mean 
(n=2). 

40 

Incubation (days) 

Figure 4. Mineralization of 14C-atrazine (50 μg/g) in Echo and Bravo soils. Bars 
represent standard deviations of the mean (n=2). 
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Influence of Two Plant Species on the Degradation of Aged Residues 

Independent composite soil samples were taken from the top 15 cm of a nonvegetated area 
from an Iowa agrochemical dealership. Soils were transported to the lab at 4 °C, sieved (2.4 
mm), and mixed well before use in this experiment. A composite sample was sent to Midwest 
Laboratory (Omaha, NE) for determination of physical and chemical characteristics. 
Background herbicide concentrations were determined by gas chromatographic analysis, as 
described earlier. Concentrations of herbicides in this soil are shown in Table 1 (Alpha A). 
Subsamples of soil (nine replications) were treated with a solution made up of analytical 
grade atrazine and metolachlor, and uniformly ring-labeled 14C-atrazine to achieve a final 
atrazine and metolachlor concentration in soil of 50 μg/g for each herbicide. One hundred-
gram aliquots of treated soil were transferred to French square bottles, and soil moistures 
were adjusted and maintained at -33 kPa soil moisture tension. Treated soils were allowed 
to incubate in the dark at 24 °C for 165 days, thus allowing the herbicides to age in soil. 
During this aging period, the jars were opened weekly in to maintain aerobic conditions 
above the soil. 

On day 165 posttreatment, incubation jars were opened and either left unvegetated 
or transplanted with Kochia scoparia or Brassica napus. The incubation jars were placed 
in an enclosed growth chamber in a temperature-controlled room (24 °C) with a light:dark 
cycle of 16:8. To ensure that 1 4C incorporated into the plant tissue at the end of the study 
was the result of uptake from the soil only, a flow-through system was used to remove 1 4 C0 2 

and 14C-organic volatiles from the atmosphere of the growth chamber. Twenty-seven days 
after planting, the Brassica plants seemed very stressed, and all Brassica-vegetàted samples 
along with a portion of the Xoc/w'a-vegetated and nonvegetated samples were extracted and 
analyzed at this time. Kochia plants were thriving, so the study was continued with the 
remaining set of unvegetated and Kochia-vegetdXed soils. At 240 days postherbicide 
treatment, 75 days after planting, the experiment was ended. At the end of each incubation 
period, entire plants were analyzed for 1 4C residue by combusting pellets made up of plant 
tissue and hydrolyzed starch in a Packard Sample Oxidizer (Packard Instruments, Downers 
Grove, IL). Soils were extracted and analyzed by following the methods in Kruger et al. (14) 
which included solvent extractions of soil, liquid-liquid partitioning, thin-layer chromatography, 
autoradiography, and liquid scintillation techniques. Subsamples of extracted soil were 
combusted to determine the amount of unextractable 14C-residue in soil. 

After 27 days postplanting, significantly less atrazine was extractable from soils 
vegetated vÀÛi Kochia scoparia compared with soils vegetated with Brassica napus, with 
4.3% and 9.8% of the applied 14C-atrazine extractable from these soils, respectively (ANOVA; 
ρ < 0.05). From the nonvegetated soil, 9.3% of the applied 14C-atrazine was extractable, 
which was not significantly different from either of the vegetated soils. A significantly greater 
amount of 1 4C was taken up by Kochia plants ( 10% of the applied 14C) than by the Brassica 
plants (less than 1%) (ANOVA; ρ = 0.0001). 

Significantly less atrazine was extractable from vegetated soils than from 
nonvegetated soils 75 days postplanting (240 days postherbicide treatment) (ANOVA; ρ < 
0.01). For the îoc/i/a-vegetated soil 5.3% of the applied atrazine was extractable from 
soil, whereas 8.3% was extractable for the nonvegetated soil. There were no significant 
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differences in quantities of dégradâtes formed or nonextractable residues between the two 
treatments. Combustion of plants revealed that 6.5% of the applied 1 4 C was taken up by the 
Kochia plants. 

Summary 

Atrazine degradation in pesticide-contaminated soils was unaffected by the presence of 
metolachlor and/or trifluralin. Rapid mineralization of atrazine, applied individually, in soils 
from pesticide-contaminated sites was indicated in three out of eight soils tested. This 
degradative capability was not suppressed with the addition of even higher concentrations of 
herbicide mixtures. Transfer of the rapid atrazine-mineralizing capability of one soil was not 
achieved by mixing this soil with a soil that did not exhibit this characteristic. Plants had a 
positive influence on the dissipation of aged atrazine in soil, with significant uptake byKochia 
plants, and decreased extractable atrazine from vegetated soils compared with nonvegetated 
soils. Overall, the results suggest that phytoremediation of soils contaminated with atrazine is 
a viable treatment method for soils contaminated with a mixture of some common herbicides. 
Coupling of phytoremediation with inoculation technology could provide a scenario in which 
survival of the inoculated organisms is increased. Further exploration of this along with 
degradation studies on the other compounds will help identify situations inshich the use of 
plants for cleanup of agrochemical dealer sites may be appropriate. 
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Chapter 5 

Utilization of Plant Material for Remediation 
of Herbicide-Contaminated Soils 

S. C. Wagner1 and Robert M . Zablotowicz2 

Southern Weed Science Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, P.O. Box 350, Stoneville, MS 38776 

Biostimulation is a successful method for remediation of soils and other 
matrices contaminated with a wide range of xenobiotics. Use of the 
appropriate soil amendments can enhance the biodegrading potential of 
indigenous soil microbial populations. Plant materials have been studied by 
others as biostimulating amendments for soils contaminated with a wide range 
of herbicides. Our previous studies indicated that annual ryegrass (Lolium 
multiforum L.) residue was the most effective amendment for enhancing 
cyanazine(2-[[4-chloro-6-(ethylamino)-1,3,5-triazin-2yl]amino]-2 methyl
-propanenitrile) and fluometuron (N,N-dimethyl-N'-[trifluoromethyl)
-phenyl]urea) degradation in soils. Thus we pursued a comparative study of 
various crop residues on the degradation of fluometuron in soil. In this study 
we investigated the effects of amending soil with hairy vetch ( Vicia villosa 
Roth), rice (Oryza sativa L.), or ryegrass residues on the degradation of a 
high concentration (500 mole kg-1 soil) of fluometuron (technical grade or 
commercial formulation). Initially, all three amendments enhanced 
fluometuron degradation in soil treated with technical material or commercial 
formulation. Hairy vetch transiently enhanced degradation, while the two 
grass residues stimulated degradation during the entire study (60 d). Rice 
straw had the greatest stimulation. In short term studies (21 d), ryegrass had 
the greatest effect on stimulating soil bacterial populations and several enzyme 
activities. Use of the appropriate plant residue is a promising approach for 
enhancing the remediation of herbicide-contaminated soils. 

Groundwater and soils associated with agrochemical facilities (e.g. agrochemical 
manufacturing, formulation, and distribution facilities; farm loading/rinse sites; or abandoned 
waste sites) have been found to be contaminated with various pesticides and organic solvents 
(1-4). In order to avert damage to environmental quality, these sites must be cleaned up. 

1Current address: Department of Biology, Stephen F. Austin State University, P.O. Box 13003, 
SFA Station, Nacogdoches, TX 75962-3003 

2Corresponding author 

This chapter not subject to U.S. copyright. Published 1997 American Chemical Society 65 
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Table L Examples of Investigations Evaluating the Use of Amendments to 
Stimulate Pesticide Degradation 

Pesticide Amendment 
(Reference) 

alachlor 

aldrin,dieldrin 

atrazine 

cyanazine 

DDT 

fluometuron 

metolachlor 

metribuzin 

pentachlorophenol 

toxaphene 

trifluralin 

corn and soybean residue (1,6) 
cornmeal (5,7,8) 
sewage sludge (5) 

manure (17) 

cornmeal, sewage sludge (5) 
corn and soybean residue (6) 

cornmeal, poultry litter, ryegrass residue (9) 

rice straw (16) 

cornmeal, poultry litter (9) 
ryegrass residue (9,11) 

cornmeal, sewage sludge (5) 
corn and soybean residue (6) 

soybean residue (10) 
wheat straw and alfalfa residue (12) 

sewage sludge (13) 
wood chips (14) 

manure (17) 

cornmeal and sewage sludge (5) 
corn and soybean residue (6) 
chicken litter and soybean meal (7) 
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Materials and Methods 

Dundee silt loam (fine-siky, mixed, thermic Aerie Ochragualf) was bulk treated with 
solutions of either technical grade or formulated fluometuron (Cotoran® 4L, Ciba, 
Greensboro, NC, 41.7% a i , polyethylene glycol) and 14C-uniformly ring-labeled fluometuron 
toachieve500 molkgr1 soilwith201.6Bq14Cgr1 soil and 25% moisture. Hairy vetch residues, 
Biostimulation with amendments is a promising approach that enhances the biodegrading 
potential ofindigenous soil microbial populations. 

Biostimulation optimizes environmental conditions for intrinsic degradation of 
xenobiotics. This can be achieved by the addition of suitable amendments, nutrients, electron 
acceptors or water. Soil amendments capable of biostimulating pesticide degradation, 
especially herbicides have been studied under laboratory and field conditions (Table I). 
Combinations oflandfarming and biostimulation were used to demonstrate the potential of 
corn meal, sewage sludge, and corn and soybean residues to reduce high levels of the 
herbicides alachlor, atrazine, metolachlor, and trifluralin (1,5-7). Under saturated moisture 
conditions, addition ofsoybean meal or chicken litter reduced high levels of trifluralin in soil, 
while under field capacity conditions, only soybean meal was effective (8). Cyanazine and 
fluometuron (250 mole kg"1) degradation was enhanced with the addition of com meal, poultry 
litter, orryegrass residues with the greatest effect from ryegrass (9). Half-lives for cyanazine 
were 18.2,21,21, and 28.3 d for soils amended with ryegrass, cornmeal, poultry litter, and 
no additions, respectively, while those for fluometuron were 41.0,57.3,27.7, and 66.4 d for 
cornmeal, poultry litter, ryegrass, and no additions, respectively. In a Dundee soil, soybean 
residue and winter ryegrass residue stimulated the degradation of metribuzin and fluometuron, 
respectively (10,11), when the herbicides were applied at agronomic concentrations. In 
another study, glucose and wheat straw enhanced metribuzin degradation while alfalfa residues 
slowed its degradation (12). 

Soil amendments can also stimulate bioremediation of other pesticides, i.e., 
fungicides and insecticides. TheaddWonofanaerobicsewagesludgetosoilenhancedremoval 
of 10-30 ppmpentachlorophenol (PCP) compared to untreated controls (13). Others found 
wood chips effective in stimulating PCP degradation ( 14); toxicity of PCP to the degradative 
microbes was reduced due to sorption of the PCP to woodchips. Under anaerobic 
conditions, amendment with rice straw decreased the persistence of DDT in soil (15). 
Degradation of the insectiridesaldrin,dieldrin ( 16) and toxaphene ( 17) has been stimulated 
by addition of manures. 

In order to adopt biostimulation as a method to remediate pesticide contamination 
sites, potential amendments must be screened for the ability to stimulate microbial action on 
pesticides. Because we observed that ryegrass residue was the most effective in stimulating 
cyanazine and fluometuron degradation (9,11 ), we compared other crop residues available 
inourgepgrapMcdregionforbiostirnula^ We determined the effects ofhairy vetch 
residue, rice stubble, and ryegrass residue on the degradation of high concentrations of 
fluometuron, an important herbicide in the southeasternU. S cotton production. Most sites are 
contaminated by formulated ratherthanthetechnicalgradepesticides. We compared the 
effect of these amendments on the degradation of technical as well as formulated fluometuron. 
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rice stubble, ryegrass residues (5% w:w), or no amendment was added to 25 g soil in250 mL 
Nalgene bottles and the final moisture content was adjusted to 35% (w:w). Plant residues were 
collected from field samples, rice stubble was from harvested rice, hairy vetch and ryegrass was 
from herbicide desiccated plots, and chopped to 2 to 3 cm length as described elsewhere (9, 
11,18,19). Experimental design was arandomized com The 
soils were incubated at 2 5 °C and aerated weekly by briefly uncapping each bottle, to replace 
head space with fresh air. Fluometuron and metabolites were extracted from each soil at 21, 
40, and 60 d after initiation of the experiment (initial recovery efficiency > 98%). 

Fluometuron and metabolites were extracted by ethyl acetate phase partitioning. 
Each soil was treated with 10 mL distilled deionized waterfollowedby 40 mL ethyl acetate in 
the 250 mLNalgene bottles with shaking for 18 h. After the soils were centrifuged for 15 min, 
5860 xg, the supernatant was decanted, and the soils were extracted again with ethyl acetate/ 
water. The two extracts were pooled and the ethyl acetate fraction containing the fluometuron 
and metabolites was separated from the water fraction using a separatory funnel. Extracted 1 4C 
was determined in a liquid scintillation counter (Packard TriCarb 4000 series, Packard 
Instruments Co., Meriden, CT)usingEcolume scintillation cocktail (ICN, Inc., CostaMesa, 
CA). Unextractable 1 4C in each soil sample was determined by oxidation (Packard 306 
oxidizer, Packard Instruments Co., Meriden, CT) and liquid scintillation counting. 

Aliquots (20 mL) of the ethyl acetate extracts of each soil were evaporated to 3 mL 
under nitrogen gas at 40 °C. These extracts were analyzed for fluometuron and metabolites 
using thin layer chromatography. Each sample was spotted on a silica gel plate (250 m thick; 
3.3 cmpreabsorbent layer)and developed 10cm withchloroform:ethanol, 95:5, ν:ν(20,21). 
Fluometuron and metabolites were quantified using aBioScan200Imaging Scanner (Bioscan, 
Inc., WashingtonD.C). TheRjValuesforanalytical standards were: trifluoromethylphenylurea 
(TFMPU) = 0.13, desmethyl fluometuron (DMF) = 0.30, fluometuron = 0.58, and 
trifluoromethyl (TFMA) aniline=0.76. 

The effects of crop residues on microbial populations and soil enzyme activities was 
studied in Dundee soil treated with formulated fluometuron (500 mol kg 1 unlabeled). Soil (50 
g in a500 mL bottle) was amended with hairy vetch, rice and ryegrass (5 % w/w) in addition 
to unamended œntrolsand the soUmoisturewasadjusted Following a21 d incubation 
at 25 °C microbial populations were determined by serial dilution spiral plating on rose bengal 
potato dextrose agar (total fungi), 10%tryptic soy agar (total bacteria), 10%tryptic soy agar 
with crystal violet (Gram-negative bacteria) and S-1 media (fluorescent pseudomonads) as 
described elsewhere (18). Fluorescein diacetate (FDA) hydrolytic activity (20) was 
determined by incubating 2 g soil in 15 mL potassium phosphate buffer (0.10 M , pH 7.6) 
containing 0.5 mg of FDA for one h on a reciprocal shaker at 25 °C. FDA assays were 
terminated by acetone extraction (15 mL), clarified by centrifugation, and the optical density 
of supernatant determined at490 nm. Triphenyl-tetrazolium chloride (TTC) dehydrogenase 
activity (23) was determined by incubating 2gofsoilin4ml3% TTC for 24 h. The assay was 
terminated by extraction with 12 mL methanol and clarified by centrifugation. The optical 
density of the supernatant determined at 485 nm. We used 2-nitroacetanilide (2-NAA) as 
substrate for determination of aryl acylamidase activity (24,25) in soil. Soil (1.0 g) was 
incubated in 4 mL of2 mM 2-NAA in phosphate buffer (0.05 M, pH 8.0) for 20 h on a rotary 
shaker. The assay was terminated by extraction with 4 mL of methanol, and clarified by 
centrifugation. The optical density at 410 nm determined. Enzyme activities were determined 
for each of the four replicates, with two substrate and one no substrate controls. 
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Analysis of variance of the treatments was determined with SAS (26). Means were 
separated at alpha=0.05 using Fisher's Least Significant Difference test. 

Results and Discussion 

Fluometuron Degradation. There was a significant interaction between amendment and 
type of fluometuron (formulated versus technical grade). Initial discussion will compare 
amendments within the herbicide applied. All three plant amendments initially stimulated 
formulated fluometuron degradation, with rice the most effective. After 60 d, only 28%, 54%, 
and 61% fluometuron remained under rice, ryegrass and vetch residue treatments, 
respectively, compared to 78% in unamended soil (Table Π). Hairy vetch provided a 
stimulatory effect only until 40 d, while both rice and ryegrass residues stimulated degradation 
throughout the study. DMF (Table ΠΙ) was the major accumulating metabolite in all treatments 
( 16 to 26% after 60 d); soils amended with plant material had significantly higher accumulation 
of DMF than unamended soil. TFMPU (Table IV) accumulated only in plant material-
amended soils. After 60 days, 91 to 99 % of the l 4 C applied was accounted for as either 
extractable or unextractable material. Unextractable 1 4C (Table V) was significantly higher in 
soil amended with plant material than in unamended soil ; rice- amended soil had the highest level 
of unextractable 1 4C. This suggested that metabolites were perhaps incorporated into the soil 
organic matter via oxidative coupling reactions with TFMA and humic compounds. There was 
no significant increase in DMF, TFMPU orunextractable material in soils treated with hairy 
vetch from 40 to 60 d, indicating an inhibition offurther degradation in this treatment. 

Table EL Interactions of Amendment and Formulation (Technical Grade or 
Formulated) on " C Fluometuron Recovery from a Dundee Soil at Three 

Sample Times 

Time 
Amendment 21(d) 40(d) 60(d) 

Tech. Form. Tech. Form. Tech. Form. 

% of applied 1 4C, recovered as fluometuron 

None 88.8 91.4 73.7 85.7 61.6 78.1 

Hairy Vetch 81.7 70.1 63.5 60.0 59.1 61.3 

Rice 77.4 70.0 65.8 52.0 44.5 27.7 

Ryegrass 73.7 66.8 61.8 62.4 52.6 54 

LSD=0.05 1.9 6.3 8.6 
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Table III. Interactions of Amendment and Formulation (Technical Grade or 
Formulated Fluometuron) on 1 4 C- Desmethylfluometuron Recovery From a 

Dundee Soil at Three Sampling Times 

Sample Time 

Amendment 21(d) 40(d) 60(d) 

Tech. Form. Tech. Form. Tech. Form. 

% of Applied 1 4C recovered as DMF 

None 8.9 8.9 18.5 12.7 19.1 15.8 

Hairy Vetch 11.7 15.6 15.8 23.7 11 21.8 

Rice 14.2 18.7 18.2 22.5 16.5 21.8 

Ryegrass 12.4 18.3 16.1 22.9 21.8 25.6 

LSD=0.05 1.9 . 4.2 .4.3 
Mean of four replicates, LSD for comparison within a column and row for a given 
sample time. 

Table IV. Interactions of Amendment and Formulation (Technical Grade or 
Formulated Fluometuron) on 14C-Trifluoro-methylphenylurea Recovery 

From a Dundee Soil at Three Sample Times 
Amendment 21 (d) 40 (d) 60 (d) 

Tech. Form. Tech. Form. Tech. Form. 

% of applied 1 4 C, recovered as TFMPU 

None 0.0 0.0 0.0. 0.0. 4.2 0.0 

Hairy Vetch 4.4 7.0 8.9 9.7 6.9 7.0 

Rice 2.3 6.6 4.1 10.2 7.2 14.0 

Ryegrass 6.3 6.1 9.7 7.9 5.9 6.2 

LSD=0.05 - 0.7 2.8 - 2.5 
Mean of four replicates, LSD for comparison within a column and row for a given 
sample time. 
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Table V. Interactions of Amendment and Formulation (Technical Grade or 
Formulated Fluometuron) on Unextractable "C From a Dundee Soil at Three 

Sample Times 

Time 

Amendment 21(d) 40(d) 60(d) 

Tech. Form. Tech. Form Tech. Form. 
% of applied 1 4C, unextractable 

None 2.4 2.4 4.1 3.7 5.5 4.1 

Hairy Vetch 3.5 4.4 9.7 8.4 7.7 8.6 

Rice 4.2 6.7 10.2 13.3 13.3 26.7 

Ryegrass 4.3 6.8 8.6 8.5 9.9 10.3 

LSD=0.05 __ __ 1.0 2.9 5.3 ______ 

Mean of four replicates, LSD for comparison within a column and row for a given sample time. 

As observed with the formulated material, degradation of technical fluometuron was 
stimulated by all three amendments, with the greatest effect caused by amendment with rice 
(Table Π). After 60 d, 44% and 53% fluometuron remained under rice and ryegrass residues, 
respectively, compared to 62% in unamended soil. Hairy vetch transiently stimulated 
fluometuron degradation, but levels of this herbicide were not different from that observed in 
unamended soil at 60 d. 

DMF was the major accumulating metabolite in all amended soils treated with technical 
fluometuron as observed with the formulated material (Table ΙΠ). With the exception of the 21 
d samples, DMF levels in unamended were similar to those observed for the amended soils. 
However, for both the21 d and 40 d samples, TFMPU (Table IV) andunextractable-14C levels 
(Table V) were lower in unamended soils than soils amended with plant material. A greater 
amount of 1 4C was recovered in the unextractable fraction in rice-amended soil compared to 
the other treatments, although it was approximately 50% of that observed with rice amended 
soil treated with formulated fluometuron (Table V). Although differences in terms of 
fluometuron and metabolite levels between the unamended and plant material-amended soils 
were not as pronounced in technical fluometuron- treated soils than as in formulated 
fluometuron- treated soils, our results still illustrate that plant amendments stimulate technical 
fluometuron degradation. 

A significant interaction between amendment and type of herbicide applied was 
observed. Differences in degradation of fluometuron when applied as the commercial 
formulation compared to technical material were observed intheunamended controls and rice-
amended treatments. When no amendment was added, greater fluometuron degradation was 
observed for the technical material (61.6% remaining after 60 d) compared to the formulated 
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material (78.1 %), while a greater degradation was observed in formulated fluometuron treated 
soils with rice (27.7 % recovered at 60 d) compared to technical material (44.5%). Similar 
recoveries of fluometuron were observed comparing formulated and technical grade 
fluometuron in hairy vetch and ryegrass-amended soil. These differences in degradation are 
also reflected in patterns ofmetabolite accumulation and incorporation of fluometuron into 
unextractable soil components. 

Fluometuron degrades via sequential N-demethylation to desmethyl-fluometuron 
(DMF) and trifluoro-methylphenylurea (TFMPU), and/or hydrolysis of the urea moiety to 
trifluoromethylaniline (TFMA), [20,21,28]. Our studies indicated that DMF and to a lesser 
extent TFMPU, were the major accumulating metabolites. TFMA was infrequently observed 
and when found was less than 2% ofthe initial 1 4C applied. TFMAis readily incorporated into 
insoluble bound residue and thus rarely detected (20,24,25). In certain microbial species N -
dealkylation of the phenylurea herbicides renders them less toxic to the microbe (3 0). Similar 
degradation patterns were observed in other investigations of fluometuron at agronomic 
concentrations, i.e. primary degradation to DMF and accumulation of TFMPU mostly in 
ryegrass residues and ryegrass residue-managed soils ( 11 ). In another study, amendment with 
glucose erihancedmedegî ationofthisherbidde, with TFMPU accumulating only in glucose-
amended soil (17). Degradation of another phenylurea herbicide, diuron, in soil was also 
stimulated by the addition of glucose (31). Rice straw enhanced microbial populations and 
activity, which, in turn, decreased the persistence ofthe insecticide DDT (15) under anaerobic 
conditions. This study indicates rice residues may have potential for detoxifying high 
concentrations of other pesticides. 

These results and our previous studies (9,11) suggest that plant or other organic 
amendments stimulate microbial action that drives fluometuron degradation toward 
completion, thus substantially reducing the levels of this herbicide in soil. However it was 
suggested by others that organic amendments enhance organisms tolerant of high 
concentrations of pesticides that can co-metabolize the contaminant (7). Other factors such as 
sorption of the contaminant to the amendment need to be considered. Most crop residues also 
contain high microbial populations compared to soil (19). Use ofthese residues may also 
supplement the indigenous soil population. 

A transient enhancement of fluometuron degradation in hairy vetch-amended soil 
compared to rice or ryegrass may be explained by several factors. Studies with the herbicide 
metribuzin indicated that the addition of legume residues (alfalfa) inhibited degradation (12). 
There may havebeen a higher degree of sorption ofthe herbicide to hairy vetch compared to 
meother plant amendments, rerKierm^ Batch sorption 
techniques (11) indicated that fluometuron had a greater sorption to hairy vetch residues 
(Freundlich sorption [K f] coefficient = 28.0) compared to rye residues (Kf= 21.8). The 
sorption potential to the crop residues were several fold greater than a Dundee soil (Kf=2.6). 
Likewise, studies with the sulfonylurea herbicide chlorimuron (19) also indicated a greater 
potential for sorption to hairy vetch residues (Kf = 6.33) compared to ryegrass and Dundee 
soil (Kf = 3.95 and 0.81) respectively. Addition of hairy vetch residue to aDundee soil reduced 
chlorimuron degradation (32). Legumes such as hairy vetch, contain more nitrogen than the 
other residues, and the higher C:N ratio permits a more rapid decomposition of this crop 
residue compared to the monocot residues. Thus additional stimulating carbonaceous 
substrates are available for a shorter period. Fluometuron degradation also will eventually 
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liberate inorganicnitrogenfr 
by using amonocot amendment may enhance activity of nitrogen scavenging microbes and 
enhance the degradation of nitrogenous contaminants. These concepts deserve further 
investigations when optimizing plant residues as amendments for remediation of contaminated 
soils. 

Effects of amendments on soil microbial populations and enzyme activities. All three 
amendments elicited significant increases in populations of soil microorganisms studied 
compared to those in unamended control soil (Table VI). Hairy vetch had the greatest 
stimulatory effect on soil fungal propagules, while ryegrass had the greatest stimulation on the 
three bacterial populations. Soil fungal propagules were enhanced from about 12-fold (rice and 
ryegrass) to 60-fold (hairy vetch). Totalbacterial populations increased about 15-fold (rice) 
to 3 5-fold (ryegrass) in residue treatments, while Gram-negative bacteria increased about 
100-fold (rice and hairy vetch) to 360- fold (ryegrass). The crop residues elicited an increase 
in Gram-negative bacterial populations such as fluorescent pseudomonads that is similar to that 
observed due to a rhizosphere enrichment. The three soil enzyme activities were also 
significantly increased by all amendments; however ryegrass had the greatest effect (Table 
Vu). FDA- hydrolysis represents an indication of general hydrolase activity in soil (esterases, 
lipases and certain proteases), while TTC-dehydrogenase activity is indicative of respiratory 
activity because TTC serves as an alternative electron acceptor. These two enzyme assays 
indicate a generic enhancement of soil microbial activity and their activities are increased up to 
40-fold above that of soil without residue depending upon amendment. A relatively lower 
stimulation of aryl acylamidase activity was observed compared to FDA hydrolysis or TTC-
dehydrogenase activity. Aryl acylamidase activity is an important factor in the degradation of 
phenyl urea herbicides, i.e. cleavage of the amide bond resulting in formation of the 
corresponding aniline (34). Although distributed in a wide variety of microorganisms, aryl 
acylamidase activity is not found in all genera of soil bacteria and fungi a wide range of enzyme 
activity is observed among isolates of a given species (3 5). Longer term effects of amendments 
ofboth microbial populations and enzyme assays should be addressed in future studies. 

Conclusions 

Our studies demonstrate that high concentrations of fluometuron were significantly 
reduced in soil by amendment with plant material compared to non-amended soil. All plant 
residues (hairy vetch, rice and ryegrass) used as amendments enhanced degradation of 
fluometuron with rice having the greatest effect. Differences between levels of fluometuron 
degradation and metabolite formation in soil treated with formulated compared to technical 
grade herbicide demonstrate the need to study the effect of formulation on herbicide 
bioremediation. All three plant residues dramatically increased soil microbial populations and 
enzyme activities, although at least in the short term, ryegrass had the greatest stimulation. The 
use of plant residues as biostimulating agents increases degradation of the contaminant via 
providing a generic stimulation of microbial activity. These plant residues also a have a high 
sorption capacity for herbicides. Reducing the level of pesticide concentration in the soil 
solution may reduce potential toxicity to the microorganisms, as has been demonstrated with 
wood chips and pentachlorophenol degradation (15). However, if the contaminant remains 
too tightly bound to the introduced amendment it may be rendered unavailable for further 
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Table VL Effect of Crop Residue Amendments on Soil Microbial Populations in 
Fluometuron Treated Dundee Soil (21 d after treatment) 

Treatment Total Fungi Total Grarn-negative Fluorescent 

Bacteria Bacteria Pseudomonads 

log(10)cx)lony formingunitsgr1 soil 

None 5.01 7.88 5.7 4.66 

Rice 6.05 9.05 7.72 6.03 

Hairy Vetch 6.79 9.14 7.79 6.14 

Ryegrass 6.1 9.41 8.26 7.03 

LSD=0.05 0.21 0.14 0.27 0.1 

Mean of four samples 

Table VIL Effect of Crop Residue Amendments on Enzyme Activities of 
Fluometuron-treated Dundee Soil (21 d after treatment) 

Amendment Triphenyl 
tetrazolium 
Chloride 
Dehydrogenase 

Fluorescein 
diacetate 
hydrolysis 

2-nitroacetanilide 
aryl acylamidase 

nmolg"1 soilh1 

None 0.3 238 19.8 

Rice 10.3 1073 48.6 

Hairy Vetch 9.7 2381 49.3 

Ryegrass 13.8 4255 57.6 

LSD=0.05 0.9 15.2 4.7 

Mean of four replicates 
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degradation. Future studies to understand the mechanism(s) of biostimulation by plant 
residues need to consider sorption of the contaminant to the amendment as well as long term 
effects on both specific and nonspecific microbial processes. Biostimulation with plant 
amendments is a promising approach for the bioremediation ofherbidde contamination in soil, 
especially if optimized for the appropriate contaminant. Biostimulation is inexpensive, 
environmentally friendly, and requires readily available technology for implementation 
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Chapter 6 

Potential of Biostimulation To Enhance Dissipation 
of Aged Herbicide Residues in Land-Farmed Waste 

A. S. Felsot1 and Ε. K. Dzantor2 

1Washington State University, 100 Sprout Road, Richland, WA 99352 
2Department of Agronomy, University of Maryland, College Park, MD 20742 

One limitation to the rate of pesticide residue degradation in 
contaminated soil is the age of the residue. Research has suggested 
that "aged" residues may be less bioavailable and thus more 
persistent. Other research has shown that simply diluting aged, 
herbicide-contaminated soil with uncontaminated soil can stimulate 
degradation. In addition to dilution, addition of a carbon source, like 
dried, ground plant material, stimulated degradation. These studies 
suggested that landfarming as a disposal method for pesticide
-contaminated soil could be made more efficient by amendments with 
different organic nutrients. Landfarming of aged herbicide
-contaminated soils were simulated in the laboratory by diluting 
contaminated soil with uncontaminated soil. We present results to 
show that the dissipation of several herbicides was stimulated by 
dilution of aged, contaminated soil and amendment with different 
forms of corn (i.e., plant residues, ground seed, or commercial meal). 

Wastewater from rinsing of spray tanks at commercial agrichemical facilities, farms, 
and homes can contaminate soil with high concentrations of a variety of pesticides. 
When in soil at high concentrations, pesticides can be unusually persistent (1-4), 
perhaps as a result of microbial toxicity causing inhibition of biodégradation (5). 
Recent research has suggested that residue aging may also contribute to prolonged 
persistence of pesticide residues. Sorption of herbicides can increase after prolonged 
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78 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

residence in soil (6,7) and may lead to slower degradation rates (8). Aged residues 
seem to be less bioavailable than freshly applied residues, which might explain why 
degradation of aged residues is slower (9). 

Contamination of soil by pesticide waste requires cleanup to protect local 
well water and surrounding properties from leaching and runoff of pesticide residues. 
Disposal of contaminated soil is expensive, and the two most used methods, 
landfilling or incineration, may not be practical for small-scale users like farmers and 
homeowners. Bioremediation of contaminants has been proposed as a lower cost 
solution that is applicable to ex-situ or in-situ cleanup operations (10). 

Of the various bioremediation techniques proposed for cleanup of pesticide-
contaminated soils, composting and phytoremediation are receiving increased 
research attention (10,11), while landfarming has been used in pilot studies and for 
cleanup of agrichemical retail sites (12,13). Regardless of method, however, all 
bioremediation techniques depend on enhancing microbial activity that may be either 
directly or indirectly associated with pesticide metabolism. 

Some states now allow by statute landfarming of pesticide-contaminated 
soils (14). From an engineering perspective, landfarming is "a managed treatment and 
ultimate disposal process that involves the controlled application of a waste to a soil 
or soil-vegetation system (IS)." Its objective is placement of contaminated soil 
within the upper A-horizon of uncontaminated soil where dilution would lower the 
waste concentration sufficiently to facilitate both chemical and aerobic microbial 
degradation. Normal agronomic management techniques like tilling, fertilization, and 
irrigation may be sufficient to stimulate microbial activity and truly achieve a 
bioremediation effect. However, dilution of contaminated soil with uncontaminated 
soil alone may stimulate biodégradation, perhaps in association with increased 
activity of soil dehydrogenase (4). 

Research suggests landfarming may be feasible if effective rates of application 
are very low and the contamination is recent (16). Landfarming could be applied to a 
small pesticide spill, wherein soil would be quickly excavated and spread very thinly 
over uncontaminated soil. For larger areas of contamination, more land would be 
needed for treatment, especially if final contaminant loads had to be kept below 
normal field application rates. In this case, the speed at which landfarming could 
reduce contaminant residues to acceptable levels would be important, especially 
when the land was normally used for agricultural or other commercial purposes. One 
limitation to the speed with which pesticide residues in contaminated soil would 
degrade is the age of the residue; contamination may have existed for numerous years 
prior to excavation or in-situ treatment. 

We have been investigating the idea that landfarming of aged contaminants 
could be made more efficient by amendments with different organic nutrients (i.e., 
biostimulation). In essence, in-situ biostimulation is analogous to phytoremediation 
because the objective is to enhance general microbial activity in the root zone, which 
is where landfarmed soil would be mixed. In laboratory experiments we have shown 
that corn meal can enhance degradation of freshly applied alachlor at concentrations 
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6. FELSOT & DZANTOR Dissipation of Aged Herbicide Residues 79 

two orders of magnitude above field application rates (7 7). In miniplot field tests, 
we have shown that sewage sludge and com meal can also enhance dissipation of 
freshly sprayed alachlor and to a lesser extent aged residues (16). Studies reported 
by others have suggested that half-life of several pesticides in aerobically incubated, 
nutrient-amended soil was shorter when the compounds were freshly added to 
uncontaminated soil than when they had aged in situ at a site contaminated for many 
years (18). 

It is still possible, however, that certain amendments may stimulate microbial 
activity towards degradation more effectively than other amendments. To further 
test the feasibility of the biostimulation hypothesis, we have simulated landfarming 
in the laboratory by diluting contaminated soils containing aged and fresh herbicide 
residues with uncontaminated soil followed by amendment with different organic 
materials (i.e., com or soybean plant residue, ground com seed, or commercial corn 
meal). 

Materials and Methods 

Soils. Aged, contaminated soil was obtained from an agrichemical facility in Piatt 
Co., IL that was undergoing remediation during 1986. The top 60 cm of soil at the 
facility had been contaminated since the late 1970's with a mixture of herbicides 
including alachlor, atrazine, metolachlor, and trifluralin (19). Prior to disposal by 
landfarming, the soils were temporarily stored in piles that are herein referred to as 
WASTE-PILE SOIL. Samples of this soil were stored at 2-4 °C for up to several 
years before use. The soil had an organic carbon content of 5.6% and a moisture 
content of 30.3% at 0.3 bar; mechanical analysis gave 23.3% sand, 46.9% silt, and 
29.8% clay. 

The soil used to dilute WASTE-PILE SOIL was collected from a cultivated 
field adjacent to the agrichemical facility; this site was used to test the feasibility of 
landfarming the contaminated soil, and several plots had been left untreated (19,20). 
Soil collected from these untreated plots was coded as CHECK SOIL. CHECK 
SOIL was a mixture of Ipava silt loam and Sable silty clay loam with an organic 
carbon content of 3.1% and a moisture content of 22.6% at 0.3 bar; mechanical 
analysis gave 6.1% sand, 57.1% silt, and 36.8% clay. CHECK SOIL also contained 
residues of the four herbicides as a result of past use. The concentrations, however, 
were below 0.1 ppm and at least two orders of magnitude lower than concentrations 
in the WASTE-PILE SOIL. 

Experimental Design. Four experiments were conducted to test the hypothesis 
that biostimulation could enhance herbicide dissipation in aged soils, whether diluted 
or undiluted. Prior to starting the experiments, all soil was passed through a 3-mm 
mesh screen while moist and stored at 2-4 °C until used. Organic amendments 
included post-harvest com and soybean plant stubble residue (ground to pass a 2-
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mm mesh screen), or ground corn seed and commercial com meal. All amendments 
were added to an equivalent of 2% or 10% by soil weight (i.e., 0.6 or 3.0 g per flask). 

All soil treatments were prepared in triplicate and 30 g oven dry weight 
equivalents of each was incubated in 250 mL Erlenmeyer flasks. Soil moisture was 
brought up to approximately 0.1 bar after all plant materials and herbicides were 
added. Flasks were held in unlighted, constant temperature incubators at 25 °C. 
For some experiments, flasks were closed with Parafilm but aerated weekly; 
moisture content was not adjusted. For other experiments, flasks were stoppered 
with polyurethane foam plugs that allowed free air flow; soil moisture (0.1 bar) was 
adjusted every several days. 

Experiment I. WASTE-PILE and CHECK SOIL in each flask were 
amended with 0.6 g of air-dry ground up corn or soybean plant stubble that had been 
collected from a field after harvest. Unamended soils served as controls for the 
effects of the organic amendments. The control for the effects of aged residues on 
herbicide dissipation was CHECK SOIL freshly treated with a diluted solution of 
formulated pesticides. Lasso 4E (45.1% alachlor), Dual 8E (86.4% metolachlor), 
Aatrex 80W (80% atrazine), and Treflan EC (41.2% trifluralin) were combined and 
diluted with water. Enough herbicide solution was added to CHECK SOIL to 
approximate residue concentrations that had been previously determined in 
quadruplicate samples of WASTE-PILE SOIL. Soil flasks were covered with 
Parafilm and incubated for 61 days before extraction to determine the parent 
herbicide concentration. 

Experiment II. WASTE-PILE SOIL was diluted 90% by weight with 
CHECK SOIL and then analyzed for residue concentration. The soil in each flask 
was then amended with either ground corn plant or soybean plant stubble. 
Unamended and undiluted WASTE-PILE SOIL was also extracted for residue 
concentration; this treatment served as a control for the effects of dilution and 
amendment. Soil flasks were covered with Parafilm and incubated for 32 days before 
extraction. 

Experiment III. WASTE-PILE SOIL was diluted 10, 50, and 90% by 
weight with CHECK SOIL and then extracted for residue concentration. Each soil 
treatment was amended with 10% by weight ground corn seed (ground to the 
consistency of flour) or commercial corn meal (Quaker Oat brand). Unamended, 
diluted WASTE-PILE SOIL was used as a control. Soil flasks were capped with 
polyurethane foam plugs and incubated for 28 days before extraction. 

Experiment IV. Lasso 4E was added to 3 kg of CHECK SOIL to produce 
an alachlor concentration of 10,000 ppm w/w. The soil was incubated with 
occasional stirring for 15 months at approximately 25 °C and moisture content of 
30% by weight. Approximately 9000 ppm of alachlor remained in the laboratory 
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aged CHECK SOIL after 15 months of incubation. The soil was thoroughly mixed 
with untreated CHECK SOIL to attain an initial concentration of 100 ppm alachlor. 

One batch of the diluted, laboratory-aged soil was mixed with ground corn 
stubble (2% by weight) and another batch was left unamended. After weighing the 
soils into flasks, one group was treated with propylene oxide (2.5 mL/flask) 
sterilant, while another group was left untreated. 

The control for the laboratory-aged soil treatment was CHECK SOIL freshly 
treated with Lasso 4E to produce an alachlor concentration of 100 ppm. Freshly 
treated soil was also amended with ground corn stubble and sterilized with 
propylene oxide. The flasks were covered with Parafilm and aerated weekly for 56 
days. In addition to determining the concentration of alachlor, soils were also 
assayed for microbial numbers and dehydrogenase activity as previously described 
(5). 

Analytical Methods. Soils were extracted twice with glass-distilled ethyl acetate 
without further cleanup as described previously (4). Gas chromatography employed 
a column of 5% Apiezon + 0.13% DEGS (90 cm χ 0.2 mm i.d.) at 190 °C isothermal 
and a nitrogen-phosphorus detector. All herbicide residue data were transformed to 
percentage recovery based on recoveries in each treatment on Day 0. Data were then 
subjected to analysis of variance and means separated by Fisher's Least Significant 
Difference Test (p < 0.05). 

RESULTS & DISCUSSION 

Experiment I. The effect of com or soybean plant stubble on herbicide degradation 
was studied first in undiluted WASTE-PILE SOIL. Alachlor, metolachlor, and 
trifluralin concentrations after application to fresh soils were similar in WASTE-
PILE SOIL and CHECK SOIL (Table I). Atrazine was about two-fold higher in 
CHECK SOIL than in the WASTE-PILE SOIL. After the start ofthe experiment, 
the container containing the Aatrex formulation was discovered to have been 
mistakenly labeled as having an active ingredient concentration of 40.8% rather than 
80%. 

Determination of initial concentration differences among treatments was 
important because the true kinetic function describing degradation is unknown. 
Unless degradation followed a first-order model, initial concentration conditions 
could have significantly influenced the difference in herbicide recoveries when 
examined 30 days after addition of the amendments. Thus, except for atrazine 
losses, concentration differences between aged and freshly treated soil could be 
eliminated as a significant factor affecting herbicide degradation. 

Comparatively lower recoveries of alachlor, metolachlor, and trifluralin in 
corn and soybean-amended soils after 61 days suggested that dissipation had been 
enhanced by organic nutrients (Table II). Atrazine recoveries, however, were not 
significantly affected by amendment, suggesting a less important role for microbial 
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Table I. Average herbicide concentration (ppm ± standard deviation) over all 
treatments in Experiment I on day 0 

Herbicide WASTE-PILE SOIL CHECK SOIL 
alachlor 30.0 ±3.7 27.1 ±7.5 

metolachlor 23.9 ±2.6 22.6 ±3.8 
atrazine 2.9 ±0.3 5.4 ±0.8 

trifluralin 1.6 ±0.1 1.2 ±0.7 

- WASTE-PILE SOIL was collected during May 1986 

Table II. Percentage herbicide recovery from aged WASTE-PILE SOIL and freshly 
treated CHECK SOIL in Experiment I after 61 days of incubation 

Amendment WASTE-PILE SOIL CHECK SOIL 
Alachlor 

None 59.0 ±9.9 A 22.9 ±2.8 A * 
Corn 36.5 ± 8.9 Β 1.2 ±0.4 B * 

Soybean 30.5 ±3.5 Β 1.0 ±0.0 B * 
Atrazine 

None 49.7 ±55.4 A 18.7 ±1.0 A 
Corn 34.7 ±31.7 A 29.9 ±2.2 Β 

Soybean 92.8 ± 69.7 A 13.3 ±0.8 C 
Metolachlor 

None 63.6 ±10.2 A 72.2 ±4.0 A 
Corn 45.7 ± 9.0 Β 37.2 ±7.2 Β 

Soybean 37.8 ± 4.2 Β 8.6 ±0.9 C * 
Trifluralin 

None 74.0 ± 16.5 A 67.8 ±23.4 A 
Corn 41.2 ±10.1 Β 14.9 ±9 .3 Β * 

Soybean 37.9 ± 5.5 Β 12.3 ± 10.5 Β * 
Percentage recovery within a soil class and herbicide type followed by different 
letters are significantly different, and recoveries followed by * are significantly 
lower than the recovery in the corresponding soil and amendment class (p < 0.05). 

degradation in its dissipation. Such a conclusion is consistent with long-time 
observations suggesting that atrazine is primarily degraded through chemical 
mechanisms (21,22). On the other hand, a role for biodégradation is suggested by 
observations of >70% mineralization of atrazine incubated for 3 months in a Hanford 
sandy loam soil (23). 

Alachlor dissipation in all CHECK SOIL treatments was significantly faster 
than in WASTE-PILE SOIL treatments. Trifluralin and metolachlor dissipation in 
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CHECK SOIL treatments was comparatively enhanced only in the presence of 
organic amendments. Differences in chemical and physical properties between the 
two soil sources suggested different microbial ecologies that may have contributed to 
differences in recoveries after 61 days. An alternative hypothesis that explains 
differences in recoveries, at least for alachlor, may be a relatively lower 
bioavailability of chemical in the aged soil than in freshly treated soil. We previously 
reported that less alachlor was desorbed from CHECK SOIL collected about one 
year after application of WASTE-PILE SOIL in a landTarming experiment than from 
CHECK SOIL freshly treated to an approximately equal concentration of alachlor 
(20). 

Experiment II. In this experiment, landfarming was simulated by a 90% dilution of 
WASTE-PILE SOIL with CHECK SOIL before adding organic materials. With the 
exception of trifluralin in 90%-diluted, com amended soil, recovery of initial 
herbicide residues within a dilution class did not differ significantly among 
amendment treatments (Table III). Initial residues were lower in this experiment 
than in Experiment I because WASTE-PILE SOIL was derived by mixing soil 
collected in May, 1986, with soil collected in June, 1987, after residues had declined 
during storage in the field (20). 

After 32 days of incubation, analysis of variance indicated significant 
differences in recoveries of alachlor, metolachlor, and trifluralin from amended and 
unamended, diluted and undiluted WASTE-PILE SOIL (Figure 1). Only recoveries 
of the three herbicides from 90%-diluted soil, however, indicated a definite trend 
toward degradation (i.e., recoveries were substantially less than 100%). Recoveries 
greater than 100% for undiluted soil could be explained as variation caused by 
sampling chemical hot spots present in soil aliquots that were assigned to flasks 
earmarked for extraction after one month. With either no or very slow dissipation, 

Table ΙΠ. Initial herbicide residues (mean ± standard deviation) recovered from 
undiluted and 90%-diluted WASTE-PILE SOIL from Experiment II 1 

% Initial Herbicide Residue, ppm 
Dilution Amendment Alachlor Atrazine Metolachlor Trifluralin 

0 none 14.1 ±0.1 0.9 ± 0.3 10.5 ±1.0 1.2 ±0.1 
com 10.5 ±3.1 0.6 ± 0.0 8.9 ±2.7 1.1 ±0.4 
bean 12.0 ± 0.0 0.8 ±0.1 9.4 ±0.2 1.1 ±0.2 

90 none 2.8 ± 0.5 0.1 ±0.0 1.9 ±0.1 0.2 ± 0.0 
com 2.7 ±0.1 0.1 ±0.0 2.6 ± 0.0 0.3 ± 0.0 
bean 2.6 ± 0.0 0.1 ±0.0 1.8 ±0.0 0.2 ± 0.0 

WASTE-PILE SOIL was a mixture of collections made during May 1986 and 
June 1987. 
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Figure 1. Effect of soil dilution and dried, ground plant residue on percentage 
recovery of herbicides after 32 days of incubation. Vertical lines represent 
standard deviation; bars within a dilution class followed by the same letter are not 
significantly different by the Fisher's Least Significant Difference Test (p < 0.05). 

these chemical hot spots would result in seemingly higher residues when analyzed. 
The appearance of essentially no dissipation in undiluted WASTE-PILE soil relative 
to Experiment I may be due to the use of a shorter incubation time (32 d vs. 61 d) 
and a soil in a relatively more aged state (see Table III footnote). Nevertheless, in 
soil amended with com and soybean plant residue, alachlor, metolachlor, and 
trifluralin recoveries were significantly lower than the recoveries from unamended 
soil. Furthermore, extensive dilution of the soil significantly stimulated dissipation 
ofthe herbicides, especially in amended soil. Thus, the results presented in Figure 1 
suggested that com and soybean plant residue actually stimulated biological 
degradation of the herbicides. 

Atrazine was not affected by amendment; the high recovery in the soybean 
amendment was associated with a very large standard deviation. Thus, if atrazine is 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
8,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
4.

ch
00

6

In Phytoremediation of Soil and Water Contaminants; Kruger, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



6. FELSOT & DZANTOR Dissipation of Aged Herbicide Residues 85 

subject to predominantly chemical degradation in the soils studied, addition of 
organic amendments to soil might not be expected to significantly influence 
degradation rate. One study reported that "microbial energy sources" accelerated 
atrazine decomposition (24), which suggests that organic amendments may yet have 
potential for enhancing atrazine degradation in different soil types. Indeed, rice hulls 
and their water extracts enhanced mineralization of atrazine in a sandy loam soil (23). 

Experiment ΠΙ. This experiment was designed to determine if ground com seed and 
meal were as effective in stimulating herbicide dissipation as was plant residue in the 
previous two experiments. Landfarming was simulated by diluting the WASTE-
PILE SOIL with different percentages of CHECK SOIL. With few exceptions, the 
initial herbicide residue concentrations among amendments within a dilution class 
were not significantly different (Table IV). Alachlor, metolachlor, and trifluralin 
residues showed evidence of dissipation after 28 days in undiluted, amended and 
unamended soil (Table V). Only minor differences in percentage recoveries were 
observed among dilution classes. Such results were consistent with the definite trend 
for herbicide dissipation in Experiment I, which used undiluted WASTE-PILE SOIL 

Table IV. Initial herbicide residues (mean ± standard deviation) recovered from 
undiluted and diluted WASTE-PILE SOIL from Experiment 111υ 

% Initial Herbicide Residue, ppm 21 

Dilution Amendment Alachlor Atrazine Metolachlor Trifluralin 
0 none 33.4 ±3.5 16.9 ±13.7 21.9 ±1.4 2.9 ±0.3 

ground com 39.1 ±4.1 7.7 ± 0.5 26.0 ±3.3 3.4 ±0.3 
cornmeal 31.6 ±1.7 6.7 ± 0.1 21.6 ±2.4 2.8 ±0.2 

10 none 34.4 ±13.7 14.4 ± 8.8 21.9 ±1.4 2.9 ± 0.2 
ground com 29.9 ± 2.2 15.6 ± 7.9 26.0 ±3.3 2.8 ±0.1 
cornmeal 28.5 ±1.5 11.2 ± 3.4 21.6 ±2.4 2.8 ±0.1 

50 none 14.2 ±3.1 6.6 ± 4.9 8.6 ±1.6 0.9 ±0.1 
ground com 13.3 ±1.3 0.7 ± 2.0 8.2 ± 0.9 0.8 ± 0.2 
com meal 11.2 ±0.8 2.5 ± 0.2 6.9 ± 0.4 0.8 ± 0.0 

90 none 4.3 ± 0.7 0.3 ± 0.1 2.7 ± 0.6 0.3 ± 0.0 
ground com 3.8 ±0.6 0.1 ± 0.2 1.4 ±1.0 0.3 ± 0.0 
cornmeal 3.4 ±0.1 1.1 ± 1.2 1.9 ±0.1 0.3 ± 0.0 

1 7 WASTE-PILE SOIL was collected during May 1986 
2 1 With the exception of alachlor and trifluralin residues recovered from 0% dilution 

in com meal-amended soil, initial concentrations did not significantly differ among 
amendment type within a dilution class. 
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collected solely during 1986. These results also stand in contrast to the lack of 
herbicide dissipation in Experiment II when undiluted WASTE-PILE SOIL collected 
during 1986 and 1987 was mixed. 

Initial recoveries of atrazine during Experiment III were highly variable (Table 
IV) and give more weight to the hypothesis that heterogeneous hot spots existed in 
the soil despite mixing and sieving. Although both pure atrazine and trifluralin are 
crystalline solids, atrazine is formulated as a flowable liquid rather than an 
emulsifiable concentrate. As a result of its high concentrations in the initially 
excavated WASTE-PILE soil, atrazine may have actually crystallized unevenly 
throughout the soil. Thus, repeated 30-g aliquots of soil weighed into individual 
flasks would be expected to have very high and very low concentrations of atrazine 
randomly distributed; for example, average recoveries of atrazine ranged from 0.7 
ppm to 6.6 ppm in 50%-diluted WASTE-PILE SOIL. 

Mean residue values with very high coefficients of variation precluded 
detection of significant trends in atrazine degradation during Experiment III (data not 
shown). Variability in recovery of alachlor, metolachlor, and trifluralin, which are 
usually formulated as emulsifiable concentrates, was low enough to establish a 
significant trend in degradation over a one month incubation period (Table V). Both 
ground corn and commercial com meal stimulated the dissipation of the three 
herbicides in undiluted and diluted soil. Alachlor and metolachlor losses were 

Table V. Recovery of herbicide residues (mean % of initial ± standard deviation) 
after 28 days of incubation in Experiment III ̂  

% Dilution Amendment Alachlor Metolachlor Trifluralin 
0 none 79.2 ± 10.2 A 74.1 ± 8.6 Α 39.8 ± 8.5 Α 

ground com 35.8 ± 10.6 Β 49.4 ± 2.1 Β 31.7 ± 4.7 Α 
cornmeal 36.6 ± 2.7 Β 41.3 ± 1.9 Β 8.6 ± 14.9 Β 

10 none 79.1 ± 7.5 A 77.9 ± 6.3 Α 41.8 ± 7.0 Α 
ground com 30.4 ± 5.5 Β 37.8 ± 4.0 Β 11.5 ± 11.0Β 
cornmeal 36.4 ± 5.1 Β 43.8 ± 6.2 Β 14.3 ± 8.1 Β 

50 none 88.0 ± 12.0 A 95.2 ± 16.1 Α 66.6 ± 9.8 Α 
ground com 48.3 ± 15.1 Β 52.2 ± 13.1 Β 40.5 ± 16.7 Β 
cornmeal 52.3 ± 5.5 Β 62.8 ± 1.3 Β 48.0 ± 6.1 ΑΒ 

90 none 77.4 ± 9.7 A 95.2 ± 10.2 Α 78.2 ± 14.2 Α 
ground com 25.8 ± 4.0 Β 55.5 ± 5.3 Β 23.2 ± 3.6 Β 
cornmeal 25.8 ± 4.0 Β 37.3 ± 4.4 C 32.1 ± 7.7 Β 

Means followed by the same letter within a dilution class are not significantly 
different by the Fisher's Least Significance Difference Test at/? < 0.05. 
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significantly less from unamended soil than from amended soil. In a previously 
reported study, addition of com meal stimulated degradation of 10-1000 ppm 
concentrations of freshly applied alachlor (7 7). Com meal has been used by others 
to help remediate pesticide waste by a landfarming system (18) and by composting 
(25). 

In contrast to alachlor and metolachlor persistence in unamended soils, 
trifluralin losses were sometimes proportionately lower, especially in the 0 and 10% 
diluted soils. A distinct yellowish color that appeared on the bottom of the 
polyurethane foam plugs after one month suggested that dissipation of trifluralin 
may have also occurred by volatilization. Trifluralin, which is a bright orange 
crystal, has been shown to be significantly volatilized from soil (28). 

Experiment IV. To eliminate potential confounding effects when comparing 
herbicide dissipation in aged and freshly treated soil arising from two different 
sources, CHECK SOIL was pretreated with an extremely high concentration of 
alachlor (10,000 ppm) and incubated in the laboratory for 15 months. We reported 
previously that this concentration caused microbial toxicity and was associated with 
essentially no herbicide dissipation (5). Diluting the soil with untreated CHECK 
SOIL simulated landfarming and presumably re-establishment of a viable microbial 
population. Dissipation of alachlor in the diluted aged soil approximated first-order 
kinetics as evidenced by straight line curves obtained when the data were plotted as 
semilogarithms (Figure 2); however, the curvature in the dissipation lines 
representing unaged (fresh) CHECK SOIL suggested non-first order kinetics. 

In contrast to degradation in field-aged soil, alachlor seemed to degrade faster 
in laboratory-aged soil after dilution with CHECK SOIL (31% recovered after 56 d) 
than in freshly treated CHECK SOIL (60% recovered) (Figure 2). For both 
treatments, however, ground corn plant stubble significantly enhanced the rate of 
alachlor degradation in laboratory-aged (8% recovered) and freshly treated soil (23% 
recovered). Sterilization of freshly treated and aged soil, with or without corn 
stubble amendment, significantly inhibited degradation of alachlor throughout the 56 
day incubation period (Figure 2). 

Initial bacterial counts in com stubble-amended soils were 2-3 orders of 
magnitude higher than in unamended soils (Day 0 data not shown), probably as a 
result of cold storage of the soils for several weeks before numbers were determined. 
By day 56, bacterial counts in amended soils freshly treated with alachlor had 
declined about 10-fold, but bacterial counts in aged soils remained comparatively 
stable (Table VI). Initial fungal counts (data not shown) in unamended soils were at 
least 30-fold lower than those in corn stubble-amended soils. After 56 days fungal 
populations in unamended soils remained 10-fold lower than in com stubble-
amended soils (Table VI). 

Zero day dehydrogenase activities (data not shown) varied several-fold 
among treatments, but by day 56 the activities were similar in both amended and 
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88 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

Figure 2. Percentage recovery of alachlor in freshly treated and laboratory-aged 
soil that was either unamended or amended with ground com plant residue. 
Vertical lines through symbols represent standard deviations. 

unamended soils (Table VI). Although bacteria and fungi were not detected in 
propylene oxide-sterilized samples during incubation, dehydrogenase activity did 
resurge by day 56. However, it remained at a significantly lower level in the 
sterilized soil than in the natural soil (Table VI). 

The absence ofbacteria and fungi in sterilized soils and consequent lack of 
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Table VI. Estimates of bacterial and fungal populations and dehydrogenase activities 
in freshly treated and laboratory-aged soil after 56 days 

Microbial Numbers/g soil 
Bacteria Fungi Dehydrogenase 

Age Amendment Condition (cells xlO 9 ) 1 7 (cfux (UgTT/g)*' 
- 4 / none natural 0.6 (0.2-1.4) 2.6 (0.0) 125.2 ( 3.7) 

fresh none natural 0.3 (0.1-0.8) 2.2 (0.1) 104.2 (13.4) 
aged none natural 0.3 (0.1-0.8) 3.2 (0.7) 182.3 (11.4) 
fresh none sterile - 5 / 1.0 ( 1.0) 
aged none sterile ~ - 10.1 ( 9.0) 

- 4 / com natural 4.0 (1.7-10.4) 30.3 (1.2) 182.5 (18.7) 
fresh com natural 13 (5-33) 28.0 (3.7) 138.9 (14.0) 
aged com natural 250 (99-605) 24.0 (0.8) 100.8 (19.4) 
fresh com sterile - 5 / - 69.8 (29.8) 
aged com sterile ~ - 3.5 ( 3.5) 
V 95% confidence interval shown in parentheses 
2 1 Standard deviation shown in parentheses 
1 1 Dehydrogenase activity measured as pg of triphenylformazan formed from 

triphenyltetrazolium chloride 
4/ CHECK SOIL without alachlor treatment. 
5/ Bacteria or fungi not detected in propylene oxide-treated soil at the 10" 

dilution. 

dissipation indicated that the observed dissipation of alachlor in all treatments of 
CHECK SOIL could be accounted for at least in part by biodégradation. Likewise, 
the sterilization experiments suggested that the losses of metolachlor and trifluralin 
also resulted from biodégradation. Past microbiological analyses of WASTE-PILE 
SOIL showed microbial numbers were at least 10-fold less than in CHECK SOIL, 
and dehydrogenase activity was nil (20). Such conditions may have been responsible 
for the prolonged persistence of herbicides in WASTE-PILE SOIL stored in the field 
for two years (20). Thus, biodégradation associated with increased microbial 
activity was likely the major cause of dissipation of alachlor, metolachlor, and 
trifluralin in WASTE-PILE SOIL that was diluted with CHECK SOIL or to which 
organic amendments were added. 

Addition of ground corn stubble augmented microbial numbers at least 10-
fold compared to unamended soil (Table VI), which suggested that biostimulation 
may effect degradation by a general stimulation of the microbial population. 
Although dehydrogenase activity was not correspondingly stimulated by corn 
stubble amendment, shifts in specific microbial populations that can cometabolize 
alachlor may have taken place, rather than an overall increase in respiration (7 7, 27). 
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Cometabolism of alachlor rather than mineralization is recognized as its major 
biotransformation pathway (4, 28). 

C O N C L U S I O N S 

To stimulate clean up of herbicide-contaminated soil, we combined com or soybean 
plant residue or corn meal amendments with soil dilution, which alone had 
previously been shown to stimulate herbicide degradation. Corn meal seemed to be 
an effective biostimulant for degradation of alachlor, metolachlor, and trifluralin even 
if aged soil was not diluted first. However, diluting the soil would significantly 
lower the concentration of the contaminants and thereby reduce the risk of adverse 
effects from translocation and phytotoxicity. Atrazine degradation could not be 
stimulated by organic amendments under laboratory conditions but has been 
observed to be less persistent when soil is biostimulated in field miniplots (29). A 
combination of landfarming with organic amendments might be an inexpensive option 
for disposal of pesticide-contaminated soils. This option would be feasible only i f 
the waste pesticides were not classified as priority pollutants and were still legally 
registered for field application. 
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Chapter 7 

An Integrated Phytoremediation Strategy 
for Chloroacetamide Herbicides in Soil 

Robert E. Hoagland, Robert M . Zablotowicz, and Martin A. Locke 

Southern Weed Science Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, P.O. Box 350, Stoneville, MS 38776 

We have tested an integrated system for phytoremediation using corn (Zea 
mays L.), a safener specific for chloroacetamides (benoxacor), and an 
inoculum of a rhizosphere-competent Pseudomonas fluorescens strain 
UA5-40rif capable of catabolizing these herbicides. Initial growth 
chamber studies with a Bosket sandy loam soil (organic matter content < 
1%), benoxacor (0.75 kg ha-1) and inocula of this bacterium provided 
protection to corn seedlings at herbicide application rates of up to 45 and 
54 kg ha-1 of alachlor and metolachlor, respectively. Satisfactory root 
colonization, i.e. log (10) 6.2 to 7.4 cfu g-1 root by UA5-40rif, was 
observed at concentrations up to 12x of these herbicide rates. Following 
12 days of plant growth, alachlor concentrations in soil from safened and 
inoculated corn seedlings were about 25% and 35 % of those observed in 
unplanted soil at the 12x alachlor and metolachlor rate, respectively. 
Additional experiments studied applications of up to 36x of formulated 
metolachlor. At this higher metolachlor rate, normal physiological 
development was observed in benoxacor-safened seedlings, although there 
were slight reductions in root and shoot biomass. Metolachlor residues 
in soil treated with the 36x rate were 89%, 80%, 75%, respectively, for 
the unplanted soil, corn, and corn + benoxacor treatments, while only 
54% remained in corn + benoxacor + UA5-40 treatment. Results 
indicate that use of a combination of chemical and biological safeners 
(competent herbicide-detoxifying rhizobacteria) is a novel and useful 
approach for increasing herbicide tolerance in an agronomic crop plant for 
enhanced phytoremediation. 

Contamination of some soils with herbicides has become a serious environmental problem. 
The chloroacetamide herbicides, especially alachlor [2-chloro-iV-(2,6-diethylphenyl)-iV-
(methoxymethyl) acetamide] and metolachlor [2-chloro-^-(2-ethyl-6-methylphenyl)-^-(2-
methoxy-1 -methylethyl) acetamide] are common contaminants in agricultural chemical 

92 This chapter not subject to U.S. copyright. Published 1997 American Chemical Society 
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7. HOAGLAND ETAL. Phytoremediation ofChloroacetamide Herbicides 93 

dealerships, (1) and on farm loading and rinse sites (2). In many cases, it is desirable to 
remediate these contaminated areas. Phytoremediation is an attractive option to reduce 
levels of certain pesticide contaminants (3, 4). Some researchers have utilized plants that 
naturally colonize such contaminated sites for remediation (3, 4), since they are 
intrinsically tolerant to the contaminants. These plants may also harbor a microbial 
community that is tolerant or that has adapted to the level and/or nature of the 
contaminants. Domesticated crop plants may be limited in utility for remediation of 
pesticide- contaminated soils due to limited contaminant tolerance. Under landfarming 
conditions with a mixture of herbicides {alachlor, atrazine [6-chloro-^r-ethyl-iV,/-(l-
metbylethyl)-l,3,5-triazine-2,4-diarnine], metolachlor, and trifluralin [2,6-dinitro-#,#-
dipropyl-4-(trifluoromethyl)benzenamine]}, corn (Zea mays L.) has been found to be 
more tolerant than soybeans (Glycine max Merr.) (5). Corn was capable of adequate 
establishment in plots treated with soil contaminated with these herbicides at rates up to 
5x above the recommended application rates. Corn is tolerant to the triazine herbicides, 
and many sites contaminated with the chloroacetamides are also contaminated with 
atrazine and or cyanazine. 

Safeners are compounds used to protect crop plants from herbicide injury. Their 
chemistries and modes of action are varied (6). Numerous safeners have been developed 
to protect several crop plants (typically monocots) against chloroacetamide phytotoxicity 
(7, 8). Benoxacor [CGA-154281; 4-(dichloroacetyl)-3,4-dihydro-3-methyl-2£r-l,4-
benzoxazine] was introduced to protect corn against commercial application of 
metolachlor (9). Com is sometimes injured by chloroacetamide herbicides, especially at 
high rates early in the growing season and under cool and wet conditions (10). The 
chloroacetamides are traditionally detoxified via GSH-conjugation catalyzed by the 
enzyme glutathione S-transferase (GST) (11,12). Benoxacor enhances GST in corn and 
is responsible for the major detoxification step of metolachlor to a non-phytotoxic 
metabolite (13, 14). Safeners such as benoxacor may have utility in phytoremediation 
strategies to enhance tolerance of the remediation crop to high herbicide levels. 

The chloroacetamides are metabolized in soil by various microbial processes. The 
major metabolic route in soil is dechlorination, resulting in formation of several acidic 
polar metabolites (15,16). We have identified glutathione conjugation as a detoxification 
mechanism of alachlor by various rhizosphere bacteria (17, 18), especially fluorescent 
pseudomonads. Laboratory studies of soil treated with high levels (100 ppm) of alachlor 
indicated that inoculation with Pseudomonas fluorescens strain UA5-40 plus cornmeal 
as an amendment could substantially accelerate initial degradation of alachlor (19). The 
use of microorganisms that transform contaminants by co-metabolism as bioaugmentation 
agents alone may have limited utility. However, these microorganisms may have greater 
utility when combined with other bioremediation strategies. We are developing 
approaches to bioremediation of herbicide-contaminated areas using crop safeners (for 
herbicides), microorganisms, and plants. 

Our objectives in this study were to examine an integrated system for 
phytoremediation of soils containing high levels of chloroacetamide herbicides, 
particularly alachlor and metolachlor (Figure 1). Our studies used the moderately tolerant 
plant species corn, the safener benoxacor (Figure 1) and one of our superior rhizosphere-
competent cMoroacetamide-detoxifying fluorescent pseudomonads, strain UA5-40. 
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C H 2 - C H 3 

C H 2 - 0 - C H 3 

C - C H 2 - C I 
II 

Alachlor 

GH2~"CH3 

2-Chloro-A/-(2,6-diethylphenyl)-W-(methyoxymethyl) 

C H - C H 2 - 0 - C H 3 

Metolachlor 
C - C H 2 - C I 
II z 

GH2"—CH3 

2-Chloro-W-(2-ethyl-6-methylphenyl)-
A/-(2-methoxy-1-methylethyl) acetamide 

CHCI, 

Benoxacor 
(CGA-154281) 

4-(Dichloroacetyl)-3,4-dihydro-3-methyl-2H-1,4-benzoxazine 

Figure 1. Structures of two chloroacetamide herbicides (alachlor and metolachlor) 
and a safener (benoxacor) used in these studies. 
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Materials and Methods 

Catabolism of Chloroacetamide Herbicides by P. fluorescens UA5-40. Strain UA5-
40 was grown on nutrient glucose broth, washed 3 times, and resuspended to a final cell 
density of 6.0 (optical density at A ^ ) . Cell suspensions or buffer (1.9 ml) were treated 
with 100 μΐ of 4 mM ethanolic solutions of alachlor, dimethenamid {2-chloro-#-[(l-
methyl-2-methoxy)ethyi]-̂ ^ DIMM [des-isopropyl-
methoxy-metolachlor = 2n:hloro-^-(2-ethyl-6-methylphenyl)acetarnide], DMMA [des-
methylmethoxy-alachlor = 2-chloro-iV-(2,6-diethylphenyl)-acetamide], metolachlor, or 
propachlor [2-cWoro-A -̂(l-methylethyl)-A^phenylacetamide]. After 20 h incubation, the 
assay was terminated with 4 ml acetonitrile, extracted by sonication, and centrifuged 
(15,000 xg, 10 min). Supernatants were analyzed by HPLC: pBondapak C18 reverse 
phase column, 1% aqueous acetic acid/acetonitrile gradient (initial 60% acetic acid, final 
30% acetic acid) monitored as UV absorbance at 250 and 262 nm, as described elsewhere 
(20). Retention times were: alachlor 13.0 min, DIMM 6.8 min, DMMA 9.0 min, 
dimethenamid 11.4 min, metolachlor 13.0 min, and propachlor 8.7 min. Activity was 
calculated based upon recovery of parent substrate from cell suspensions compared to 
that recovered from controls. 

Growth Chamber Studies Assessing Interactions of Herbicide Level, Safener, and 
Bacterial Inoculation on Corn Growth and Herbicide Persistence. Initial studies 
evaluated several rates of alachlor and metolachlor on corn growth, herbicide persistence 
and root colonization by strain UA5-40. A Conetainer® system similar to that described 
elsewhere (21) was used for these studies. Cones were filled with 175 g of a Bosket sandy 
loam (no herbicide history, pH 6.5, 0.9 % organic matter). The experimental design 
consisted of 5 treatments: no plant, corn alone, corn inoculated with UA5-40rif 
(ritampicin resistant), com treated with benoxacor, and corn treated with benoxacor and 
with UA5-40. A randomized complete block design that also included four rates of 
herbicide and one no-herbicide treatment, with five replicates, was used. Technical grade 
alachlor and metolachlor (Chem Service, PA), were dissolved in water at appropriate 
dilutions so that application of 30 ml resulted in rates of lx, 3x, 6x, and 12x the 
maximum label rates of application (3.0 kg ha -1 alachlor and 4.5 kg ha"1 metolachlor). 
Soils were initially moistened with the first 20 ml of appropriate solution. When 
benoxacor was applied at 5x the recommended rate (0.75 kg ha"), it was incorporated 
into the last 10 ml of herbicide solution. Strain UA5-40rif was grown in tryptic soy broth 
for 24 h. Cells were recovered by centrifugation, washed twice in phosphate buffer (0.05 
M , pH 7.0), and diluted to a final cell density of log (10) 9.0 cells ml"1. Untreated (i.e., 
no fungicide) Pioneer 3394 corn seeds were planted (2 per cone); and if inoculated, 1.0 
ml of UA5-40 was placed on each seed. The seeds were covered with an additional 15 g 
of soil and then the remaining 10 ml of herbicide, or herbicide + safener solution were 
added. Plants were grown in an environmental chamber [lightdark cycle of 14:10 h at 
30:24° C]. light (425 μ£ m"2 s"1, PAR) was provided by sodium halide and incandescent 
lamps. Seedlings were watered only sparingly (via pipette) so that no leaching occurred. 
Plants were fertilized with dilute N:P:K commercial fertilizer. 

Twelve days after treatment (DAT), plants were evaluated for herbicide damage, 
and shoot and root fresh weights were determined. Root colonization was only examined 
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in UA5-40-inoculated treatments (all with safener and certain alachlor rates without 
safener). For root colonization measurements, closely adhering soil was removed, and 
two 5 cm root segments (2 cm distal to the seed) were placed in 10 ml potassium 
phosphate buffer and serially diluted. Rhizosphere suspensions were then spiral plated on 
10% tryptic soy agar containing 100 μg mP cycloheximide and 500 pg ml' 1 rifampicin. 
Following 48 h incubation (30° C in the dark), colonies were counted and populations 
were expressed as log (10) colony forming units (cfu) per g of root fresh weight. 

In this initial study the persistence of alachlor and metolachlor was evaluated in 
soils treated at the 12 χ application rate. Soils were extracted using ethyl acetate phase 
partitioning. Twenty-five g of soil was placed in high-density polypropylene bottles, 25 
ml of acidified water (pH 3.0) and 50 ml of ethyl acetate were added. The bottles were 
capped and placed on a platform shaker for 24 h. Soil was sedimented by centrifugation 
(7,500 rmp, 10 min) and the supernatant decanted into separatory funnels. The aqueous 
phase was discarded and the ethyl acetate fraction was concentrated under nitrogen. 
Alachlor and metolachlor were determined by HPLC using the method previously 
described (20). Initial recoveries exceeded 98% (data not shown). 

A second growth chamber study examined corn growth and persistence of 
metolachlor at higher application rates. Four treatments were used: no plant, untreated 
corn, corn treated with benoxacor, and corn treated with benoxacor and UA5-40. 
Commercially formulated herbicide (Dual 8E; 960 g ai. Γ 1) was used to attain rates of 
12x, 24x and 36x. Methodology similar to that described for the first experiment was 
used, except for the Mowing modification. In this study, the seeds were placed on dry 
soil, and either 5 ml of potassium phosphate buffer (0.05 M ; pH 7.0) or 5 ml of UA5-40 
(log 9.0 cfu ml"1) were pipetted on top ofthe seed, followed by application of 25 ml of 
the herbicide solution. This alternate inoculation method was used so that greater 
movement of UA5-40 through the soil could be achieved. Plants were harvested 17 
DAT, at which time shoot and root fresh weights were measured and the soil was 
examined for herbicide persistence. Data from both studies were subjected to ANOVA 
and means separated using Fisher's Protected LSD. 

Results and Discussion 

Chloroacetamide Catabolism by P. fluorescens Strain UA5-40. The catabolism of 
six chloroacetanilides by the most active strain, UA5-40, was investigated. Metabolism 
was based upon dissipation ofthe parent compound 20 hours after treatment (HAT) as 
determined via HPLC analysis (Table I). Propachlor and alachlor were the most rapidly 
transformed. Metolachlor was transformed more rapidly than dimethenamide. There was 
no difference between the dissipation rate of metolachlor and its N-dealkylated 
metabolite, DIMM. The rate of dissipation ofthe N-dealkylated metabolite of alachlor, 
DMMA, was lower than that of alachlor. Accompanying the dissipation of the 
chloroacetamides were metabolites with a retention time of approximately 5.5 min (20). 
This was not observed in the herbicide controls or in cells incubated without substrate. 
These are most likely the glycylcysteine- and cysteine-conjugates of these substrates. All 
six chloroacetamides were catabolized by strain UA5-40. Other researchers have shown 
that the non-enzymatic conjugation of chloroacetamides varied in the following order: 
propachlor > alachlor > metolachlor, and that plant enzymes could cause significant 
conjugation that differed with enzyme source (11). 
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Table L Catabolism of Chloroacetamides by P. fluorescens UA5-40 Suspensions 

Substrate nmol Transformed 20 HAT* 

Alachlor 54.4 

Dimethenamid 27.2 

DIMM 33.6 

DMMA 44.2 

Metolachlor 37.2 

Propachlor 56.8 

Fisher's Protected LSD (0.05) 9j> 

1 Initial concentration = 200 μΜ; mean of four replicates. 

Corn Growth as Affected by Herbicide Concentration, Benoxacor and Inoculation. 
Corn grown in soil treated with alachlor or metolachlor at 3x the recommended rate or 
greater, without safener, exhibited visual symptoms of phytotoxicity, with greater 
phytotoxicity occurring at the highest rates (data not shown). At the 12 χ rate of both 
herbicides, leaves of unsafened plants did not expand or unfold in a normal manner (i.e., 
abnormal whorl formation and development). Inoculation with UA5-40 caused no 
reduction of visual phytotoxicity, but plants treated with benoxacor exhibited normal leaf 
development. The phytotoxicity was reflected in shoot fresh weight, and to a lesser 
extent, root fresh weight (Table Π ). Shoot fresh weight was reduced about 35 % at 3x 
alachlor and 50% at the 12x rate, while root weights were reduced 20% at the 3x rate and 
only 35% at the 12x rate, compared to the no-herbicide control plants. Similar patterns 
of fresh weight reduction were observed for metolachlor (Table TJX). Even at the highest 
rate (12x), benoxacor-safened seedlings attained 80% or greater ofthe shoot or root fresh 
weight ofthe no-herbicide treatment for both herbicides. 

In the second study, normal plant development was observed at metolachlor 
concentrations as high as 324 pmoles kg"1 soil (36x rate) in both safened seedlings and 
safened seedlings inoculated with UA5-40. A significant effect (P=.001) of herbicide 
concentration and treatment (P=.001) on com root and shoot fresh weight was observed, 
but no treatment χ rate interaction was found. Overall, shoot and root fresh weight 
decreased with increasing herbicide concentration (Figure 2.). 

There were significant differences in shoot fresh weight accumulation among all 
three treatments (corn alone, com + benoxacor, and corn + benoxacor + UA5-40) 
averaged over three metolachlor concentrations (Figure 3). The greatest shoot fresh 
weight accumulation was in the com + benoxacor + UA5-40 treatment. Since the UA5-
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12x 24x 36x 12x 24X 36X 
Metolachlor rate 

Figure 2. Effects of three metolachlor rates on corn shoot and root fresh weight 
accumulation, 17 DAT. Bars = pooled means of 3 treatments (corn, corn + 
benoxacor, and corn + benoxacor + UA5-40). 

Root 

Treatment 

Figure 3. Effects of several treatments on corn shoot and root fresh weight 
accumulation, 17 DAT. Bars = pooled means from 3 metolachlor rates (12x, 24x, 
and 36x). 
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7. HOAGLAND ETAL. Phytoremediation of Chloroacetamide Herbicides 99 

40 treatment alone was not able to counteract the growth inhibition caused by 
metolachlor (Table ID), the increased fresh weight accumulation in the corn + benoxacor 
+UA5-40 treatment above that of com + benoxacor suggests a synergistic effect between 
the safener and the microorganism This interaction (synergy?) was not observed in root 
fresh weight accumulation, where the only significant difference was between the corn and 
the corn + benoxacor + UA5-40 treatments (Figure 3). 

Table IL Interaction of Benoxacor and UA5-40 on the Growth of Corn Seedlings 
in Soil Treated with Several Alachlor Rates, 12 DAT 

Alachlor Rate 

Treatment 0 lx 3x 6x 12x 

Shoot fresh weight (g"1 plant) 

Control 1.13a 1.09 0.73 0.70 0.55 

UA5-40 1.16 1.02 0.86 0.74 0.62 

Benoxacor 1.13 1.02 0.98 1.05 1.08 

Benox.+UA5-40 1.18 1.18 1.02 1.03 0.98 

LSD(0.05)b 0.17 

Root fresh weight (g plant) 

Control 0.81 0.81 0.64 0.54 0.52 

UA5-40 0.75 0.64 0.63 0.58 0.51 

Benoxacor 0.83 0.80 0.72 0.83 0.74 

Benox. +UA5-40 0.89 0.76 0.75 0.70 0.70 

LSD (0.05) — 0.12 
* Means of 5 reps. 
b LSD valid for comparison of effects of herbicide rates within a given treatment (rows) 
or of treatments within a given herbicide rate (column) for each plant part. 

Root Colonization by UA5-40. A satisfactory degree of root colonization by P. 
fluorescens UA5-40 was observed in all roots sampled (>log 6 cfu g"1 soil) (Table IV). 
Efficient root colonizing bacteria have been defined as introduced strains that can displace 
native microflora and persist at propagule densities of log 3 to 6 cfu/g root fresh weight 
(22). At the 12x rate of both herbicides, a significantly greater degree of root 
colonization was observed compared to the lower herbicide rates and the untreated 
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controls. Perhaps slower root development at the highest levels (12x) of alachlor and 
metolachlor resulted in higher colonization by UA5-40. No significant effect of safener 
on root colonization by UA5-40 was noted (data not shown). 

Herbicide Persistence/Degradation. In the first study, about 50% of the initial levels 
of alachlor and metolachlor were recovered in soil without corn (Figure 4). Significant 
(P=0.01) effects of treatment on alachlor or metolachlor recovery were observed. About 
50% of the initial herbicide was recovered from soil without corn (herbicide control), 
while in soil with corn, 13 to 22 % of initially-applied alachlor and metolachlor was 
recovered. Herbicide recovery in the corn + benoxacor treatment did not differ 
significantly from the corn alone or corn + UA5-40 treatments for either herbicide. 
However, the corn + benoxacor + UA5-40 treatment had significantly (P=0.05) lower 
residual herbicide levels than all other treatments except corn + benoxacor for both 
herbicides. This suggested a possible interaction on herbicide dissipation, so studies with 
increased metolachlor concentrations were conducted. 

Table HL Interaction of Benoxacor and UA5-40 on the Growth of Corn Seedlings 
in Soil Treated with Several Metolachlor Rates, 12 DAT 

Metolachlor Rate 

Treatment 0 lx 3x 6x 12x 

- Shoot fresh weight (g"1 plant) -

Control 1.14a 1.03 0.79 0.73 0.57 

UA4-50 1.16 1.12 0.89 0.67 0.55 

Benoxacor 1.13 1.10 1.06 0.85 1.20 

Benox.+UA5-40 1.18 1.15 1.10 0.95 1.08 

LSD (0.05)b 0.17 

- Root fresh weight (g'1 plant) 

Control 0.81 0.76 0.67 0.61 0.60 

UA5-40 0.75 0.79 0.62 0.63 0.49 

Benoxacor 0.83 0.73 0.84 0.65 0.77 

Benox.+UA5-40 0.89 0.75 0.78 0.72 0.70 

LSD (0.05) 0.11 
1 Means of 5 reps. 
'LSD valid for con 
or of treatments within a given herbicide rate (column) for each plant part. 
b LSD valid for comparison of effects of herbicide rates within a given treatment (rows) 
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Table IV. Colonization of Corn Roots by UA5-40 in Soil Treated with Several Rates 
of Alachlor or Metolachlor, 12 DAT 

Alachlor Metolachlor 

Herbicide Rate log (10) cfu g root 

0 6.27* 6.26 

lx 6.58 6.51 

3x 6.65 6.50 

6x 6.36 6.64 

12x 7.48 7.23 

LSD (0.05) 0.54 0.40 
a Means of 5 reps. 

In the second study, in which metolachlor was applied at 12,24 and 36x rates, 
a significant effect of herbicide (P=.001) and treatment (P=.001) was observed, but there 
was no rate χ treatment interaction (P=0.189). In this study, metolachlor recovery was 
directly proportional to the application rate (Figure 5). Considering all herbicide rates, 
lower recovery of metolachlor (P=0.01) was observed in soil planted with corn (Figure 
6). Recovery of metolachlor in soil planted with corn was not significantly different than 
com+benoxacor. However recovery of metolachlor from soil treated with UA5-40 and 
benoxacor were significantly lower (P=0.05) compared to corn alone or corn treated with 
benoxacor. Metolachlor residues in soil treated with the 36x rate were 89%, 80%, 75%, 
respectively, for the implanted soil, corn, and corn + benoxacor treatments, while only 
54% remained in corn + benoxacor + UA5-40 treatment (data not shown). No 
metabolites were observed in any soil extracts because we used an ethyl acetate-phase 
partitioning and the polar metabolites of these herbicides would not have been extracted. 
Since we used unlabelled herbicide, we were not able to separate these metabolites from 
soil components. Likewise, no residual benoxacor (retention time = 10.5 min) was 
observed. 

Summary and Conclusions 

We have shown that corn can be used to accelerate dissipation of very high levels of 
alachlor (36 kg ha"1) and metolachlor (54 to 162 kg ha"1) in soil. Furthermore, although 
presently based only on a model system (growth chamber conditions, short duration 
study), this domesticated plant (corn) can be modified chemically and microbiologically 
to enhance its tolerance to chloroacetamide herbicides. Chemical safeners are well 
accepted tools in agricultural production to minimize herbicide injury to crops, and the 
search for more efficient compounds continues. Recently, compounds of different 
chemical classes have been found superior to some ofthe standard commercial safeners 
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60 

Alachlor Metolachlor 
Figure 4. Recovery from soil of alachlor or metolachlor applied at 12x as affected 
by corn, benoxacor, and UA5-40, 12 DAT. LSDs at the 0.05 confidence level are 
presented. 

used to protect against chloroacetamide herbicide injury (23). These same chemicals may 
have utility in developing phytoremediation as a practical technology for remediation of 
herbicide-contaminated soils that will allow the use of traditional crops for 
phytoremediation. Furthermore, bacteria that degrade the herbicide dicamba (3,6-
dichloro-2-methoxybenzoic acid) have been used in soils to protect susceptible crop 
species from herbicide toxicity (24). Detoxification has been proposed as a potential 
mode of action of plant-growth-promoting rhizobacteria (25). It has also been suggested 
that various strains of Pseudomonas might be used as seed inoculants to protect crops 
against herbicides (17, 22). Recently, microbial strains that rapidly degrade the 
sulfonylurea herbicide, cMorsulfuron {2-chloro-N-[[(4-methoxy-6-methyl-1,3,5-triazin-2-
yl)-amino]carbonyl]benzenesulfonamide}, have been used to inoculate flax (Linum sp.) 
and beet (Beta vulgaris L.) seeds for protection against herbicide injury (26). 
Phytoremediation is a young technology and a greater understanding of plant-soil-
microbial relationships affecting the fate of particular xenobiotics is needed. We have 
shown that a bacterial strain capable of only co-metabolic transformation of alachlor and 
metolachlor can have additive benefits on reducing unwanted herbicide residues in soil 
when integrated with a suitable plant and a chemical safener. 

Future studies will require scale-up and design of an experimental system that will 
enable determination of a mass balance of the fate of the contaminant before 
implementation of our phytoremediation strategy into a real world situation. We used a 
sandy loam soil with very low organic matter, thus a high proportion of the added 
herbicide would be readily available for both phytotoxicity via plant uptake and microbial 
degradation in the soil. Herbicides that are more tightly adsorbed to different soil types 
would perhaps be more easily remediated due to reduced availability for phytotoxicity. 
However, such increased concentration in the soil solution may limit microbial 
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100 

12x 24x 36x 
Metolachlor rate 

Figure 5. Effect of metolachlor rate on its recovery from soil, 17 DAT. Bars = 
pooled means of 4 treatments (metolachlor alone, corn, corn + benoxacor, and corn 
+ benoxacor + UA5-40). 

75 

"O 

Treatment 

Fig. 6. Effects of several treatments on the recovery of metolachlor from soil, 17 
DAT. Bars = pooled means from 3 metolachlor rates (12x, 24x, and 36x). 
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degradation, depending on kinetics of sorption and of metabolism. Assessment of 
herbicide uptake by the plant versus degradation in the soil/rhizosphere needs to be 
addressed. Relationships between, plant genotype and species, plant and microbial 
nutrition , soil type, and environmental conditions are also important considerations. 
Chemical safeners are also available for other herbicides in addition to the 
chloroacetamide herbicides. The role of these compounds for providing bioremediation 
potential of other herbicides by other crops is also being investigated. 
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Chapter 8 

Ascorbate: A Biomarker of Herbicide Stress 
in Wetland Plants 

T. F. Lytle and J. S. Lytle 

Institute of Marine Sciences, Gulf Coast Research Laboratory, University 
of Southern Mississippi, P.O. Box 7000, Ocean Springs, MS 39564 

In laboratory exposures of wetland plants to low herbicide levels 
(<0.1 μg/mL), some plants showed increased total ascorbic acid 
suggesting a stimulatory effect on ascorbic acid synthesis occurred; at 
higher herbicide concentrations (≥0.1 μg/mL) a notable decline in total 
ascorbic acid and increase in the oxidized form, dehydroascorbic acid 
occurred. Vigna luteola and Sesbania vesicaria were exposed for 7 
and 21 days respectively to atrazine (0.05 to 1 μg/mL); Spartina 
alterniflora 28 days at 0.1 μg/mL trifluralin; Hibiscus moscheutos 14 
days at 0.1 and 1 μg/mL metolachlor in fresh and brackish water. The 
greatest increase following low dosage occurred with S. alterniflora, 
increasing from <600 μg/g wet wt. total ascorbic acid to >1000 μg/g. 
Ascorbic acid may be a promising biomarker of estuarine plants 
exposed to herbicide runoff; stimulation of ascorbic acid synthesis may 
enable some wetland plants used in phytoremediation to cope with low 
levels of these compounds. 

Tissue or plasma levels of ascorbic acid (AA) and dehydroascorbic acid (DAA), the 
oxidized form of A A , have been considered as possible biomarkers of oxidative stress 
in animals (7). We have examined several estuarine plants in laboratory bioassays to 
see whether A A and D A A can serve in the same capacity in wetland plants. In plants 
it is thought that A A serves directly to scavenge superoxide and hydrogen peroxide 
(2,3) both harmful to cell structures and functions, and indirectly to oxidant species 
through reduction of oxidized forms of vitamin E. A A can protect plants from effects 
of atmospheric ozone (4,5) and nitric oxide (6) furthermore may postpone senescence 
in plants through antioxidant effects. Plants, like many animals, can regenerate A A 
from the oxidized from, D A A , through the action of glutathione and glutathione 
reductase (7), but unlike most animals, plants may synthesize additional A A in 
response to oxidative stress (4,8). If herbicides undergo conversion to radicals they 

106 © 1997 American Chemical Society 
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may produce oxidative stress to plants (9), this action may be offset by the antioxidant 
properties of AA. 

A number of estuarine wetland plants have been cultured in our laboratory and 
exposed to several herbicides under a variety of conditions and examined for indicators 
of stress. Because of runoff from agricultural fields into coastal estuaries following 
pesticide application, a series of studies were designed to determine effects of these 
pesticides on the indigenous plant communities bordering these estuaries. Seedlings of 
four estuarine wetland plants, Vigna luteola, Sesbania vesicaria, Spartina alterniflora 
and Hibiscus moscheutos were exposed to either atrazine, trifluralin or metolachlor, 
herbicides commonly used in the Southeastern U.S., and then examined for tissue 
levels of total ascorbic acid (TAA) and DAA. At low herbicide exposures enhanced 
levels of TAA were found. At higher herbicide exposure concentrations significant 
loss of TAA and increased DAA were found, suggesting that TAA and DAA may be 
useful biomarkers of herbicide exposure in estuarine plants. Furthermore, the 
stimulation of synthesis of ascorbic acid at low herbicide concentrations may enable 
these wetland plants to withstand some herbicide components of agricultural runoff in 
areas where they were used for phytoremediation. 

Methods 

Test Exposure Conditions. Seeds of the four test plants were collected in either 
Weeks Bay, Alabama, a National Estuarine Research Reserve, or in Ocean Springs, 
Mississippi and germinated and raised on quartz sand as growth media with nutrients 
(in this and all tests) from 10% Hoaglands solution (10) for 3-6 weeks or until plants 
were about 10cm tall. Seedlings of V. luteola were grown for exposure to the triazine 
herbicide, atrazine in distilled water. Three replicate bioassay chambers contained 30 
plants each with quartz sand as a growth media. The atrazine was added every second 
day as an aqueous solution of a commercial formulation at nominal concentrations of 
0.05, 0.1,0.5 and 1 /^g/mL. At the end of 7 days exposure, plants were harvested and 
analyzed. 

S. vesicaria seedlings were also exposed to atrazine in distilled water. Four 
replicate bioassay chambers contained 30 plants each. The atrazine was added every 
second day as an aqueous solution of a commercial formulation at concentrations of 
0.05 and 0.1 ^g/mL. At the end of 21 days plants were harvested and analyzed. 

Seedlings of S. alterniflora, a dominant marsh plant of the Gulf of Mexico and 
Atlantic estuaries, were exposed to the pre-emergent herbicide, trifluralin, in seawater 
diluted to 4%o. Three replicate bioassay chambers contained 60 plants each in quartz 
sand. Trifluralin was added every second day as an aqueous solution of a commercial 
formulation at concentration of 0.1 /^g/mL. Because of the difficulty in obtaining 
sufficient numbers of seedlings of the same age for this test, three groups of seedlings 
were tested as follows: control plants were 1 week older than treatment group Β and 1 
week younger than treatment group A at initiation of exposure. Plants were harvested 
one week after a 28-day exposure to trifluralin. 

H. moscheutos seedlings were exposed to the chloroacetamide, pre-emergent 
herbicide, metolachlor, both in fresh distilled water and in brackish water (seawater 
adjusted to 15 g/kg salinity with distilled water). Duplicate bioassay chambers for 
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0 0.05 0.1 0.5 1.0 0 0.05 0.1 0.5 1.0 0 0.05 0.1 0.5 1.0 

• TAA 1 D A A 

Figure 1. Ascorbate in V. luteola exposed to atrazine. Nominal concentrations of 
atrazine, Mg/mL, are shown along X-axis with 0 being control. Means for 
replicate exposure groups are shown for each variable, level of total ascorbic acid 
(TAA), dehydroascorbic acid (DAA) and %dehydroascorbic acid/total ascorbic 
(%DAA/TAA); bars in each variable group not sharing a letter above bar are 
significantly different (ANOVA, p<0.05); bars sharing letter are statistically 
indistinguishable. 

Figure 2. Ascorbate in S. vesicaria exposed to atrazine. Nominal concentrations 
of atrazine, Mg/mL, are shown along X-axis with 0 being control. See Figure 1 
caption for explanation of variables plotted and bar letters. 
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each exposure condition and controls contained 30 plants each in quartz sand. 
Metolachlor was added every second day as an aqueous solution of a commercial 
formulation at nominal concentrations of 0.1 and 1 ywg/mL. At the end of 14 days 
plants were harvested and analyzed for TAA and DAA. 

Ascorbic Acid/Dehydroascorbic Acid Analysis. Analysis followed the AOAC 
technique (77) with following summary. At the end of each exposure leaf tissue was 
collected from 10 plants in each of the bioassay chambers and analyzed immediately. 
These leaves were transferred to a glove box, flushed with nitrogen, and cut into small 
pieces. One g samples were weighed and extracted with HP0 3-HOAc-H 2S0 4. 
Extracts were filtered and oxidized with Norit (Fisher), converting original AA to 
DAA after which the reaction of DAA with o-phenylenediamine (Sigma) created a 
highly fluorescent derivative. This reaction was the basis of a fluorometric 
determination of TAA using a Perkin Elmer MPF44 fluorescence spectrofluorometer 
with excitation λ at 353 nm and emission λ at 426 nm with both slits set at 10 nm. In 
a separate analysis, DAA was analyzed directly in an acid extract not treated to the 
oxidation step. Standards were ascorbic acid (Sigma) prepared at 100 //g/L and 
10 Aig/L. With each set of samples actual plant extracts were spiked with ascorbic acid 
and the recovery of these spikes measured between 85 to 95%. All sample handling 
was done in a darkened laboratory and conducted with latex gloves for those steps 
outside the glove box. 

Data Treatment. The three variables computed for each treatment were: TAA in μg/g 
wet tissue, DAA in μg/g wet tissue and %DAA/TAA (the exception being the 77. 
moscheutos test in which only TAA was measured). Mean values for each of these 
variables were compared in each exposure experiment by one-way analysis of variance 
(ANOVA) followed by least significant difference (LSD) multiple range test at 95% 
confidence limit (72). For each variable, statistically significant differences were 
noted and presented. 

Results 

V. luteola and S. vesicaria Exposed to Atrazine. Figures 1 and 2 display results of 
exposure of V. luteola and S. vesicaria to atrazine. Tissue levels of TAA and DAA in 
S. vesicaria were more than double that of V. luteola in control plants. At the three 
exposure levels of atrazine that were identical for both plants, DAA in S. vesicaria 
represented a higher % of TAA than it did in V. luteola. Slight enrichment of TAA 
and DAA occurred following exposure at a nominal concentration of 0.05 /^g/mL 
atrazine in both plants though neither was statistically significant. At this exposure 
level the relative contribution of the oxidized form of DAA was greater in both plants 
than in controls. After exposure at 0.1 ^g/mL atrazine, levels of TAA dropped in both 
plants compared to the 0.05 levels with a prominent and significant increase in 
%DAA/TAA occurring in the V. luteola. At the higher dose levels of 0.5 and 
1 Mg/mL, levels of TAA continued to decrease in V. luteoma in a dose response 
accompanied by increasing fraction of TAA existing in the oxidized DAA form. 
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0 Α Β 0 Α Β 0 A Β 
• TAA 1 DAA 

Figure 3. Ascorbate in S. alterniflora exposed to trifluralin. Plant group A (one 
week older than controls, shown as 0 on graph) and group Β (one week younger 
than controls) were exposed to 0.1 μg/mL nominal level of trifluralin. See Figure 
1 caption for explanation of variables plotted and bar letters. 

. 800 

Figure 4. Total ascorbic acid in H. moscheutos exposed to metolachlor. Nominal 
concentrations of metolachlor, μg/mL, shown along X-axis with 0 being control. 
Plants were exposed in fresh water, salinity = 0 g/kg, and in brackish water, 
salinity =15 g/kg. See Figure 1 caption for explanation of bar letters (note: only 
total ascorbic acid determined). 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
8,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
4.

ch
00

8

In Phytoremediation of Soil and Water Contaminants; Kruger, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



8. LYTLE & LYTLE Ascorbate: A Biomarker of Herbicide Stress 111 

S. alterniflora Exposed to Trifluralin. Figure 3 indicates that more TAA occurred in 
S. alterniflora plants exposed to 0.1 //g/mL trifluralin than in controls with 
significantly more occurring in the Group Β plants that were younger than controls. 
Both groups of trifluralin-exposed plants experienced a significant enhancement of 
DAA with the DAA/TAA ratio almost doubling that found in the control plants, rising 
from <30% to >50%. 

H. moscheutos Exposed to Metolachlor. TAA levels in H. moscheutos following 
exposure to metolachlor shown in Figure 4 demonstrate a positive dose response in 
plants growing in either fresh water or saline water. There were statistically significant 
differences in TAA levels at both exposure levels compared to controls in fresh water 
with statistically significant differences exhibited only at the 1 μg/mL level for saline 
water exposure. 

Discussion 

Low Level Exposures. In each of the four plant experiments there seemed to be a 
stimulatory response on TAA observed at the very lowest dose level regardless of the 
pesticide or plant studied, though it was only with H. moscheutos that this trend proved 
to be statistically significant. Further testing will be required to see whether what 
seemed to be a trend in stimulatory response at very low doses of herbicides will 
withstand statistical scrutiny for these wetland plants. If these herbicides induce an 
oxidative stress, an oxidative stimulatory effect would not be surprising since Ranieri 
et al (4) and Machler et al. (5) showed that levels of both AA and DAA increase as a 
response to the oxidative stress of atmospheric ozone in agricultural plants. 

Results of S. alterniflora exposed to trifluralin emphasizes the need for 
consistency in toxicity bioassays with plants. The Group Β plants (see Figure 3) had 
substantially higher amounts of TAA than did either the controls or Group A plants. 
As noted earlier, the Group Β plants were a week younger than the controls which in 
turn were a week younger than Group A. Dinakin and Ayanlaja (2) observed a three
fold increase in TAA in 8-week jute (Corchorus olitorius) seedlings compared to 5-
week seedlings grown under identical conditions. It is quite likely then that 
differences in TAA enhancement seen in Group A and B S. alterniflora seedlings were 
due in part to the age difference of plants used in this study. Nevertheless, both the 
plants older and younger than controls showed the same response but to a different 
degree. Furthermore, %DAA/TAA was almost double in both sets of exposed plants 
compared to controls. These results are further testament to the resilience of S. 
alterniflora to herbicide damage shown by Lytle and Lytle (73). 

Higher Exposure Levels. Above 0.1 /ig/mL atrazine, both V. luteoma and S. 
vesicaria experienced loss of TAA that behaved in a negative dose response in the V. 
luteoma exposure from 0.1 to 1 //g/mL. Under normal circumstances plants can 
regenerate AA from reduction of DAA by glutathione and glutathione reductase (7). 
The decline in TAA and increasing relative levels of the oxidized form, DAA (>80% 
of TAA following 1 μg/mL exposure), in this plant indicates that insufficient AA 
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regeneration via D A A reduction and/or irreversible loss of D A A through further 
oxidation occurred at these higher dose levels. Apparently the A A / D A A defense 
system has been compromised by atrazine at these higher concentrations. 

Multiple Stress Exposures. It is noteworthy that in spite of salt stress to one group of 
H. moscheutos, these plants responded to 0.1 //g/mL and 1 /^g/mL of metolachlor in a 
manner almost identical to plants grown in fresh water. Because a serious salt stress 
did not affect the ascorbic acid response to herbicide stress, this plant may be a good 
candidate for use as an indicator plant in estuaries exposed to herbicide run-off under 
conditions of varying salinities and may also serve in certain phytoremediation 
applications. 

Conclusions. Though these experimental procedures differed in their design and 
execution, it appears clear that atrazine, trifluralin and metolachlor representing three 
classes of herbicides can elicit a measurable response in levels of T A A and D A A , from 
what seemed to be a stimulatory response at very low levels to pronounced loss of 
T A A and increased % D A A / T A A at higher levels. Since seeds of all four plants are 
readily available and can, with methodologies developed in our laboratory and 
elsewhere, be germinated in sufficient quantities for study, it is recommended that 
more future work with plant bioassays be directed from agricultural species and use 
indigenous plant species such as those used in this study. S. alterniflora and 
H. moscheutos showed no evidence of losing ability to produce ascorbic acid with 
exposure to low levels of herbicides and there are indications that these and other 
estuarine wetland plants may have the resilience to herbicide damage to be used in 
buffer zones around agricultural fields in coastal areas. 

Acknowledgments 

The authors thank Faye Mallette, Nghe Nguyen, Lea Sharpe and Hong Cui for 
technical assistance and the U.S. Environmental Protection Agency for partial financial 
support under Grant No. CR820666-10. 

Literature Cited 

I. Lykkesfeldt, J.; Loft S.; Poulsen, H. E. Anal. Biochem. 1995, 229, pp. 329-335. 
2. Dinakin, M. J.; Ayanlaja, S.A. HortScience 1996, 31, p. 164. 
3. Maellaro, E.; Bellow, B. D.; Sugherini, L. ; Pompella, Α.; Casini, A . F.; 

Comporti, M . Xenobiotica 1994, 24, pp. 281-289. 
4. Ranieri, Α.; Lencioni, L. ; Schenone, G.; Soldatini, G. F. J. Plant Physiol. 1993, 

142, pp. 286-290. 
5. Machler, F.; Wasescha, M. R.; Krieg, F.; Oertli, J. J. J. Plant Physiol. 1995, 

147, pp. 469-473. 
6. Kashiba-Iwatsuki, M.; Yamaguchi, M.; Inoue, M. FEBS Letters 1996, 389, pp. 

149-152. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
8,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
4.

ch
00

8

In Phytoremediation of Soil and Water Contaminants; Kruger, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



8. LYTLE & LYTLE Ascorbate: A Biomarker of Herbicide Stress 113 

7. Mehlhorn, H. ; Cottam, D. Α.; Lucas, P. W.; Wellburn, A . R. Free Rad. Res. 
Comm. 1987, 3, pp. 193-197. 

8. Lee, Ε. H. ; Jersey, J. Α.; Gifford, C.; Bennett, J. Envir. exp. Bot. 1984, 24, pp. 
331-341. 

9. Kappus, H . Arch. Toxicol. 1987, 60, pp. 144-149/ 
10. Hoagland, D. R.; Arnon, D. I.; Circular 347, California Experiment Station, 

Berkeley, 1950. 
11. Official Methods of Analysis; method 43.069, Williams, S. Ed.; Association of 

Official Analytical Chemists, Arlington, V A , 1984. 
12. Statgraphics Plus; Manugistics, Inc., Rockville, M D , 1995. 
13. Lytle, J. S.; Lytle, T. F. In Environmental Toxicology and Risk Assessment: 

Biomarkers and Risk Assessment; D. A . Bengtson; D. S. Henshel, Eds; A S T M 
STP 1306, Philadelphia, PA, 1996, Vol . 5; pp 270-284. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
8,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
4.

ch
00

8

In Phytoremediation of Soil and Water Contaminants; Kruger, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



Chapter 9 

Degradation of Persistent Herbicides in Riparian 
Wetlands 

D. M. Stoeckel, E. C. Mudd, and James A. Entry 

Department of Agronomy and Soils, College of Agriculture, 202 Funchess Hall, 
Auburn University, Auburn, AL 36849-5412 

Modern agricultural practices make extensive use of herbicides to 
increase crop yields. Persistent herbicides (recalcitrant to 
degradation) are often preferentially used for season-long 
protection. The persistence of these herbicides makes them 
environmentally hazardous if they leach or are carried by surface 
runoff and erosion to pollute surface- or ground-waters. Three 
heavily used persistent herbicides are presented for illustration: 
atrazine (a triazine), fluometuron (a substituted urea), and trifluralin 
(a dinitroaniline). 

Vegetated border strips between agricultural fields and adjoining 
streams are sometimes cleared and protected from flooding to 
increase the amount of cultivable land. These areas, left in their 
natural state as seasonally-flooded riparian wetlands, contain 
micro-environments conducive to immobilization and degradation 
of persistent herbicides. While natural riparian wetlands should not 
be used to treat point-source herbicide pollutants, the literature 
indicates that maintenance of riparian wetlands can help to slow 
migration of and to enhance degradation of herbicides from non
-point sources. 

Herbicides are economically essential to agriculture in the United States. 
Production of com (Zea mays), cotton (Gossypium hirsutum), soybean (Glycine 
max), and other crops, which was once labor intensive, has become more 
efficient with chemical weed control. Agricultural herbicides are formulated to 
be somewhat persistent to confer season-long protection to a crop. While 
agriculture has become more efficient with the use of herbicides, some risk has 
been conferred to the environment. Herbicides can disrupt non-target plant 
physiological processes and may adversely affect human health and natural 
ecosystems (7). 

114 © 1997 American Chemical Society 
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The United States encompasses about 42 million hectares of wetlands 
in the conterminous states (2). They fall into a number of categories including 
tidal salt marshes, tidal freshwater marshes, mangrove swamps, freshwater 
marshes, southern deepwater swamps, and riparian wetlands. Approximately 27 
million hectares (64%) of these wetlands are Southern deepwater swamps and 
riparian wetlands (3). In agricultural watersheds these areas are often forested 
zones of varying width between agricultural land and surface waters. They are 
characterized by dense vegetation with flood-tolerant species, high primary 
productivity, and a seasonal flooding regime. Their soils are usually hydric, 
characterized by low pH with a high organic matter content and a shallow 
oxidized surface layer underlain by deeper reduced layers (4). 

A frequently ignored benefit of riparian wetlands is that they have 
characteristics which can act to retain and assist in the degradation of 
recalcitrant compounds. The basis for this characteristic is in the chemical 
conditions caused by frequent flooding and plant adaptations to these 
conditions. This combination results in an accumulation of organic matter in 
the soil and partially oxidized zones surrounding plant roots. The result is a 
buffer area which can slow the migration of herbicides and provide conditions 
conducive to biological and chemical degradation of recalcitrant compounds. 

Riparian wetlands are sometimes drained for logging or conversion to 
field. Conversion of wetlands to agricultural use can result in high-yield 
croplands for several seasons, but is followed by a steady decline in innate 
productivity as the soils revert to a nutrient-poor state (2). When left in their 
natural state these lands have other values including buffering natural waters 
against runoff of agricultural chemicals (5), runoff of sediment (6), provision of 
hydrologie flood damping (2), and maintenance of wildlife habitat (7, 8). It is 
hoped that this paper will demonstrate the utility of keeping riparian wetlands 
intact for their long-term benefits in the face of pressure to clear them for 
short-term gain. 

Fate of Herbicides in the Environment 

There are 26.3 million hectares of corn-producing land, four million hectares of 
cotton-producing land, and 21 million hectares of soybean-producing land in 
the respective major-producing regions of the United States (9). In 1993 the 
aggregate use of chemical herbicides on these lands was estimated at 117 
million kilograms (9). The fate of these herbicides is a question of some 
concern to the environment. The literature indicates that while most of these 
applied herbicides do not leave the field, some portion washes off with surface 
flow (dissolved in water or attached to sediment particles) or leaches to the 
subsurface (1,10-13). Another portion is degraded by sunlight in the process of 
photolysis (14), and yet another portion is volatilized (15). The protective 
value of riparian wetlands is associated with the fraction which leaves the site 
of application with surface flow. 

Water insoluble herbicides leave the point of application associated with 
erosion sediment. The sediment will either run into the drainage basin or it 
will settle out short of running water. The initial benefit of riparian wetlands is 
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based on hydrology. A riparian wetland on the border of a field can act as a 
sediment filter by slowing storm water before it hits the stream. This effect 
can be caused by topography or by physical barriers such as vegetation which 
can slow water flow rates. 

Once herbicide-carrying sediment is deposited in the wetland, the 
herbicide may leave by the same mechanisms by which it could leave an 
agricultural field. The wetland environment is, however, very different from 
that of the field. The remainder of this paper describes mechanisms of 
herbicide removal from soil and how riparian wetlands can immobilize and 
enhance the degradation of agricultural herbicides. Soil characteristics which 
enhance immobilization and degradation will be introduced and illustrated with 
three examples of commonly used herbicides. 

Illustrative Herbicides 

Three herbicides will be used to illustrate the ability of riparian wetlands to 
immobilize and degrade agricultural chemicals. The herbicides were chosen 
because they are commonly used in the United States (9) and they encompass a 
wide spectrum of mobilities and degradation pathways (16). Table I is a 
compilation of some critical characteristics of each herbicide. 

Atrazine. Atrazine (2-chloro-4-ethylamino-6-isopropylamino-l,3,5-triazine) is a 
commonly used triazine-class herbicide. Its structure and degradation pathway 
are shown in Figure 1. Atrazine is used against broadleaf weeds and grassy 
weeds in monocot (primarily com) production (16). It has a wide range of half 
lives reported in the literature, ranging from two weeks (17) to four months 
(18) after field application. The average half-life value is around two months 
(18). Atrazine is not very soluble in water, which limits its mobility in soil. 
Despite this moderate mobility atrazine is frequently found contaminating 
groundwater resources, especially in the midwest (19). It is not volatile, so 
little is lost to the atmosphere. The major mechanisms of atrazine 
disappearance from a point of deposition are chemical and biological 
degradation. About 20 million kilograms of atrazine were applied in the major 
corn-producing area of the United States in 1993 (9). 

Fluometuron. Fluometuron (l,l-dimethyl-3-(a,a,a-trifluoro-iw-tolyl) urea) is a 
commonly used substituted urea herbicide. Its structure and degradation 
pathway are shown in Figure 2. Fluometuron is used to control broadleaf weeds 
in the production of cotton and other crops (16). The major mechanisms of 
disappearance of fluometuron are biological degradation (20) and leaching (10, 
21). Fluometuron ia a moderately persistent herbicide with reported half-life 
values from 26 days (22) to twelve weeks after summer field application, and 
up to 52 weeks upon fall field application (23). One million kilograms of 
fluometuron were used in the cotton-producing region of the United States in 
1993 (9). 
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Trifluralin. Trifluralin (a,a,a-trifluoro-2,6-dinitro-7V,7V-dipropyl-/7-toluidine) is 
a dinitroaniline-class herbicide. It is applied preemergence for protection 
against a variety of shallow-rooted weeds (16). The structure and degradation 
pathway are shown in Figure 3. Its half-life ranges from 22 weeks to over a 
year after field application (24). This molecule has a very complex network of 
potential chemical and biological degradation pathways (24-26) and photolytic 
degradation (14). The trifluralin molecule is moderately volatile and it is 
nearly insoluble, which causes it to have low mobility through soils. Trifluralin 
was heavily applied in cotton and soybean production in 1993 in the United 
States with a combined use of 6.4 million kilograms (9). 

Volatilization of Herbicides 

In general, volatilization losses of field-applied herbicides increase with partial 
pressure. This phenomenon has been demonstrated in field studies in which 
2.5 kg/ha of atrazine or trifluralin were applied. Atrazine, which has a 
relatively low partial pressure (Table I), was lost at a rate of only 8 g/ha-day 
while trifluralin was lost at a rate of 150 g/ha-day (15). 

Volatilization may play a minor role in atrazine removal from soil. In a 
microcosm study, zero to eight percent of 14C-radiolabel from atrazine was lost 
(not accounted for as 14C-carbon dioxide nor as residues in the solid or liquid 
phases) due to volatilization as either parent compound or volatile degradation 
products (17). In the afore-mentioned field study Nash and Gish (15) showed a 
20% loss of atrazine due to volatility over five months. Fluometuron has a 
partial pressure similar to that of atrazine (16) and is expected to show similar 
characteristics. Volatilization may be a major pathway in the disappearance of 
trifluralin from a soil over time (24). Nash and Gish (75) showed that both 
trifluralin and a combination of its degradation products were volatile. After 
154 days, 20% to 50% of field-applied trifluralin was lost to volatilization at 
temperatures ranging from 5 °C to 35 °C. 

Migration through Soil 

Movement of organic molecules through soil is explained by hydrophobic 
bonding and ion exchange chemistry. Hydrophobic bonding is simply the 
tendency of a hydrophobic molecule to remove itself from a solution onto a 
neutral surface. Ion exchange chemistry is the same process which controls 
movement through an ion exchange column. Sorption of low solubility 
herbicides can be partially explained by each process (27). 

The soil matrix is composed of sand, silt, clay, and organic matter. 
Most of these components hold a net neutral or negative charge at near-neutral 
pH. The amount of solute bound to the matrix from solution varies with the 
charge densities of the matrix and of the solute. The charge density of the soil 
matrix is analogous to its cation exchange capacity (CEC), the total of 
exchangeable bases a soil can hold. In soil the highest CEC is held by the 
organic material, though a substantial portion is held by clay particles. 
Compared with organic matter and clay, sand and silt have minimal CEC. 
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Numerous studies have shown that movement of organic herbicides through 
soil is dominated by the organic content of the soil (28-30). 

As with an ion exchange column, pH is the driving criterion for the rate 
of elution through a soil of given CEC. The three herbicides discussed all have 
amino or nitro constituents and therefore become more positively charged as 
acidity increases. For example, atrazine has easily protenated amino groups 
which enhance its adsorption to negatively charged soil constituents under 
acidic pH. As the pH decreases the proportion of protenated amino 
constituents increases resulting in more binding to the matrix (31). However, 
as the pH decreases the negative charges of the soil matrix neutralize leaving 
fewer active sites for binding, causing the solute to elute faster. The overall 
effect of these competing trends is dependent upon the charge characteristics of 
the matrix and the solute. In the neutral to moderately acidic range, decreasing 
pH causes a net trend to slower elution rates for the weakly basic herbicides 
under discussion. 

Freundlich Equation. The relationship between solute and matrix has often 
been described by the Freundlich equation (equation 1) 

WâSSadsorbed =γ . ç α (1) 
™sssoil

 f «« 
where mass^^ over masssoil is the concentration of soil-bound herbicide at 
the soil solution equilibrium concentration C e q, K f is an empirical constant 
describing the adsorption characteristics of the herbicide, and alpha is an 
empirical constant describing the adsorption characteristics of the soil matrix 
(32). The resulting isotherm plots herbicide mobility in a soil as a function of 
the CEC of the soil and the charge on the herbicide at a given pH (28, 33). 

Atrazine. When applied to field soils most atrazine stays in the top 10 
cm of soil, and very little is lost to leaching below the top 20 cm of soil (18). 
The major path of transport to surface waters is through runoff-carried 
sediment. In soils with high organic matter content the mobility of atrazine 
decreases (34). 

Fluometuron. Fluometuron easily leaches from soils. As was the case 
with atrazine, adsorption coefficients for fluometuron are strongly correlated 
with soil organic content (21, 29). One field study found that adsorption of 
fluometuron in the field was a function of depth, tillage practice, and cover 
crop (10). A sterilization-concentration application of fluometuron (40 kg/ha) 
traveled to the groundwater through a soil with an unknown organic content 
within two months (12). Migration of fluometuron may be through lateral 
subsurface migration, but will slow as it approaches the riparian wetland due to 
the increase in organic content. 

Trifluralin. An increase in soil organic matter can contribute to a 
drastic increase in trifluralin retention (28). Minimal if any radiolabeled 
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trifluralin or intermediate product leached during one year after application to a 
soil containing 4.4% organic matter (24). 

Darey's Equation. Accumulations of organic matter can have physical effects 
on herbicide movement through soil as well as the chemical effects noted 
above. The second-dominant characteristic of an ion exchange column (first 
being adsorption-desorption based on pH and charge density) is the flow rate. 
Flow rates through soil and resulting transport of contaminants have been 
described by Darey's law (equation 2). 

where ν is the velocity of flow, k is the hydraulic conductivity, and s is the 
hydraulic gradient (35). Organic material can coat soil particles, increasing 
their diameters and decreasing interstitial pore volumes, which will decrease the 
hydraulic conductivity. The resulting flow will be slower, making herbicides 
less mobile in undisturbed soils high in organic matter (27). All three 
illustrative herbicides would be expected to follow this general trend. 

Photolysis 

Herbicides are subject to photolytic degradation when exposed to sunlight. 
This factor may be important upon field application, but is less important when 
the herbicides are transported to the riparian wetland. Sediment-transported 
herbicides will be protected from direct sunlight by vegetative cover and soil 
particles. Of the three illustrative herbicides, only trifluralin is susceptible to 
significant photolysis (14, 16). 

Degradation 

Degradation rates of herbicides have been reported in the literature by two 
methods. In the first method, degradation is indicated by disappearance of the 
parent compound or the appearance of known degradation products. This 
approach is complicated by the continued presence of the degradation products, 
some of which may also be phytotoxic. The second method is to measure the 
mineralization (evolution of 14C-carbon dioxide) from a 1 4C labeled substrate. 
This approach measures the complete destruction of the labeled component, 
which may be either a ring-structure or a side-chain on the parent molecule. 
The first method measures the initiation of degradation while the second 
measures the ultimate mineralization of the labeled constituent (36). 

Degradation can occur either by chemical or biological methods. 
Chemical degradation relies upon entropy, such that the products are at a lower 
energy state than the reactant(s). These reactions are spontaneous and may be 
mediated by metal ions or salts (37). Biological degradation is enzyme 
mediated and may be spontaneous or may require the input of energy (38). 

Soil microorganisms use organic compounds anabolically as carbon 
sources and sometimes catabolically as energy sources. Easily degraded 
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constituents are utilized preferentially for both carbon and energy. Factors 
which decrease the degradative potential of a compound include the presence of 
aromatic ring structures, nitrogen- or sulfur- substitution, and halogen 
substitution (39, 40). Herbicides tend to incorporate one or more of these 
characteristics, making them recalcitrant to degradation. Microorganisms have 
not developed metabolic pathways for many pesticides if their structures are not 
similar to compounds found in the natural environment (38). 

Biological degradation of recalcitrant compounds may coincide with 
other degradation pathways. Microbial communities degrading a carbon- or 
energy-yielding compound secrete enzymes which may incidentally degrade 
non-energy yielding compounds of similar structure. This phenomenon is 
known as cometabolism (38, 41, 42). Communities can also 'learn' degradation 
pathways. Exposure to xenobiotic chemicals can enhance degradation of 
compounds of similar structure upon re-exposure (43). 

While it is impossible to predict what will happen in the field, 
degradation of recalcitrant compounds has been enhanced under nutrient-
limiting conditions in the laboratory. In one study, incubation of an atrazine-
degrading microbial community in media with atrazine as the sole nitrogen 
source stimulated degradation rates (44). In another, nitrogen fertilization of a 
grassland soil resulted in inhibition of atrazine degradation rates (45). 

The redox state of the soil solution plays an important part in 
degradation pathways. Microorganisms degrade most organic compounds faster 
under aerobic conditions than anaerobic, though many compounds are only 
partially degraded at a given redox state. Cycling of aerobic and anaerobic 
conditions is a common procedure in process-based wastewater treatment for 
rapid and complete degradation (35, 46). 

Atrazine. The degradation pathways for atrazine are shown in Figure 1 (47). 
While degradation of a major portion of the parent compound is fairly rapid, 
traces of atrazine parent compound were found in soils nine years after 
application and up to 50% of applied compound was recovered as soil-bound 
degradation product residues after nine years (77). Winkelmann and Klaine 
(77) found that about only 12% of ring-labeled 14C-atrazine degraded to 1 4C-
carbon dioxide over six months. 

The initial products of degradation are the hydrolytically dechlorinated 
product hydroxyatrazine and the dealkylated products deisopropylatrazine and 
deethylatrazine. Deethylatrazine is either formed rapidly or it is not as 
susceptible to degradation as deisopropylatrazine, since the deethyl product is 
commonly found in soil extracts at three to six times the concentration of the 
deisopropyl product (77, 43). Hydroxyatrazine similarly either has a higher 
flux or is less readily degraded since it is at least an order of magnitude higher 
concentration than the dealkylated products (77). 

Degradation of atrazine has both chemical or biological aspects. 
Mineralization seems to be possible only with biological activity, however. 
Less than 0.1% of total radioactivity from ring-labeled atrazine evolved as 1 4C-
carbon dioxide using a sterile soil sample (77). In the same study, however, 
nearly all of the applied atrazine degraded biologically within six months and 
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only a small portion remained in the form of the primary degradation products 
(77). A review by Erickson and Lee (47) described the conversion to 
hydroxyatrazine as a chemical process with rate minima at pH 3 and pH 11, 
while dealkylation was predominantly an energy-yielding microbial process. 

Many atrazine-degrading microorganisms, both bacteria and fungi, have 
been isolated from field soils with histories of atrazine exposure. Most of the 
bacterial degraders tended to be gram-negative, with six genera represented in 
one study (43). Atrazine application is known to stimulate aerobic respiration 
in microbial communities (48), though whether this is a result of atrazine acting 
as a substrate or atrazine killing some organisms which are then available as a 
food source is unknown (77). 

Levanon (49) labeled alkyl-group carbon and ring-carbon in tandem 
with selective inhibition of fungal and/or bacterial constituents. The results 
showed that 14C-carbon dioxide evolved from alkyl-labeled atrazine enrichments 
with active fungi but not active bacteria. Labeled carbon dioxide was 
measured from ring-labeled atrazine enrichments only when neither bacteria nor 
fungi were inhibited. This was taken to indicate that in the environment fungi 
catabolically N-dealkylate atrazine while combined activity of fungi and 
bacteria is required for mineralization of the triazine ring (49). 

Degradation of atrazine is also affected by the redox condition of soils. 
Under aerobic conditions no metabolites accumulated in broth culture, 
indicating full degradation (44). Under anaerobic conditions the atrazine 
degradation rate decreased (47). In one field study, no degradation of low 
concentrations (35 μΜ) of atrazine could be detected under anaerobic 
conditions over two years (50). Wilber and Parkin (57) studied metabolism of 
atrazine with acetate as the primary substrate under various redox conditions 
and found that degradation virtually ceased at redox levels equivalent to nitrate-
and sulfate-reducing conditions, but increased dramatically at very low redox 
potentials corresponding to methanogenic conditions. 

In anaerobic broth culture the only known degradation product which 
accumulated was hydroxyatrazine, indicating that hydroxyatrazine conversion 
was the major rate-limiting step in mineralization (52). Other studies have 
measured accumulation of the dealkylated initial products at low concentrations 
but there is no evidence that any of these is rate limiting. 

Fluometuron. The path of microbial degradation for fluometuron is shown in 
Figure 2 (20, 53). Chemical degradation is insignificant, with over 92% of 
radiolabeled fluometuron remaining as parent compound over 72 days in sterile 
soil (20). The pathway is composed simply of two sequential demethylations 
followed by removal of the carboxyamine. The resulting intermediate 
compound, 3-trifluoromethylaniline, does not accumulate under aerobic 
conditions and is presumably easily degraded (20). No references were found 
in the literature to the activity of fluometuron in soil under anaerobic 
conditions, though one of the laboratory degradation studies was almost 
certainly carried out under anoxic conditions (23). No influence of organic 
matter content was found on fluometuron degradation rates (10, 22, 53) 
indicating that microorganisms can use fluometuron as a primary substrate 
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rather than relying upon secondary metabolism or cometabolism. Degradation 
rates decreased with depth in one field study, correlating with microbial 
biomass decrease (29). 

Trifluralin. Degradation pathways for trifluralin are shown in Figure 3 (24-26). 
There are four mechanisms for the disappearance of the parent compound. The 
first involves formation of a heterocycle caused by partial oxidation of the 
alpha carbon of one propyl group, partial reduction of a nitro group, then 
condensation. This sequence results in the C-N double bond-containing 
product 2-ethyl-7-nitro-l-propyl-5-(trifluoromethyl)-benzimidazole (24). The 
reactions occur under aerobic soil conditions and the resulting product builds 
up as a major intermediate in the mineralization pathway (24). The second and 
third conversion reactions on the parent compound are reduction of a nitro 
group and removal of a propyl group. The former reaction, which results in 
a,a,a-trifluoro-5-nitro-^,JV4-dipropyltoluene-3,4-diamine, is a major pathway 
under anaerobic and anoxic conditions (24, 25) and a minor pathway under 
aerobic conditions (25). The latter reaction results in a,<x,oc-trifluoro-2,6-
dinitro-7V-propyl-/?-toluidine and is a major aerobic pathway (24-26). The 
fourth mechanism for trifluralin disappearance is the formation of the dimer 
2,2f-azoxybis-(a,a,a-trifluoro-6-nitro-7V,iV-dipropyl-p-toluidine) upon partial 
reduction and condensation of two nitro groups (24). 

Rate-limiting steps for the mineralization of trifluralin are indicated by 
the accumulation of intermediate compounds. In an anaerobic environment the 
rate limiting steps were the reduction of the second nitro group of α,α,α-
trifluoro-5-nitro-JV4,A^4-dipropyltoluene-3,4-diamine and the first dealkylation of 
a,a,a-trifluoro-^4,iV4-dipropyltoluene-3,4,5-triamine (24, 25) while in an anoxic 
environment only the first step was rate limiting. In an aerobic soil 
environment, rate limiting steps were the second dealkylation of α,α,α-
trifluoro-2,6-dinitro-A -̂propyl-/7-toluidine, dealkylation and splitting of the 
toluidine dimer, further degradation of the dealkylated toluidine dimer, and 
reduction of the nitro group of 2-ethyl-7-nitro-l-propyl-5-(trifluoromethyl)-
benzimidazole (24, 25). 

The initial reactions and those which follow to mineralization in Figure 
3 are carried out by a combination of biotic and abiotic influences. Zayed et 
al. (26) showed that three fungal strains, independently or in consortium, 
catabolically degraded 3H-radiolabeled trifluralin substrate under aerobic 
conditions with a half-life in broth culture of less than 10 days. Comparisons 
between sterile and non-sterile soils showed definitively that microbial 
degradation enhances the rate of disappearance of trifluralin (25). Other studies 
showed that the rate of trifluralin disappearance was enhanced by incubation in 
the presence of plants. This result indicates that either trifluralin may serve as 
a secondary substrate in the presence of plant exudates or that rhizosphere 
bacterial communities are better able to metabolize trifluralin (25, 54). 

Either the halogenated constituent of trifluralin is recalcitrant to 
degradation or there is no rate-limiting degradation step after the 
dehalogenation step. Golab et al. (24) showed that of thirty-three detectable 
degradation products, only two were defluorinated. It appears probable that 
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complete mineralization of trifluralin does occur in the natural environment, but 
none of the studies cited followed the fate of the parent compound through ring 
cleavage. 

Fate of Herbicides in Riparian Wetland Soils 

The essential differences between the soils of riparian wetlands and upland 
soils are the chemical reduction state and the organic content. Bom oxidation 
state and organic content in riparian wetland soils are strongly influenced by 
the vegetation adapted to growth in wetland soils. The reduced environment 
affects bom chemical and biological reactions with herbicides. Soil microbial 
populations in reduced environments show different community structure and 
metabolic activity from those in more oxidized environments (55). Riparian 
wetland soils are not uniformly reduced, however, since wetland-adapted plants 
frequently are able to transport oxygen to the roots. Transport of 
environmental oxygen below-ground to roots results in a partially oxidized 
rhizosphere associated with root systems (55, 57). 

There are three reasons for the high organic content of wetland soils. 
First is the periodic import of organic material associated with flood wrack. 
This material accumulates in riparian wetlands and can increase the organic 
load. Second is the sclerophyllous nature of some flood-adapted vegetation 
(often seen as rigid, waxy leaves). The high lignin content of sclerophyllous 
litter is more recalcitrant than upland litter and results in accumulation of 
partially decomposed matter enriched in aromatic constituents (58, 59). Third 
is the anaerobic condition of the soil. Partially decomposed organic molecules 
tend to aggregate into the long-chain recalcitrant material known generally as 
humus under anaerobic conditions (38). Taken together, these characteristics 
lead to a soil containing a high content of humic material enriched in phenolic 
and other aromatic components. This high organic content imparts a high 
cation exchange capacity to the soil and slows the migration of positively 
charged herbicides through the soil matrix (34, 60). 

Volatilization. Herbicide volatility in riparian wetland soils should be lower 
than that at comparable concentrations in upland soils. The high organic 
content of the soil will result in more adsorption of herbicide and lower 
volatility (61). Of the three sample herbicides, only trifluralin is volatile (16). 
By the time an herbicide residue has migrated from the point of application to 
a riparian wetland area volatilization is not expected to be a major mechanism 
of disappearance. 

Migration. Increased organic matter in riparian wetland soils increases the 
CEC and slows the migration of herbicides. In a study comparing migration 
rates through riparian wetland soil cores with varying organic contents, Mudd 
(34) showed that soils with high organic content had slower movement of 
atrazine. Fluometuron infiltration was held to 5 cm on a soil with 4.4% soil 
organic carbon as opposed to 10 cm in a soil with 1.5% soil organic carbon 
(27). Trifluralin is only minimally mobile in soil, and no study showed 
trifluralin migration past the upper several centimeters of a soil (28). 
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Photolysis. Photodecomposition in riparian wetlands should be minimal since 
sediment-associated herbicides are shaded and not exposed to direct sunlight. 
Of the three sample herbicides, only trifluralin is subject to photolysis (14, 16). 

Degradation. Chemical and biological degradation of herbicides are affected by 
the presence of oxygen. Biological degradation is further affected by the 
presence of alternate sources of organic material and the characteristics of those 
alternate sources. Riparian wetlands contain micro-environments which exhibit 
a wide range of redox potentials and organic carbon concentrations and types. 

Reduction State. The redox state of the bulk riparian wetland soil 
(underlying a thin oxidized crust) is very low. This highly reduced 
environment leads soil microorganisms to metabolize by anaerobic or anoxic 
pathways (38). The products of these metabolic pathways are all acidic, 
leading to a reduction in soil pH (62). Low pH decreases the mobility of 
aminated and nitrosylated herbicides through the soil matrix, giving more time 
for degradation to occur. 

There are pockets of less reduced soil around wetland plant roots. One 
adaptation of flood-tolerant plants is the ability to transport oxygen to their 
roots. Vegetated constructed wetlands for wastewater treatment take advantage 
of this phenomenon to provide oxygen to the subsurface (46). Many studies 
have been performed to measure the oxygen transport rate, assess the 
environmental impact, and elucidate the mechanism of this phenomenon (63-
65). Many species, including Phragmites austral is (63), Spartina alterniflora 
(65), Pinus spp. (66), Typha latifolia, Carex lacustris, Scirpus acutus (56), 
Pontederia cordata (57) anâAlnus glutinosa (67) possess some ability to aerate 
their root zones. Oxygen transport rates as high as 1.54 grams of oxygen per 
kg dry root weight per hour have been measured (57). The resulting effect is 
one of aerobic micro-sites in a generally anaerobic matrix, providing conditions 
for both aerobic and anaerobic degradation processes within a small volume of 
soil. Because a gradient exists within a small scale in riparian wetlands, as 
rate-limiting reaction substrates accumulate they will diffuse to areas of other 
redox conditions and be degraded (68), or the redox condition of that area will 
change with time and the product will be degraded. 

Co-substrates. The organic matter in riparian wetland soil affects the 
extent and type of microbial activity (69, 70). In soil the major carbon and 
energy source available to microorganisms is soil organic matter. Microbial 
population densities are thought to be fundamentally limited by the amount of 
available carbon (77), though in frequently flooded wetlands denitrification 
causes nitrogen to be the limiting nutrient (2). Nitrogen stress enhances 
degradation of atrazine under aerobic conditions, indicating that 
microorganisms are capable of utilizing both the amino groups and the ring 
nitrogens of atrazine anabolically (44, 47). 
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Humic material is composed of a wide variety of chemical types, 
including aromatic rings and heterocycles (38). This fact is important when 
considering microbial degradation of herbicides since all three herbicides 
considered in this paper contain aromatic rings or heterocycles. Organic 
material can influence the degradation of dilute solutions of recalcitrant 
molecules by providing a primary substrate for secondary metabolism or by 
inducing the production of degradative enzymes which cometabolize the 
recalcitrant molecule. 

Atrazine degradation rates have been shown to be enhanced in vegetated 
soils. Mineralization of atrazine as a secondary substrate may be stimulated by 
plant root exudates (72). Rhizosphere soil from Kochia sp. was shown to elicit 
higher degradation rates of atrazine than the surrounding bulk soils (54). 
Addition of sucrose to broth culture containing atrazine also increased 
mineralization rates (47, 51). 

Entry and Emmingham (70) showed that the type of vegetation affects 
atrazine mineralization rates. Microbial communities of coniferous forest soils 
were more capable of mineralizing atrazine than those from deciduous or 
grassland soils. Mudd (34) similarly showed that biologically active forested 
soils exhibited higher mineralization rates than grassland or cornfield soils. 
Forest litter, especially wetland forest litter, is more lignified and thus more 
capable of providing a template for cometabolism (70). 

The major inhibitors of atrazine degradation appear to be anoxic or 
moderately anaerobic conditions, or a lack of organic substrate. Riparian 
wetland soils may accumulate atrazine while saturated, then upon drying the 
microbial communities may degrade it. The high humic content of these soils 
is conducive to atrazine cometabolism both because humic acids can serve as a 
primary carbon and energy source and because they are thought to be degraded 
by the same ring-cleaving enzymes as atrazine (73-75). As the organic content 
increases above 2%, atrazine degradation rates begin to increase (43). 

Conclusions 

The soils of riparian wetlands are not homogeneous. They contain 
micro-habitats which vary in time and space with edaphic features and a 
constantly shifting mosaic of weather and water content. The driving 
characteristics of these micro-environments are limited to redox potential, 
organic matter, and pH. These characteristics can act to slow herbicide 
migration or enhance degradation by chemical and biological processes. 

The three herbicides evaluated in this review encompass a range of 
mobilities and chemical and biological degradation potentials. All three are 
known to be moderately persistent in soils because of their low degradation 
potential. We have shown that soils of vegetated riparian wetlands contain the 
chemical characteristics and biological constituents to enhance the degradation 
of these compounds. 

Accumulations of herbicides with known sources should be dealt with 
by traditional waste-treatment methods. The literature and our research with 
atrazine indicate that riparian areas at field edges have a unique ability to slow 
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migration and enhance degradation of herbicides from non-point sources. 
Riparian wetland areas are valuable as "nature's kidneys", especially in the 
southeastern U.S. where wetland areas are abundant and buffer waterways from 
agricultural runoff. They should be preserved for this and other ecological 
functions. 
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Chapter 10 

Phytoremediation of Herbicide-Contaminated Surface 
Water with Aquatic Plants 

Pamela J . Rice1, Todd A. Anderson2, and Joel R. Coats1 

1Pesticide Toxicology Laboratory, Department of Entomology, Iowa State 
University, 112 Insectary Building, Ames, IA 50011 

2The Institute of Wildlife and Environmental Toxicology, Department 
of Environmental Toxicology, Clemson University, Pendleton, SC 29670 

There is current interest in the use of artificial wetlands and macrophyte-cultured 
ponds for the treatment of agricultural drainage water, sewage, and industrial 
effluents. Aquatic plant-based water treatment systems have proved effective 
and economical in improving the quality of wastewaters containing excess 
nutrients, organic pollutants, and heavy metals. This investigation was conducted 
to test the hypothesis that herbicide-tolerant aquatic plants can remediate 
herbicide-contaminated waters. The addition of Ceratophyllum demersum 
(coontail, hornwort), Elodea canadensis (American elodea, Canadian 
pondweed), or Lemna minor (common duckweed) significantly (p ≤ 0.01) 
reduced the concentration of [14C]metolachlor (MET) remaining in the treated 
water. After a 16-day incubation period, only 1.44%, 4.06%, and 22.7% of 
the applied [ 1 4C]MET remained in the water of the surface water systems 
containing C. demersum, E. canadensis, or L. minor whereas 61% of the 
applied [1 4C]MET persisted in the surface water systems without plants. C. 
demersum and E. canadensis significantly (p ≤ 0.01) reduced the 
concentration of [14C]atrazine (ATR) in the surface water. Only 41.3% and 
63.2% of the applied [14C]ATR remained in the water of the vegetated systems 
containing C. demersum and E. canadensis, respectively. Eighty-five percent 
of the applied [14C]ATR was detected in the water of the L. minor and 
nonvegetated systems. Our results support the hypothesis and provide 
evidence that the presence of herbicide-tolerant aquatic vegetation can 
accelerate the removal and biotransformation of metolachlor and atrazine from 
herbicide-contaminated waters. 

Herbicides in Surface and Subsurface Waters. Runoff/erosion of pesticides from agricultural 
fields is believed to be the largest contributor to water quality degradation in the midwestern 
United States. Atrazine, alachlor, cyanazine, and metolachlor are the major herbicides used in 
Iowa and the Midwest (7,2). The intense use of these relatively water soluble and mobile 
compounds threatens the integrity of surface and subsurface waters (5, 4). Approximately 1 
to 6% ofthe applied herbicides may be lost to the aquatic environment by runoff and drainage 
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depending on the slope ofthe field, tillage practices, presence or absence of subsurface drains, 
and the quantity and timing of rainfall after application (5-7). Monitoring studies have detected 
herbicides in surface waters (5,8,9), tile-dram water and groundwater (5, 10, 11). Goolsby 
et al. (5) and Thurman et al. (8) reported frequent detection of metolachlor, alachlor, cyanazine, 
atrazine, and the atrazine degradation products deethylatrazine and deisopropylatrazine in 
rivers and streams of the midwestern United States. Atrazine and metolachlor were the two 
most frequently detected herbicides. Measurable amounts of atrazine were reported in 91%, 
98%, and 76% of the preplanting, postplanting, and harvest surface waters sampled. 
Metolachlor was detected in 34%, 83%, and 44% ofthe preplanting, postplanting and harvest-
season waters sampled, respectively. 

Problems Associated with Pesticide-Contaminated Water. The presence of pesticides 
in surface water is a concern for human health and the health of aquatic ecosystems (72). 
Contamination of surface waters with pesticides exposes nontarget microorganisms, plants, 
and animals to compounds that may have an adverse effect on individual organisms or biotic 
communities. Aquatic insects and other aquatic arthropods are particularly susceptible to 
insecticides, whereas herbicides may suppress the growth of aquatic vegetation (13-16). The 
primary concern involving human exposure to pesticide-contaminated waters involves long-
term exposure to low œneentrtfions through drinking water (75). Conventional water treatment 
processes (filtration, clarification, chlorination, softening, and recarbonation) do little to reduce 
the levels of pesticides in drinking water (13,17,18). Pesticide concentrations are significantly 
reduced only when advanced processes such as ozonation, reverse osmosis, or granular 
activated carbon are used. In areas where water treatment facilities lack advanced treatment 
processes, the concentration of pesticides in the finished drinking water will be similar to the 
concentrations found in the surface water or groundwater source (7 7). 

Phytoremediation of Contaminated Water. There is current interest in the use of artificial 
wetlands and macrophyte-cultured ponds for treating wastewater (agricultural drainage water, 
sewage, and industrial effluents) (19-23). Aquatic plant-based water treatment systems have 
proved to be effective and economical in improving the quality of wastewater effluents (24-
2 7). Floating and emergent aquatic plants including water hyacinth (Eichhomia crassipes 
Mart.), elodea (Egeria densa P.), duckweed (Lemna and Spirodela spp.), pennywort 
(Hydrocotyle umbellata L.), common arrowhead (Sagittaria latifolia L.), common reed 
(Phragmites australis), and pickerelweed (Pontederia cordata L.) reduce the levels of 
total suspended solids and nutrients (N and P) in wastewater by solid filtration, nutrient 
assimilation, and microbial transformation (19-28). In addition, aquatic plants and their 
associated microbiota have contributed to the removal and biotransformation of xenobiotic 
compounds from contaminated waters and sediments. Microbiota of cattail roots (Typha 
latifolia L.) and duckweed plants (L. minor) accelerate the biodégradation of surfactants 
(29). Curly leaf pondweed (Potamageton crispus L.), common duckweed (L. minor), and 
their epiphytic microbes contributed to the removal and degradation of pentachlorophenol 
from a stream, and various duckweed plants (Lemna and Spirodela spp.) have been shown 
to accumulate metals (aluminum, cadmium, copper, lead, and mercury) from aqueous solutions 
(30-32). 

Previous research provides evidence that aquatic plants can remediate wastewaters 
containing excess nutrients, organic pollutants, and heavy metals. This investigation was 
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conducted to test the hypothesis that herbicide-tolerant aquatic plants can remediate herbicide-
contaminated waters. Experiments were setup to évalua 
plants (Ceratophyllum demersum L and Elodea canadensis Rich.) and one floating aquatic 
plant {Lemna minor L ) to remediate metolachlor or atrazine contaminated waters. Metolachlor 
[2-chloro-̂ -(2-ethyl-6-methylphenyl)-A -̂(2-methoxy-1 -methylethyl)acetamide] controls 
annual grass weeds and broadleaf weeds in corn, soybeans, peanuts, and potatoes. Atrazine 
[6-cMoro-#-etoyl-W-(l-methyl^ inhibits photosynthesis of 
susceptible grassy and broadleaf weeds in corn, sorghum and turf grass (33). Our results 
support the hypothesis and demonstrate the presence ofherbicide-tolerant aquatic vegetation 
can accelerate the removal and biotransformation of metolachlor and atrazine from herbicide-
contaminated waters. 

Materials and Methods 

Chemicals. Metolachlor [2-chloro-Ar-(2-ethyl-6-methylphenyl)-7V-(2-methoxy-1 -
methylethyl)acetamide] (CGA 24705,97.3 % pure); |U-rmg-14C]metolachlor ([14C]MET) 
(98.9% pure); the metolachlor dégradâtes ̂ -(2-ethyl-6-methylphenyl)-2-hydroxy-^r-(2-
meth>dethyl>acetamide (CGA40172,98.4% pure) and 4-(2-ethyl-6-methylphenyl>5-methyl-
3-moipholinone (CGA40919,99.8% pure); |U-ring-14C]atrazine ([14C]ATR) (98.2% pure); 
[U-ring-14C]deethylatrazine (94.8% pure); [U-ring-14C]deisopropylatrazine (92.9% pure); 
[U-ring-14C]dideallqdatimine (98.8% pure); and |U-rmg-14C]hydroxyatrazine (97.5% pure) 
were gifts from the Ciba-Geigy Corporation, Greensboro, NC. 

Surface Water and Aquatic Plant Sample Collection. Surface water and aquatic plants 
Lemnaminor\-* (common duckweed), Elodea canadensis Rich. (American elodea, Canadian 
pondweed), and Ceratophyllum demersum L. (coontail, hornwort) were collected from the 
Iowa State University Horticulture Station Pond, Ames, Iowa. The aquatic plants were selected 
as a result of their abundance and availability. Pond water samples were collected in sterile 4-
L bottles and stored at 4 ± 2°C. Aquatic plants were collected and maintained, at 25 ± 2°C, 
in aquaria containing distilled water and Hoagland's nutrient solution with a 14:10 (L:D) 
photoperiod. 

Experimental Design. Experiments were conducted to evaluate the degradation of 
metolachlor or atrazine in vegetated- and nonvegetated-surface-water incubation systems. 
Each experimental variation [herbicide (metolachlor, atrazine) χ aquatic plant (L. minor, Ε 
canadensis, C. demersum)xihe duration ofthe incubation period (0-16 days)] was replicated 
a minimum ofthree times. Analysis of variance and least square means determined significance 
between treatments. 

Surface Water/Plant Incubation Systems. French square bottles were filled with 150 ml 
of a water solution containing pond water/Hoagland's nutrient solution/ultra-pure water (1:1:4 
v/v/v). A pond water/Hoagland's nutrient solution/ultra-pure water mixture was used rather 
than 150 ml of pond water in order to make the study more reproducible for other researchers. 
[14C]MET or [14C] ATR was added to the water at a rate of200 pg/L. This rate was chosen to 
represent a runoff concentration and to ensure there was enough radioactivity for the detection 
of metabolites. Aquatic plants (3 g) were added to 150 ml of the treated water solutions and 
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placed in a temperature-controlled room set at 25 ± 2°C with a 14:10 (L:D) photoperiod. 
Three replicate vegetated- and nonvegetated-incubation systems were dismantled on each of 
the designated incubation days. The herbicides and their dégradâtes were extracted from the 
water solutions and the plant tissues, and a mass balance was determined. 

Water Extraction and Analysis. At the completion of each test, the aquatic plants were 
removed from the water solutions by using vacuum filtration and were rinsed with ultra pure 
water. The plant rinsate was added to the filtrate. A portion ofthe treated water was counted 
with a liquid scintillation spectrometer to determine the quantity of radioactivity remaining in 
the water. The herbicides and herbicide dégradâtes were removed from the remaining water 
with a solid phase extraction (SPE) process. Supelclean Envi-18 6-cc solid phase extraction 
cartridges (Supelco, Inc., Bellefonte, PA) were positioned on a 12-port Visiprep Solid Phase 
Extraction Vacuum Manifold (Supelco, Inc., Bellefonte, PA) and activated with 18 ml (3 
column volumes) of certified ethyl acetate followed by 18 ml of certified methanol and finally 
18 ml of ultra-pure water. The water samples were drawn through the activated cartridges 
by using an applied vacuum (50 kPa). Once the entire sample had been drawn through the 
extraction cartridge, the packing was dried by drawing air through the cartridge for approximately 
15 minutes. The cartridges were eluted with 10 ml certified methanol followed by 5 ml of 
certified ethyl acetate. The radioactivity of the effluent (post-SPE water sample) and the 
methanol and ethyl acetate eluates was determined with liquid scintillation techniques. The 
quantity of metolachlor, atrazine, and their dégradâtes in the methanol eluates were characterized 
by thin layer chromatography (TLC). 

Plant Extraction and Analysis. Plant tissues were extracted three times with certified 
methanol. The volume ofthe extract was reduced with a rotary evaporator and the plant 
extracts were characterized by TLC. Dry-extracted plant tissues were mixed with hydrolyzed 
starch and combusted in a Packard sample oxidizer (Packard Instrument Co.) to determine 
the activity of the nonextractable residues. The 1 4 C0 2 produced from the combusted plant 
material was trapped in Carbo-Sorb Ε and Permafluor V (Packard Instruments Co.). Liquid 
scintillation spectroscopy was used to quantify the radioactivity in the plant extracts and the 
combusted plant tissues. 

Thin-Layer Chromatography. A portion of the methanol eluates from the water samples or 
plant extracts, representing 70,000 dpm (0.03 pCi), was concentrated under nitrogen in a 
warm-water bath. [14C]MET, -̂(2-ethyl-6-methylphenyl)-2-hydroxy-A -̂(2-methylethyl)-
acetamide, 4-(2-ethyl-6-methylphenyl)-5-methyl-3-moφholinone and the water and plant 
extracts from the metolachlor-treated systems were spotted on 20-cm by 20-cm glass plates 
containing a 250-pm layer of normal-phase silica gel 60 F-254. The TLC plates were 
developed in a hexane/methylene chloride/ethyl acetate (6:1:3 v/v/v) solvent system (34). 
[14C]ATR, [U-ring-14C]deethylatrazine, [U-ring-14C]deisopropylatrazine, [U-ring-
14C]didealkylatrazine, |U-ring-14C]hydroxyatrazine, and the reduced water and plant extracts 
from the atrazine-treated systems were spotted on normal phase silica gel plates and developed 
in a cWoroform/methanol/formic acid/water (100:20:4:2 v/v/v) solvent system (Ciba-Geigy). 
An ultraviolet lamp (254 nm) was used to locate the nonradiolabeled standards and the location 
of the radiolabeled standards and extracted compounds was determined by autoradiography 
using Kodak X-Omat diagnostic film (Eastman Kodak Co., Rochester, NY). The silica gel of 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
8,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
4.

ch
01

0

In Phytoremediation of Soil and Water Contaminants; Kruger, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



10. RICE ETAL. Phytoremediation with Aquatic Plants 137 

each spot was scrapped into vials containing 5 ml of Ultima Gold scintillation cocktail (Packard 
Instrument Co., Downers Grove, IL) and the radioactivity in each sample was quantified on a 
liquid scintillation spectrometer. The 1 4C mass balance was determined for each system. 
Percentage of applied 1 4C in the degradation products was summed and reported as the 
percentage of applied 1 4C associated with total degradation products in the water or plant 
extracts. A report of the individual degradation products and the percentage of applied 1 4C 
associated with the individual degradation products will not be discussed in this chapter. 
Information regarding the degradation products will be written in a paper to be submitted to 
the journal ofEnvironmental Toxicology and Chemistry. 

Results 

Reduction of Metolachlor and Atrazine in the Water of the Vegetated Incubation 
Systems. The concentrations of [14C]MET and [14C]ATR were significantly reduced (p < 
0.01)in the water ofthe vegetated surface water incubations systems. After 16 days, 22.7%, 
4.06%, and 1.44% ofthe applied [14C]MET remained in the water ofthe vegetated incubation 
systems that contained L. minor (common duckweed), E. canadensis (American elodea), 
and C. demersum (coontail), respectively (Figure 1). Sixty-one percent of the applied 
[14C]MET was detected in the water ofthe nonvegetated incubation systems. The quantity of 
the [14C] ATR that remained in the water of the atrazine-treated Ε canadensis (63.2%) and 
C. demersum (41.4%) vegetated incubation systems were significantly (p < 0.01) reduced 
compared with the nonvegetated incubation systems (85.0%) (Figure 2). The water of theL 
minor incubation systems (84.9%) contained levels of [14C]ATR comparable to the 
concentrations found in the water ofthe nonvegetated incubation systems (85.0%). Half-
lives of [14C]MET and [14C]ATR in the water ofthe vegetated and nonvegetated incubation 
systems were calculated assuming first-order reaction kinetics (Table I). The significant reduction 
in the concentration of [14C]MET and [14C]ATRin the water of the vegetated incubation systems 
may be the result of 1) the herbicide attaching to the surface of the plant, 2) the accumulation, 
sequestering, and degradation of the herbicide in the plant, or 3) the degradation ofthe herbicides 
in the water. 

Plant Uptake of 1 4 C. Replicates ofthe metolachlor- or atrazine-treated vegetated incubation 
system containing either L minor or C. demersum were extracted and analyzed immediately 
following the herbicide treatment (day 0) and 4,8,12, and 16 days after the addition of the 
herbicide. Vegetated incubation systems containing canadensis were extracted and analyzed 
on day 0,4, and 16. After 16 days, less than 25% of the applied 1 4C was detected in the L 
minor, E. canadensis, or C. demersum plants of the metolachlor- or atrazine-treated 
vegetated incubation systems (Tables Π & ΠΙ). Significantly greater quantities of 1 4C were 
associated with the plant tissues ofthe metolachlor-treated systems compared with the atrazine-
treated systems (p < 0.01 ), which may be the result ofthe greater water solubility of metolachlor 
(metolachlor = 530 mg/L at 20°C, atrazine=33 mg/L at 27°C). Metolachlor may be more 
bioavailable and more readily absorbed and translocated in plants than atrazine as a result of 
its increased water solubility. Plants of the metolachlor-treated L. minor, E. canadensis, and 
C. demersum systems contained 7.57 ± 0.09%, 20.3 ± 3.07%, and 23.2 ± 0.02% ofthe 
applied 1 4C after 16 days. Aquatic plants from the atrazine-treated systems contained 1.21 ± 
0.05%, 11.7 ± 1.06%, and 9.23 ± 1.17% ofthe applied 1 4C in theZ. minor, E. canadensis, 
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nonvegetated L minor Κ canadensis C. demersum 

Metolachlor-treated incubation system 

Figure 1. Percentage of applied [,4C]metolachlor remaining in the water of the 
nonvegetated- and vegetated-surface water incubation systems after 16 days. 

nonvegetated L. minor E. canadensis C. demersum 

Atrazine-treated incubation system 

Figure 2. Percentage of applied [14C]atrazine remaining in the water of the 
nonvegetated- and vegetated-surface water incubation systems after 16 days. 
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.22 

PH 

• 1 4 C in plant - bound 
14 

^ C in plant - extractable 
• [14C]MET in water 

•Ml 
1 

M P 
.- . 1 

nonvegetated L. w/wor E. canadensis C. demersum 
Metolachlor-treated incubation system 

Figure 3. Significance of plant uptake in the reduction of [14C]metolachlor from the 
water of the vegetated incubation systems. A comparison of the percentage 
[14C]metolachlor remaining in the water of the nonvegetated incubation system with 
the summation of the percentage [14C]metolachlor in the water of the vegetated 
incubation system and the percentage 1 4C in the plant. 

• 1 4 C in plant - bound 

mUC in plant - extractable 

• [14C]ATR in water 

nonvegetated L. minor E. canadensis C. demersum 
Atrazine-treated incubation system 

Figure 4. Significance of plant uptake in the reduction of [14C]atrazine from the 
water of the vegetated incubation systems. A comparison of the percentage 
[14C] atrazine remaining in the water of the nonvegetated incubation system with the 
summation of the percentage [14C]atrazine in the water of the vegetated incubation 
system and the percentage 1 4C in the plant. 
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and C. demersum systems, respectively. Based on the results of our investigation and the 
assumption that there was no rapid and significant plant uptake, metabolism, and release of the 
herbicide degradation products from the plant into the water between the extraction intervals 
(days 0,4, 8,12, and 16), plant uptake of 1 4C by the aquatic vegetation did not, by itself, 
account for the significant reduction in the concentrations of [14C]MET detected in the water 
of the vegetated incubation systems. Examination of the data presented in Figure 3 shows the 
summation of the percentage of applied [14C]MET remaining in the water of the vegetated 
incubation systems plus the percentage ofthe applied 1 4C associated with the plant tissues 
(extractable and nonextractable) represents a significantly smaller (p < 0.01) portion of the 
applied herbicide than the percentage of applied [14C]MET remaining in the water of the 
nonvegetated-incubation systems. Similar results were seen in the atrazine-treated C. 
demersum system (Figure 4). These results suggest the significant (p < 0.01) reductions of 
[14C]MET in the water of the L. minor, E. canadensis, and C. demersum systems and 
[14C] ATR in the water of the C. demersum system did not occur predorninantly as the result of 
plant uptake and the sequestering of the herbicide in the plant. Additional factors such as the 
degradation of the herbicide in the water or the degradation of the herbicide in the plant and 
the subsequent release of the herbicide and dégradâtes into the water seem to be more important. 
Addition of the 1 4C percentage in the E. canadensis to the percentage of [14C] ATR in the 
water of the E. canadensis system was not significantly different from the percentage of 
[14C] ATR remaining in the water of the nonvegetated system. This suggests that the accumulation 
of 1 4C in the E. canadensis and the degradation of [14C] ATR in the water were equally important 
to the significant reduction of [14C] ATR 

Degradation of Metolachlor and Atrazine in the Water and Plant Tissues. Metolachlor, 
atrazine, and a number ofthe degradation products of metolachlor and atrazine were detected 
in the water extracts and plant extracts of the metolachlor- or atrazine-treated vegetated 
incubation systems. In the metolachlor-treated L. minor, E. canadensis, and C. demersum 
systems, the plant extracts and the water extracts contained significantly (p < 0.01) greater 
quantities of total 1 4C (metolachlor and dégradâtes) (lines) than [14C]MET (bars) (Figure 5). 
The significantly reduced quantities of [14C]MET relative to the total 1 4C measured in the water 
and plant extracts and the detection of metolachlor dégradâtes in these extracts indicate that 
the significant reduction (p < 0.01) of the [14C]MET in the water of the vegetated systems 
occurs, in large part, as a result of degradation. The presence of herbicide dégradâtes in the 
water and plant extracts may result from 1) the degradation ofthe herbicide in the water, 2) the 
degradation ofthe herbicide in the plant, 3) the degradation of the herbicide in the water and 
the accumulation ofthe herbicide dégradâtes in the plant, or 4) the degradation ofthe herbicide 
in the plant and the release ofthe herbicide dégradâtes into the water. Results from these 
vegetated incubation studies cannot definitively determine the location of the herbicide 
degradation. Our data (Table Π) show significantly greater quantities of metolachlor dégradâtes 
were found in the water fraction of the vegetated-incubations systems compared with the 
quantity of total 1 4C detected in the plants (p< 0.01). The percentage of applied 1 4C associated 
with the metolachlor dégradâtes in the water of the vegetated incubation systems were at least 
2.5 times greater than the percentage of applied 1 4C detected in the plants (extractable and 
nonextractable) throughout the duration of the incubation. Less than twelve percent of the 1 4C 
associated with the plant extracts was identified as [14C]MET. This represents less than one 
percent ofthe total applied [14C]MET. These results suggest that either 1) the majority ofthe 
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Figure 5. Percentage of applied 1 4C and [14C]metolachlor detected in the water and 
plant extracts of the vegetated and nonvegetated metolachlor-treated surface water 
incubations systems. ([14C]MET = [14C]metolachlor; 14C=total radioactivity (parent 
+ dégradâtes). 
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[14C] ATR in the water • • [14C] ATR in the plant 
1 4 C in the water — 1 4 C in the plant 

L· minor 

0 4 8 12 16 

C. demersum 

0 4 8 12 16 

Day 

Figure 6. Percentage of applied 1 4C and [14C]atrazine detected in the water and plant 
extracts ofthe vegetated and nonvegetated atrazine-treated surface water incubation 
systems. ([14C]ATR = [14C]atrazine; 1 4C = total radioactivity (parent + dégradâtes). 
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[14C JMET degradation occurred in the water of the metolachlor-treated vegetated incubation 
system or 2) the herbicides were rapidly taken up into the plants, metabolized, and released 
into the water solution within the 4-day intervals between the extraction and analysis of the 
incubation systems. Additional experiments need to be conducted in order to determine if the 
herbicides are degraded by microorganisms in the water or transformed in the plant and 
released into the water. In the vegetated and nonvegetated incubation systems we did not 
account for the mineralization of metolachlor or atrazine to C0 2 . Between 78% and 98% of 
the applied radioactivity was recovered in the metolachlor- and atrazine-treated systems (Tables 
n&m). 

The degradation of [14C] ATR in the vegetated incubation systems primarily occurred 
in the water phase. With one exception (the day-four water extract in the atrazine-treated E. 
canadensis systems), the percentage of applied [14C] ATR (bars) remaining in the water ofthe 
vegetated incubation systems was significantly less than the percentage of the total1 *C (atrazine 
and dégradâtes combined) (lines) remaining in the water (p> 0.02) (Figure 6). Less than 
12% of the applied 1 4C was found in the L. minor, E. canadensis, and C. demersum plants 
throughout the duration of the incubations. The levels of [14C] ATR detected in the plant 
extracts were not significantly different from the total 1 4C (extractable and nonextractable) 
measured in the plants. This indicates that the degradation of [,4C]ATR in the plants was 
minimal, assuming the plant uptake, metabolism, and release of atrazine transformation products 
was minimal during the 4-d time intervals between the extraction and analysis of the 0,4,8, 
12, and 16-d incubation systems. With the exception of the£. canadensis system, the water 
ofthe atrazine-treated vegetated incubation systems contained a significantly (p < 0.01) greater 
quantity of atrazine dégradâtes than the total quantity of 1 4C that was detected in the plants 
(extractable and nonextractable) (Table ΙΠ). The quantity of atrazine dégradâtes in the water 
of the L minor and C. demersum systems was ten times and five times greater, respectively, 
than the quantity of 1 4C detected in the L. minor and C. demersum plants. These data 
suggest [14C] ATR was predominately degraded in the water rather than in the aquatic plants. 
The absence of a large accumulation of 1 4C into the plants preceding a significant decrease in 
the quantity of radioactivity detected in the plant (extractable and nonextractable) suggests 
that the degradation of atrazine and metolachlor occurred mostly in the water phase of the 
incubation system rather than in the plant. 

Atrazine Versus Metolachlor. When we compare the atrazine-treated vegetated and 
nonvegetated systems with the metolachlor-treated vegetated and nonvegetated systems, a 
greater percentage of the applied herbicide ([,4C] AIR or [14C]MET) persisted in the atrazine 
systems compared with the metolachlor systems (Figures 1 & 2, Tables Π & ΠΙ). A greater 
percentage of the applied herbicide was characterized as dégradâtes in the water and the 
plant extracts of all three metolachlor-treated vegetated systems relative to the corresponding 
atrazine-treated systems (Tables Π & ΠΙ). In addition, metolachlor and/or metolachlor 
dégradâtes were more readily taken up into the plant or attached to the surface of the plant 
(total 1 4C in the plant) than atrazine and its dégradâtes. Based on this investigation, metolachlor 
was more readily degraded than atrazine. These results agree with the monitoring studies of 
Goolsby et al. (3) and Thurman et al. (8); they reported that atrazine was more persistent than 
metolachlor, alachlor, or cyanazine in the surface waters of the midwestern United States. 
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C demersum Versus Κ canadensis Versus L minor. The presence of plants and the 
type of plant can make a significant difference in the quantity of metolachlor or atrazine that 
remains in the water. Our investigations demonstrated, with the exception of the atrazine-
treated L. minor system, that the presence of aquatic plants significantly (p < 0.01) reduced 
the concentration of [14C]MET and [14C]ATR in the herbicide-contaminated waters (Figures 
1 & 2). Lack of a significant difference in the concentration of [14C] ATR in the L. minor 
incubation systems compared with the nonvegetated system may be attributed to the 
phytotoxicity of atrazine to theZ. minor (35,36). C. demersum was superior in the remediation 
of the metolachlor- and atrazine-conterranated waters. The herbicide-rediction efficiencies of 
the aquatic plants were, from most efficient to least efficient, C. demersum >E. canadensis 
> L. minor for both the metolachlor- and atrazine-treated systems. Degradation seems to be 
the predominant factor involved in the high herbicide-reduction efficiency of the C. demersum 
system. The quantities of atrazine and metolachlor dégradâtes detected in the water of the 
vegetated incubation systems were, in descending order, C. demersum > L. minor = E. 
canadensis. The accumulation ofthe herbicides in C. demersum seemed to play a secondary 
role to degradation. Herbicide accumulation in the plants followed the order of C. demersum 
=E. canadensis > L minor for the metolachlor- and atrazine-treated systems. This may be 
related to the surface area ofthe plant exposed to the herbidde-contarninated water. Both the 
C. demersum and E. canadensis are submerged aquatic plants whereas L. minor is a free-
floating aquatic plant. The submerged aquatic plants would have a greater surface area exposed 
to the herbicide in relation to the floating L minor. 

Discussion 

The purpose of our investigation was to evaluate the ability of aquatic plants to remediate 
herbicide-contaminated waters. Our results demonstrated the presence of herbicide-tolerant 
aquatic plants contributed to the accelerated dissipation of metolachlor and atrazine in the 
surface water incubation systems. 

Aquatic plants can contribute directly or indirectly to the removal of pollutants from 
water and sediment. Direct interaction ofthe plant and contaminant would include the uptake 
and accumulation or metabolism of the xenobiotic compound within the plant. Research has 
shown that plants contain enzymes that transform and conjugate organic contaminants (37-
39). Herbicides that are absorbed by herbicide-resistant plants can be transformed and 
conjugated by these enzymes to degradation products that may be stored in the vacuoles or 
cell walls of the plant cells (37, 40) or released from the plant back into the water. The 
tolerance of plants to metolachlor is often dependent on the plants' ability to rapidly conjugate 
metolachlor. In most cases, atrazine-resistant plants contain a different amino acid in the 
photosynthetic protein that will interfere with atrazine's ability to disrupt electron flow (33). 

The dissipation of contaminants from water or sediment can be mdirectry affected by 
plants as a result ofthe accelerated biodégradation of the compound in the phyllosphere or 
rhizosphere. Plants provide a favorable surface for the attachment of microorganisms (41-
43), and they supply organic nutrients to epiphytic microorganisms, in the form of photosynthates 
and exudates, which stimulate microbial growth in the phyllosphere and rhizosphere (43,44). 
In addition, certain plants can transport oxygen to anaerobic sediments and anoxic waters, 
which create oxidized rnicroenvironments that stimulate the microbial degradation of organic 
substances (45, 46). 
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The presented data provide evidence that enhanced degradation is the predominant 
actor involved in the significant reduction of metolachlor and atrazine from the waters of the 
vegetated incubation systems. The sequestering of the atrazine or metolachlor or their 
degradation products in the plant was minimal. Additional experiments need to be conducted 
to determine if the accelerated degradation occurs as the result of degradation in the plant or as 
a result of enhanced biodégradation associated with epiphytic microorganisms in the phyllosphere 
or rhizosphere. Results of this investigation are similar to other phytoremediation studies that 
report the major mechanism of pollutant removal to be enhanced degradation (29,47). 

Metolachlor was more readily degraded than atrazine in the nonvegetated and vegetated 
systems. Atrazine may be more recalcitrant to degradation as a result of its chemical structure 
or bioavailability to microorganisms or plants. Metolachlor has been shown to be primarily 
degraded by microorganisms in sediments (70) and a number of metolachlor degradation 
products were detected in microbial cultures (48, 49). Laboratory studies have shown that 
atrazine, in surface water samples or aquatic solutions, was recalcitrant to microbial degradation 
(50). This may be the result of the resistance of the j-triazine ring to microbial attack (57 as 
cited by J2). Metolachlor is more water soluble than atrazine and therefore more bioavailable 
to plants and microorganisms. The greater solubility of metolachlor may account for the increased 
percentage of applied 1 4C detected in the plants of the [14C]metolachlor treated systems 
compared with the [14C]atrazine treated systems. Greater plant uptake and bioavailability of 
metolachlor to the plants and epiphytic microorganisms contributes to the more rapid degradation 
of metolachlor compared with atrazine. 

Conclusions 

Our research has demonstrated that aquatic vegetation may be used to remediate herbicide-
contaminated waters. With the exception of the atrazine treated L minor system, concentrations 
of [14C]MET or [14C] ATR were significantly (p < 0.01) reduced in the water ofthe vegetated 
incubation systems after 16 days. In both the metolachlor- and atrazine-treated systems, the 
herbicide-reduction efficiencies of the aquatic plants were, from most efficient to least efficient, 
C. demersum > E. canadensis > L. minor. The results of our investigation suggest the 
significant (p < 0.01) reductions of [14C] ATR in the water of the C. demersum system and 
[14C]MET in the water of the L. minor, E. canadensis, and C. demersum systems did not 
occur predominantly as the result of the absorption and sequestering ofthe herbicides and their 
transformation products in the plants. Accelerated biodégradation seems to be more important 
than plant accumulation and storage to the enhanced dissipation of metolachlor and atrazine 
from the water of the vegetated systems. Additional experiments need to be conducted with 
surface-sterilized and non-sterilized plants to confirm whether the accelerated degradation of 
the herbicides was the result ofxenobiotic metabolism in the plant or of enhanced biodégradation 
of the herbicides in the water do to increased microbial populations in the phyllosphere or 
rhizosphere ofthe aquatic plants. 

Practical application of this research would be the construction of wetlands and 
macrophyte-cultured ponds for the phytoremediation of agricultural-drainage effluents from 
field runoff and tile drains. These aquatic macrophyte systems would provide a relatively 
maintenance-free and cost-effective means of remediating contaminated effluents before their 
release into streams, rivers, and lakes. Phytoremediation of wastewater effluents can reduce 
the levels of contaminants that enter natural waters, which would lessen the adverse impact of 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
8,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
4.

ch
01

0

In Phytoremediation of Soil and Water Contaminants; Kruger, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



10. RICE ETAL. Phytoremediation with Aquatic Plants 149 

pollutants on aquatic ecosystems, remove unwanted nitrates and pesticides from surface drinking 
water sources, and help meet public demands for higher water quality. 
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Chapter 11 

The Metabolism of Exogenously Provided Atrazine 
by the Ectomycorrhizal Fungus Hebeloma 

crustuliniforme and the Host Plant Pinus ponderosa 

J. L. Gaskin and J. Fletcher 

Department of Botany and Microbiology, University of Oklahoma, 
Norman, OK 73019 

The mineralization of atrazine by mycorrhizal fungi was examined. 
The percent mineralization was determined by comparing the amount 
of 14CO2 evolved from the plant and plant-fungus systems when 
measured amounts of 14C-labeled atrazine were provided under 
axenic conditions in specially designed exposure chambers. The 
percent mineralization was 0.1 and 0.3, respectively, for the plant 
and plant-fungus systems. The study demonstrated that an 
ectomycorrhizal fungus in association with its host plant increased 
the metabolism of exogenously provided atrazine above that of the 
plant by itself, thereby supporting the proposed use of plant-fungal 
systems in bioremediation of contaminated soils. 

The ability of ectomycorrhizae to degrade xenobiotic compounds has been studied 
with pure cultures examined under laboratory conditions. Donnelly et al. ( 1) screened 
several mycorrhizal fungi for their ability to degrade two aromatic herbicides, 2,4-D 
and atrazine. In a 30-day study with l ^ C labeled atrazine and 2,4-D, it was shown 
that the rates of degradation as measured by CO2 evolution varied depending on the 
species of fungus and herbicide tested (1). In general atrazine was degraded at a 
higher rate than 2,4-D by the fungi tested. Gautieria crispa, was the most active 
dégrader of atrazine; whereas Oidiodendron griseum, an ericoid mycorrhizal fungus, 
was most active against 2,4-D. Maximum mineralization of atrazine occurred between 
the third and fifth day, while it occurred between the fifth and tenth day for 2,4-D. 
Robideaux et al. (2) found that 10 of 11 ectomycorrhizal fungi tested removed the 
herbicide hexazinone from liquid medium. The amount of hexazinone removed 
depended on the species tested and the C/N ratio in the medium. In a study by 
Donnelly and Fletcher (3), examination of the ability of 21 different pure cultures of 
ectomycorrhizal fungi to metabolize 19 different polychlorinated biphenyl (PCB) 
congeners, showed that 14 of the fungi metabolized PCB's. These findings with pure 
cultures suggest that ectomycorrhizae are capable of degrading organic pollutants, but 
it is not certain that they retain this property when in association with roots of a host 
plant. The objective of this study was to examine the ability of roots colonized with 
ectomycorrhizal fungi to metabolize atrazine. 
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Methods 

Ponderosa pine seeds were sterilized in 30% hydrogen peroxide for 55 min., rinsed 
with sterile water, and placed on solid nutrient medium. When seeds had germinated 
and grown to approximately 3 cm in length they were examined for microbial 
contamination, and uncontaminated seedlings were transferred to sterile pouches 
(Figure 1). The pouches used were plant culture made by Agristar Inc. (Sealy, TX) 
The bags were modified by inserting paper pads removed from seed germination 
pouches available from Vaughn's Seed Company (Downers Grove, IL). Although 
Vaughn plastic polyester pouches have been used previously in ectomycorrhizal work 
(4) we found the Agristar bags to be preferred because they had much higher rates of 
gas exchange, and could also be autoclaved. Pouches were prepared as shown in 
Figure 1. Ten ml of Hoagland's solution were added to each pouch. A glass 
disposable pipette with a foil cap was clipped on the inside of each pouch for future 
watering. Two fiberglass pads were used as spacers to prevent the sides of the bag 
from collapsing and thereby permit air circulation. The assembled pouches were 
autoclaved, permitted to cool to room temperature, and sterile seedlings were carefully 
inserted to insure that the root and pouch remained axenic. 

The plant/pouches were placed in a 22 °C growth chamber and received 14 h 
of 300-400 pEinsteins of illumination every 24 hr. Sterile water (approx. 5 ml) was 
added aseptically every three days through the pipette attached to each pouch 
(Figure 1). Hoaglands solution (10%) was added every two weeks instead of water. 

Hebeloma crustuliniforme obtained from Paul Rygiewicz, (Environmental 
Research Laboratory, Corvallis, Oregon) was grown in petri dishes on mycorrhizal 
solid medium, which contained in one liter of media: glucose 10 g, NH4H2PO4 0.7 
mg, KH2PO4 0.4 g, MgS04 0.5 g, CaCl2 100 mg, Fe-citrate 5 mg, MnS04 5 mg, 
ZnS04 4.4 mg, yeast extract 50 mg, agar IS g(l). Ponderosa pines were inoculated 
with fungal plugs after short roots appeared from lateral roots, the stage of root 
development considered to be most receptive to colonization (4,5). Inoculum plugs 
were prepared by removing 4 mm cork borings from the outer edge of 4 week old 
solid cultures and incubating them in liquid medium until the fungal plug was engulfed 
in new mycelium. The plugs were then used to inoculate the pines by placing a plug 
next to a group of short roots, typically comprised of 3-4 roots (Figure 1). Following 
inoculation, the plant roots and fungi were examined every three days for fungal 
growth and developmental changes, such as growth toward roots, formation of the 
mantle, and the appearance of extramatrical hyphae. 

When a root had been colonized, the inoculum plug was removed and a filter 
paper disc laden with l^C-atrazine w a s carefully placed in individual pouches so that it 
was in contact (covered) with a dense region of extramatrical hyphae and a few branch 
roots. The ^C-laden discs were prepared by asceptically transferring 0.5 ml of ^C-
atrazine stock solutions (2 pCi-ml-1) with a specific activity of 19.1 pCi-pmole"1 onto 
autoclaved filter paper discs. The transfers were made with a syringe fitted with a 
0.2 pm Acrodisc filter. The discs were left in the transfer hood until the solvent 
carrier evaporated from the discs. Following addition of the ^C-discs, each pouch 
was wrapped around a small piece of PVC pipe cylinder (4x10 cm), and a rubber band 
was used to fit and hold the pouch to the cylinder thereby securing the position of the 
l^C-disc inside the pouch. Pouches prepared in this manner were then placed into the 
incubation chambers (Figure 2). The laden discs placed over roots in the pouches 
imbibed approximately 0.5ml of H2O giving an exposure conentration of ΙΟΟμΜ 
atrazine. 

The metabolism of l^C-atrazine was determined by comparing the release of 
1 4 C 0 2 from pouches containing: plant, plant-fungus (mycorrhizae), and no living 
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organisms (control). The plant and plant-fungus tests were run in triplicate and the 
control in duplicate. Specially designed exposure chambers were used to measure the 
metabolism of l^c-atrazine to ^ C 0 2 (Figure 2). Individual chambers holding a 
single pouch were comprised of a glass cylinder (30 cm tall, 90 cm diameter) with two 
rubber stoppers at each end. The top and bottom stoppers were fitted with glass tubes 
inserted through them to permit air to enter the bottom and leave from the top. Each 
chamber was connected in series by Tygon tubing with two C02 traps, and an empty, 
dry catch-tube. The air entering the CO2 traps (35x200 mm test-tube) was drawn 
through a fritted glass bubbler tube submerged in 40 ml of full-strength Carbo-Sorb a 
CO2 trapping agent purchased from Packard Instruments (Downers Grove, IL). The 
second CO2 trap was used to monitor the possible saturation of the first trap that was 
intended to retain all evolved CO2. A steady flow of air was pulled through the 
chamber/trap system by a vacuum pump. 

During the course of a 32 day incubation period water was added to individual 
pouches through a sterile needle, which was inserted through the top stopper and into 
a sterile pipette held in each pouch (Figure 2). Water was added as needed from a 
syringe fitted to an Acrodisc sterilizing filter (Fisher) attached to the needle. Control 
pouches possessing no plants or fungi also received water. 

All chambers were illuminated 14 h a day with a beam of light transmitted 
through fiber optics. The beam was focused on the needles of the ponderosa pine in 
chambers holding plants. Each chamber received approximately 500-600 pEinsteins 
of illumination from 17 fiber-optic fibers whose ends were positioned approximately 3 
cm from the glass chamber. The bundle of 17 fibers ran to a trunk line connected to a 
Fiberstars Inc. (Fremont, CA) illuminator model FS-FIB-401S equipped with a 
Fiberstar silver halide bulb. This novel method of illumination eliminated the 
temperature problems normally associated with conventional lighting of small enclosed 
chambers. 

Radioactivity (cpm) evolved from each incubation chamber was determined at 
regular intervals by collecting two 2 ml samples from each trap (Figure 2). Prior to 
each sampling the absorbent volume was adjusted to the starting volume (40 ml) by 
adding additional Carbo-Sorb. Each 2 ml Carbo-Sorb sample was combined with 2 
ml of Permafluor E+ scintillation fluid purchased from Packard Instruments. The 
mixed samples were left in the dark for 24 h and then the radioactivity was determined 
with a Beckman scintillation counter set for 10 min assays. 

The total cumulative amount of radiation (cpm) evolved over time was 
determined for each incubation chamber. At each sampling time the cpm values of the 
two 2 ml aliquots removed from a trap were averaged and then adjusted for 
background radiation by subtracting the cpm value of the two control chambers that 
possessed no plant or fungal tissue. The amount of radiation in each 40 ml trap at 
each sampling time was determined by multiplying the cpm value of the 2 ml aliquot 
by 20. The cumulative amount of radiation that had been released from each 
incubation chamber at each successive sampling time was determined by adding the 
sum of the cpm values of previously removed 2-ml aliquots. The percent 
mineralization of the starting 
atrazine-i^c to ^ C 0 2 at different times during the course of the experiment was 
determined by dividing the total acumulative amount of released as CO2 by the 
amount of radiation provided at the beginning of the experiment as l^C-atrazine 

The rate of atrazine degradation to ^C02 was calculated by dividing the 
pmoles of atrazine metabolized per day by the dry weight of either the root-fungus or 
the estimated fungus in contact with the exposure disc at the completion of the 
experiment. The total root-fungus weight was established by removing the paper 
towel and associated root-fungal tissue from individual pouches. The root and fungal 
tissue directly beneath the exposure disc were removed and dry weights were 
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determined. The amount of fungal weight was then estimated by considering 25% of 
the total weight to be fungal weight. This correction was based on the 25-40% root to 
fungal percent ratios reported by Harley and Smith (6) and knowledge that the fungal 
masses observed in the pouches in this study were considered less developed than 
hyphae associated with plant roots grown in soil. For comparative purposes, the 
percent mineralization rates reported by Donnelly et al. fi) for several different ftmgi 
were converted to pmoles atrazine-day" 1-mg dry weight"! (Table I). This was 
accomplished by multiplying the reported percent mineralization rates by the total 
pmoles of atrazine provided and dividing these rates by days and fungal weight. 

Analysis of variance was used to compare the ability of plant and plant-fungus 
to mineralize l^C-atrazine. The radioactivity present in the last four samples collected 
were used for these analyses. Treating these as equivalent samples even though they 
were not collected on the same day was justified by virtue of the fact that the release of 
radioactive C02 had stopped, thereby suggesting that the substrate had been used up 
and all of the last four values were equally representative of the terminal state of 
mineralization. 

Results and Discussion 

Carbon-14 was released from both the mycorrhizae and plant-only systems throughout 
the course of the experiment. There was substantial variability among the replicates of 
both the mycorrhizae and plant systems, but in general the amount of ̂ C02 produced 
from the mycorrhizae replicates exceeded that from the plant replicates throughout the 
experiment (Table Π). Statistical analyses of the acumulative ̂ C02 values at the end 
of the experiment showed a significant difference between the two systems. 

The rate of atrazine mineralization by the mycorrhizae was 2-fold faster than 
the rate by the plant alone (Figure 3). The enhanced rate may have been due to direct 
metabolism of the xenobiotic by the fungus or perhaps facilitated movement of the 
compound into the plant root through the fungal hyphae, followed by plant 
metabolism of atrazine. In either event the ectomycorrhizal system enhanced the 
degradation of atrazine. Previous studies with pure cultures of ectomycorrhizal fungi 
have shown that this group of fungi have the genetic capability to degrade xenobiotics, 
but the degradation of atrazine by the mycorrhizal system used in this study is the first 
evidence of enhanced xenobiotic degradation by roots colonized with mycorrhizae. 
The rate of atrazine mineralization by the plant-fungus system was compared to rates 
reported in the literature for pure cultures of ectomycorrhizae by converting the cpm 
values in Table I to pmoles atrazine-day"!-nig dry weight" 1. This conversion was 
made by using the specific activity of the parent material to convert the cpm of ^C02 
released to pmoles of atrazine metabolized. Rates of atrazine degradation to ^C02 
were calculated by dividing the pmoles of atrazine metabolized per day by the dry 
weight of tissue in contact with the exposure disc at the completion of the experiment. 
Data from the work of Donnelly et al. (1) were recalculated in a similar fashion as 
explained in the materials and methods. The rate of atrazine degradation calculated for 
Hebeloma crustuliniforme and ponderosa pine roots was 9.0x10"7 pmoles 
atrazine-day" 1 -mg dry weight" 1. Assuming that the fungal tissue was responsible for 
all of the degradation and that the fungus accounted for 25% of the total root-fungal 
weight (6) then it was estimated that the degradation rate of Hebeloma crustuliniforme 
by itself was 3.6x10"^ pmoles atrazine-day" 1-mg dry weight "1. This value is 
approximately 10-fold lower than values calculated from the pure culture data reported 
for several different species of ectomycorrhizae by Donnelly et al (7). The difference 
in rate between the two studies involves several possible explanations. The lower rate 
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158 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

Table I. Mineralization of Atrazine (pmoles atrazine-day-i-mg dry weight" 1) by four 
different ectomycorrhizal fungi in pure culture as compared to roots of 

Pinus ponderosa with colonized Hebeloma crustuliniforme. 
Pure Culture^ 

Rhizopogon Gauteria Gauteria 
othii 
8.3xl0"5 

Radiigera 
atragleba 
9.9xl0"5 

Colonized Plant 
Fungus2 

vulgaris 
2.3xl0-5 

crispa 
3.3xl0-5 

Root and 
Fungus 
9.0xl0-7 3.6xl0-6 

*Data taken from Donnelly et al fij. 
2Weight of fungus was considered to be 25% of the total weight of the colonized 

root (6) 

c 0.21 

0.1 H 

Day Into Experiment 
Figure 3. Mineralization of atrazine (p=0.13). Error bars represent standard 
deviation around the mean of the final two samples pooled together. 
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GASKIN & FLETCHER Metabolism of Exogenously Provided Atrazine 

Table Π. Amount of radioactivity (cpm) recovered in CO2 when 
l^C-atrazine was provided to different systems 

Day 
PLANT-FUNGUS PLANT 

Day 
A a Β C A B C 

2 Sampleb 

Corrected Sample0 

Total Count*1 

Cumulative Count6 

172 204 196 
22 54 46 

440 1080 920 
440 1080 920 

166 173 170 
16 23 20 

320 460 400 
320 460 400 

6 Sample 
Corrected Sample 
Total Count 
Cumulative Count 

213 234 228 
63 84 79 

1260 1680 1580 
1304 1788 1672 

170 187 197 
20 37 48 

400 740 960 
432 786 1000 

10 Sample 
Corrected Sample 
Total Count 
Cumulative Count 

209 239 265 
59 89 115 

1080 1780 2300 
1250 2056 2550 

177 182 173 
27 32 23 

540 640 460 
612 760 596 

14 Sample 
Corrected Sample 
Total Count 
Cumulative Count 

258 239 312 
104 89 162 

2080 1780 3240 
2368 2234 3720 

169 191 239 
19 41 89 

380 820 1780 
506 1004 1962 

18 Sample 
Corrected Sample 
Total Count 
Cumulative Count 

272 253 349 
122 103 199 

2440 2060 3980 
2936 2692 4784 

182 203 238 
32 53 88 

640 1060 1760 
804 1326 2120 

22 Sample 
Corrected Sample 
Total Count 
Cumulative Count 

272 230 382 
122 80 232 

2440 1600 4640 
3180 2438 5842 

181 212 243 
31 62 93 

620 1240 1860 
848 1612 2396 

26 Sample 
Corrected Sample 
Total Count 
Cumulative Count 

286 248 403 
136 98 253 

2720 1960 5060 
3704 2958 6726 

174 179 249 
24 29 99 

480 580 1980 
770 1076 2702 

30 Sample 
Corrected Sample 
Total Count 
Cumulative Count 

270 216 405 
120 66 255 

2400 1320 5100 
3656 2513 7272 

173 220 239 
23 70 89 

460 1400 1780 
798 1954 2700 

a A , B, and C represent triplicate exposure chambers 
^The cpm of each sample taken. 
cThe subtraction of background radiation (average pouch cpm 150). 
dThe correction of volume by multiplying the cpm of a 2ml sample by 20, 
which brings the volume up to 40ml. 

eThe addition of all previous 2ml samples removed. 
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160 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

may be a feature of species difference since unfortunately Hebeloma crustuliniforme 
was not a part of the Donnelly study and no comparable pure culture data on 
xenobiotics metabolism is available from another source. Another possibility is that 
ectomycorrhizal fungi on colonized roots do not metabolize xenobiotics as they do in 
pure culture, and the degradation observed in our study was actually plant degradation 
facilitated by hyphal uptake of atrazine. A third explanation is that the fungal tissue 
was the primary contributer to atrazine degradation, but we overestimated the amount 
of fungal tissue by assuming that 25% of the fungal root weight was due to the 
fungus. Each of these possibilities or some combination of them serve as explanations 
for the 120-fold difference in reported rates (Table I), and emphasizes the need for 
additional research. 

Summary 

The mycorrhizal system of ponderosa pine and Hebeloma crustuliniforme was shown 
to mineralize atrazine to a greater extent than the plant by itself. The ability of 
ectomycorrhizae to enhance the metabolism of atrazine when the fungus is associated 
with the host plant suggests that ectomycorrhizae could play an active role in 
remediating organic, soil pollutants. 

The advantage of ectomycorrhizae systems in bioremediation over that of other 
systems such as free-living bacteria or fungi is that degrading strains of these 
organisms introduced at toxic waste sites are often difficult to maintain for extended 
periods of time because of competition from wild types whereas ectomycorrhizae 
introduced along with their host plant theoretically have a survival advantage over 
competing organisms since the host plant provides an ecological niche for the 
ectomycorrhizal fungus. The general ecology and structure of ectomycorrhizae are also 
favorable for soil bioremediation since the long hyphae of the fungus, increase the 
surface area already explored by roots, and thereby greatly increase the contact 
between potentially bioreactive organisms and soil contaminants. Although 
ectomycorrhizae hold great promise in bioremediation, the slow rate of mineralization 
observed with our test system (ponderosa pine/Hebeloma crustuliniforme) clearly 
shows that the maximum potential of ectomycorrhizal systems in bioremediation can 
only be realized through more intensive efforts to identify those plant-fungal systems 
with the greatest genetic potential to degrade a broad spectrum of xenobiotic 
compounds. 
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Chapter 12 

Evaluation of the Use of Vegetation for Reducing 
the Environmental Impact of Deicing Agents 

Patricia J . Rice1, Todd A. Anderson2, and Joel R. Coats1 

1Pesticide Toxicology Laboratory, Department of Entomology, Iowa State 
University, 115 Insectary Building, Ames, IA 50011 

2The Institute of Wildlife and Environmental Toxicology, Department 
of Environmental Toxicology, Clemson University, Pendleton, SC 29670 

This research project was conducted to evaluate the use of plants for 
reducing the environmental impact of aircraft deicers. Significant quantities 
of ethylene glycol-based deicing fluids spill to the ground and inadvertently 
contaminate soil and surface water environments. Comparisons of the 
biodegradation of 14C-ethylene glycol ([14C]EG) in rhizosphere soils from 
five different plant species, nonvegetated soils, and autoclaved control 
soils at various temperatures (-10 °C, 0 °C, 20 °C) indicate enhanced 
mineralization (14CO2 production) in the rhizosphere soils. After 28 days 
at 0 °C, 60.4%, 49.6%, and 24.4% of applied [14C]EG degraded to 14CO2 

in the alfalfa (Medicago sativa), Kentucky bluegrass (Poa pratensis) and 
nonvegetated soils, respectively. Ethylene glycol mineralization was also 
enhanced with increased soil temperatures. Our results provide evidence 
that plants can enhance the degradation of ethylene glycol in soil. 
Vegetation may be a method for reducing the volume of aircraft deicers 
in the environment and minimizing offsite movement to surface waters. 

Under F A A regulation, deicing agents must be used to remove and prevent ice and frost 
from accumulating on aircraft and airfield runways. Aviation deicing-fluids used in North 
America primarily consist of ethylene glycol (EG) and/or propylene glycol (PG) with a 
minimal amount of additives (7). Vast quantities of glycols enter the environment through 
deicing of aircraft, spills, and improper disposal of used antifreeze. Approximately 43 
million L/yr of aircraft deicing products are used nationwide. During severe storms, 
large planes may require thousands of gallons of deicing-fluid per deicing event (7). An 
estimated 80% of the fluids spill onto the ground, which may lead to the contamination 
of soil, surface water, and groundwater (7-3). Runoff may also be collected in airport 
storm-sewer systems and directly released (untreated) into streams, rivers, or on-site 
retention basins (7,2,45). Airport runoff and storm-sewer discharge have been found to 
contain concentrations of E G ranging from 70 mg/L to > 5,000 mg/L (7). Hartwell et al. 
(3) reported 4,800 mg/L E G in a creek that had received drainage from an airport storage 
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12. RICE ETAL. Vegetation To Reduce the Impact of Deicing Agents 163 

basin. Ethylene glycol has been detected in groundwater at 415 mg/L (7) and 2,100 mg/ 
L (6). Surface waters contaminated with airport runoff have been shown to be harmful to 
aquatic communities (7,3,7). Fisher and co-workers (8) studied the acute impact of 
airport storm-water discharge on aquatic life and reported a 48-h LC50 of 34.3 and 
69.3% effluent for Pimephalespromelas and Daphnia magna, respectively. The primary 
concern of untreated runoff released into surface waters is the high biological oxygen 
demand produced by the rapid biodégradation of EG and PG. Even dilute levels of 
contamination may deplete the available dissolved oxygen, resulting in asphyxiation 
(7,2,4 7). Fish kills have been observed in waters with direct discharge of airport runoff 
and waste (7). 

Vegetation can enhance the removal of human-made organic compounds and 
pollutants in soil environments by microbial degradation in the rhizosphere and plant 
uptake (9,10). The rhizosphere is the region of soil influenced by the roots. Plant roots 
secrete energy rich exudates and mucilages, which support large and diverse populations 
of microorganisms (11-14). Increased diversity and biomass of microbial communities in 
the rhizosphere render this zone better for degradation of organic pollutants. Previous 
research has shown enhanced degradation of industrial chemicals such as trichloroethylene 
(15,16), polycyclic aromatic hydrocarbons (77), and petroleum (18) in rhizosphere soil 
compared with root-free soil. In addition to enhanced degradation in the rhizosphere, 
plants may take up contaminants as part of their transpiration stream (9). Vegetation may 
play a vital role in remediating polluted ecosystems and preventing further contamination 
by enhancing degradation and uptake into tissues, thereby reducing migration to surface 
waters and groundwater aquifers. 

Previous research has revealed that microbial degradation of EG can occur in 
both aerobic and anaerobic environments. Several genera ofbacteria that utilize EG as a 
carbon and energy source have been isolated (19-21). Only recently has the fate of EG 
been studied in the soil, despite the widespread use of this compound (5,22). McGahey 
and Bouwer (22) studied the biodégradation of EG in simulated subsurface environments, 
utilizing inocula from soil, groundwater, and wastewater. They concluded that naturally 
occurring microorganisms were capable of degrading EG and that substrate concentration, 
soil type, temperature, and quantity of oxygen affect the rate ofbiodegradation. In addition, 
Klecka and co-workers (5) measured the biodégradation rates of five different aircraft 
deicing-fluids in soil collected near an airport runway. Rates of degradation for the deicers 
ranged from 2.3 to 4.5 mg/kg soil per day and 66.3 to 93.3 mg/kg soil per day for samples 
at -2 °C and 25 °C, respectively. 

Recently, there has been interest in reducing the contamination of glycol-based 
deicing agents in the environment, because of their widespread use and adverse effects on 
aquatic ecosystems. The purpose of our research was to evaluate the use of plants to 
enhance the biodégradation of glycols in soil. In addition, we observed the influence of 
two potential rate-limiting factors (soil temperature and substrate concentration) on the 
mineralization rate of EG in the rhizosphere and nonvegetated soils. 

Materials and Methods 

Chemicals. Ethylene glycol (EG) and ethylene glycol-1,2-14C ([14C]EG) were purchased 
from Fisher Scientific (Fair Lawn, NJ) and Aldrich Chemical Company (Milwaukee, WI). 
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164 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

Upon receipt, the [14C]EG was diluted with ethylene glycol to yield a stock solution of 
0.277 pCi/pl. 

Soil Collection. Pesticide-free soil was collected from the Iowa State University 
Agronomy and Agricultural Engineering Farm near Ames, (Boone County) Iowa. Ten 
golf-cup cutter (10.5 cm χ 10 cm, Paraide Products Co.) soil samples were randomly 
removed from the field and combined for each replicate. Samples were sieved (2.0 mm), 
placed in polyethylene bags, and stored in the dark at 4°C until needed. Soils were 
analyzed by A & L Mid West Laboratories (Omaha, NE) to determine physical and 
chemical properties. The sandy loam soil had a measured pH of 6.6 and consisted of 
54% sand, 29% silt, 17% clay, 3.1% organic matter. 

Rhizosphere soils from several different grass and legume plant species were 
used in this study. Plants were grown from seed for 6 to 8 weeks in pesticide-free soil 
under the same environmental conditions (25 °C, 14:10 lightidark cycle). The different 
plant species consisted of tall fescue (Festuca arundinacea), perennial rye grass (Lolium 
perenne L.), Kentucky blue grass (Poa pratensis L.), alfalfa (Medicago sativa), and 
birdsfoot trefoil (Lotus corniculatus). These plants were chosen to represent vegetation 
that may be found adjacent to airport deicing areas, airport runways, and leguminous 
plants capable of fixing atmospheric nitrogen. Six different rhizosphere soils were studied. 
They included rhizosphere soil from each plant species and a mixed rhizosphere from 
soil that contained the cool season grasses (F. arundinacea, P. pratensis), a legume (M 
sativa), and L. perenne. Rhizosphere soils were carefully collected from the roots. Soils 
were sieved (2 mm), placed in a polyethylene bag, and stored in the dark at 4 °C for less 
than 48 h before they were used in the degradation studies. 

Degradation Study: Treatment and Incubation. Portions ofthe [14C]EG stock solution 
were diluted with acetone and ethylene glycol to make a 100 pg/g (0.5 pCi/0.004 g), 
1,000 pg/g (0.5 pCi/0.04 g), and 10,000 pg/g (0.5 pCi/0.4 g) treating solutions. [ , 4C]EG 
was applied at a rate of 1,000 pg/g to the rhizosphere, nonvegetated, and autoclaved 
(autoclaved 3 consecutive d for 1 h) control soils and also a rate of 100 pg/g and 10,000 
pg/g to the M sativa rhizosphere and nonvegetated soils. After the acetone evaporated 
from the soil, four 10- or 20-g (dry weight) subsamples of the treated soils were transferred 
to individual incubation jars and the soil moistures were adjusted to 1/3 bar (-33 kPa). 
One sample from each soil treatment was extracted three times with either 30 ml 9:1 (yl 
v) C I ^ O H I H J O or 30 ml C H 3 O H to determine the actual quantity of 1 4C applied to the 
soil. The extraction efficiencies ranged from 95% to 103%. The three remaining samples 
were the three replicates for each soil treatment. A vial containing 3 ml 2.77 M NaOH 
was suspended in the headspace of each incubation jar to trap 1 4 C0 2 evolved from the 
mineralization of [14C]EG. These traps were replaced every 24 h for the first 3 d, and 
every 48 h thereafter for the remainder of the study. The quantity of [14C]EG mineralized 
to 1 4 C0 2 was determined by radioassaying subsamples of the NaOH on a RackBeta model 
1217 liquid scintillation counter (Pharmacia LKB Biotechnology, Inc., Gaithersburg, 
MD). Soils were incubated at -10 °C, 0 °C, and 20 °C for 30 d (28 to 30 d). 

Mineralization is considered the ultimate degradation of an organic compound. 
The 1 4 C0 2 produced during the mineralization of a radiolabeled substrate can be used to 
determine the degradation rates of that compound (23). Therefore we calculated the 
mineralization time 50% (MT50), the estimated time required for 50% of the applied 
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[14C]EG to mineralize, by using formulas previously used for determining degradation 
rate constants and half-lives (24,25). Calculations of MT50s were based on the assumption 
that the dissipation of ethylene glycol from the soil by mineralization followed first-order 
kinetics. Linear regressions of the natural log of percentage 1 4 C0 2 (100% of applied 
1 4C - % 1 4 C0 2 evolved) vs. time were used to determine the MT50 and coefficients of 
determination (τ2). Data points used to calculate these values include the quantity of 
1 4 C0 2 produced from the initial treatment of the soil through the log or exponential phase 
of the mineralization curve (Figure 1). The lag phase was accounted for in the calculations 
as described by Larson (25). Lag time in this study was defined as the number of days 
before 1 4 C0 2 exceeded 2% of the applied radiocarbon. The MT50 values compared well 
with the actual time required for 50% of the applied 1 4C to mineralize (further discussed 
in the results). These calculated MT50s were only used to compare the differences 
between the different soil types at -10 °C, 0 °C, and 20 °C, because oversimplification of 
the actual mineralization rates may have occurred. Analysis of variance and the least 
squared means were used to test for significant differences between the different soils at 
the/K0.05 level of significance (26). 

Soil Extraction and Analyses. At the completion of the study, soils were extracted 
three times with either 30 ml 9:1 (v/v) C I ^ O H ^ O or 30 ml CH3OH. The extractable 
1 4C was analyzed on a liquid scintillation counter (Pharmacia LKB Biotechnology, Inc., 
Gaithersburg, MD). The extracted soils were air dried then crushed and homogenized in 
a plastic bag. Subsamples ofthe soils were made into pellets (0.5 g soil and 0.1 g 
hydrolyzed starch) and combusted in a Packard sample oxidizer (Packard Instrument 
Co.). The 1 4 C0 2 produced from the soil combustion was trapped in Permafluor V and 
Carbo-Sorb E. Spec-Chec 1 4C standard (9.12 χ 10s dpm/ml) was used to determine the 
trapping efficiency. Three to six soil pellets were combusted for each replicate. The soil-
bound radiocarbon was quantified by liquid scintillation. The data were statistically 
analyzed by analysis of variance and least significant differences at 5% (26). 

Results 

Mineralization of ["C]£G in Rhizosphere and Nonvegetated Soils. The mineralization 
rates of different [14C]EG concentrations in nonvegetated andM sativa rhizosphere soil, 
incubated at 0 °C, is shown in Figure 2 and Figure 3. An inverse relationship was evident 
between the concentration of [14C]EG applied to the soils and the percentage of radiocarbon 
mineralized. Significantly (p<0.05) smaller percentages of the applied [14C]EG was 
transformed to 1 4 C0 2 as the substrate concentration increased. After 28 days, 55.2%, 
20.5%, and 7.14% of applied 1 4C evolved as 1 4 C0 2 in the nonvegetated soils treated with 
100 pg/g, 1,000 pg/g, and 10,000 pg/g [14C]EG, respectively. Comparison ofthe data in 
the nonvegetated soil (Figure 2) and the M sativa rhizosphere soil (Figure 3) indicated 
significantly (p<0.05) enhanced mineralization in the rhizosphere soil. Within 8 days 
after treatment, the production of 1 4C0 2in the 100 pg/g [ 1 4 C]EGM sativa rhizosphere 
soils was elevated by 26% compared with the nonvegetated sample at the same 
concentration. After 28 days, 62.2%, 49.7% and 21.2% ofthe added 1 4C was liberated 
as 1 4 C0 2 in the 100 pg/g, 1,000 pg/g, and 10,000 pg/g rhizosphere soils, respectively. 
Overall, M. sativa rhizosphere soils significantly enhanced the mineralization of ethylene 
glycol by 7% to 29% as compared with the nonvegetated soils with similar [14C]EG 
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Figure 1. Mineralization of [14C]ethylene glycol in nonvegetated soils and 
bluegrass (P. pratensis), fescue (F. arundinacea), rye (Z. perenne), trefoil (L. 
corniculatus), and mixed rhizosphere soils at -10 °C, 0 °C, and 20 °C. Mixed 
rhizosphere soils were collected from soil that contained M sativa, 
F. arundinacea, L. perenne, and P. pratensis. 
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70 

Time (days) 

Figure 2. Mineralization of 100 pg/g, 1,000 pg/g, and 10,000 pg/g 
[14C]ethylene glycol in nonvegetated soil incubated at 0 °C. Data points are the 
mean of three replicates + one standard deviation. 

70 
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Figure 3. Mineralization of 100 pg/g, 1,000 pg/g, and 10,000 pg/g 
[14C]ethylene glycol in M sativa rhizosphere soil incubated at 0 °C. Data points 
are the mean of three replicates ± one standard deviation. 
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concentrations. Furthermore, the total percentage of applied radiocarbon that evolved 
as 1 4 C0 2 from the 1,000 pg/g nonvegetated soils and the 10,000 pg/gM sativa rhizosphere 
soils was not significantly different. 

The effect of vegetation and temperature on the degradation of [14C]EG in the 
soil was studied by comparing the mineralization of1,000 pg/g EG in several rhizosphere 
soils, nonvegetated soils, and sterile soils, incubated at -10 °C, 0 °C, and 20 °C. 
Examination of 1 4 C0 2 produced after 15 days showed significantly greater (p<0.05) 
mineralization of [14C]EG as the temperature increased, except for the sterile soils (Figure 
4). A average of 2.7%, 12.2%, and 50.3% of applied radiocarbon was evolved as 1 4 C0 2 

in theZ. perenne rhizosphere soils incubated at -10 °C, 0 °C, and 20 °C, respectively. Z. 
comiculatus rhizosphere soil produced the greatest quantity of 1 4 C0 2 within the initial 
15-day incubation period at -10 °C. No significant differences were observed between 
the F arundinacea, L. perenne, and P. pratensis and the mixed rhizosphere soils. A 
comparison of the rhizosphere soils, nonvegetated soils, and sterile soils at 0 °C and 
20 °C indicated that the rhizosphere soils significantly enhanced the mineralization of 
ethylene glycol. After 15 days, the greatest quantity of 1 4 C0 2 produced at 0 °C occurred 
in the mixed and M sativa rhizosphere soils. Over 17.3% and 19.3% of the applied 
radiocarbon was mineralized in the mixed and M sativa rhizosphere soils compared 
with 6.73% in the nonvegetated soils. Significant differences were observed between all 
the soils studied at 20 °C. The transformation of [14C]EG to 1 4 C0 2 in descending order 
was F arundinacea rhizosphere > M. sativa rhizosphere >Z. comiculatus rhizosphere 
>P. pratensis rhizosphere >Z. perenne rhizosphere > mixture rhizosphere >nonvegetated 
>sterile soils. After 15 days, 65.5%, 50.3%, 37.9%, and 0.27% ofthe applied radiocarbon 
mineralized in the F arundinacea, L perenne, nonvegetated, and sterile soils, respectively. 

One month (28 d to 30 d) after the application of EG, the different rhizosphere 
soils continued to enhance the mineralization of [14C]EGby 1.7 to 2.4 times and 1.2 to 
1.6 times greater than the nonvegetated soils at 0 °C and 20 °C, respectively (Table I). 
Our results showed significantly (p<0.05) greater quantities of 1 4 C0 2 evolved in the soils 
tested at 20 °C compared with -10 °C, with the exception ofthe mixed rhizosphere soils. 
A measured 52.9%, 56.8%, and 53.9% of the applied parent compound was mineralized 
in the -10 °C, 0 °C, and 20 °C mixed rhizosphere soils, respectively. Further examination 
ofthe data at 0 °C and 20 °C (Table I) revealed no significant differences between the 
production of C0 2 at 30 days in the Z. perenne, P. pratensis, and mixed rhizosphere 
soils. After 30 days, the largest quantity of 1 4 C0 2 that evolved at -10 °C, 0 °C, and 20 °C 
occurred in the mixed rhizosphere soil, R pratensis and mixed rhizosphere soils, and the 
M. sativa and Ε arundinacea rhizosphere soils, respectively. 

At the completion of the degradation study, the percentage of extractable 
radiocarbon ranged from 2.40 % to 95.6% (Table I). Significantly greater quantities of 
extractable 1 4C was detected in the sterile soil samples compared with the nonvegetated 
and rhizosphere soils. Over 93% of the applied radiocarbon was detected in the soil 
extracts of the autoclaved soils incubated at -10 °C and 0 °C. In addition, extractable 1 4C 
was significantly (p<0.05) more abundant in the nonvegetated soils incubated at 0 °C 
than the rhizosphere soils. With the exception of Z. perenne rhizosphere soil, significantly 
greater quantities of extractable radiocarbon were detected in the -10 °C soils compared 
with the 20 °C soils. The extractable radiocarbon was not significantly different between 
the nonvegetated and rhizosphere soils at 20 °C. 
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Figure 4. The effects of vegetation and soil temperature on the mineralization 
of [14C]ethylene glycolafter a 15 d incubation period. Each bar is the mean of 
three replicates. Bars followed by the same letter are not significantly different 
07=0.05). 
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The quantity of soil-bound residues detected in the soil samples, ranged from 
2.7% to 34.0% of the applied radiocarbon (Table I). Examination of the data in Table I 
indicated that the rhizosphere and nonvegetated soils had significantly (/KO. 05) greater 
quantities of bound residues than sterile soils. 

Calculated MT50 and Mineralization Rate of [1 4C]EG Mineralization. Ethylene 
glycol was mineralized at a faster rate in rhizosphere soils than nonvegetated or sterile 
soils. The MT50s were determined for all the different soil types studied at the various 
temperatures (Table Π). Smaller MT50 values represent faster mineralization rates. The 
MT50 for [14C]EG in the sterile soils, nonvegetated soils, and F arundinacea rhizosphere 
soils incubated at 20 °C was 1523 d, 43 d, and 7 d, respectively. Calculated MT50 values 
compared well with the actual time required for 50% of ethylene glycol to be mineralize 
in the soil. Approximately 50 % of the ethylene glycol applied to P. pratensis and F 
arundinacea rhizosphere soils at 0 °C and 20 °C was mineralized in 20 d to 21 d and 7 d 
to 8 d compared with 20 d and 7 d for the calculated MT50s, respectively. Among the 
soils evaluated at -10 °C, the rate of ethylene glycol mineralization was greatest to least 
for mixed rhizosphere > L. perenne rhizosphere > P. pratensis rhizosphere > L. 
comiculatus rhizosphere> Ε arundinacea rhizosphere > sterile soils. Except for the L. 
comiculatus rhizosphere soils, the MT50s were not significantly different between the 
rhizosphere soils incubated at 0 °C. Based on the MT50s (Table Π), mixed rhizosphere 
soils mineralized ethylene glycol approximately 1.5 times to 19.7 times faster than the 
other rhizosphere soils at the same temperature and 1.6 times faster than the nonvegetated 
soils at 20 °C. 

Furthermore, the data (Table II) indicate the MT50s significantly (p<0.05) 
decreased with increased temperatures. The MT50 for F arundinacea rhizosphere soil 
at -10 °C, 0 °C, and 20 °C were 533 d, 28 d, and 7 d, respectively. Increasing the 
temperature from -10 °C to 20 °C for F arundinacea rhizosphere soils enhanced the 
mineralization rate by a factor of 76. Generally, a l5d to21d and a 21 d to 27 d lag 
phase was observed in the 0 °C and -10 °C soil samples, respectively (Figure 1). Low 
quantities of 1 4 C 0 2 (<6% of applied 1 4C) were produced during the lag phase. 
Nonvegetated and rhizosphere soils incubated at 20 °C showed no lag phase and 
consistently mineralized >45% of the applied radiocarbon within 9 d after treatment. 

Discussion 

Results obtained from our investigation indicate that vegetation can enhance the 
mineralization rate of [ l 4C]EG in the soil. Significantly (p<0.05) greater quantities of 
1 4 C0 2 were consistently produced in the M. sativa, F arundinacea, L. perenne, P. 
pratensis, L comiculatus, and mixed rhizosphere soils than the amount of 1 4 C0 2 produced 
in both the sterile and nonvegetated soils. A comparison of rhizosphere soils and 
nonvegetated soils showed a two- to four-fold increase in the transformation of [ l 4C]EG 
to 1 4 C0 2 . The accelerated mineralization rate observed in these soils may be a result of 
greater microbial biomass and activity generally found in rhizosphere soils (11-14). 
Previous research has shown enhanced biodégradation of industrial chemicals (16,17) 
and pesticides (27-31) in rhizosphere soils compared with nonvegetated soils. In addition, 
microorganisms that utilize ethylene glycol as a carbon and energy source have been 
previously isolated (20,21). 
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Table Π. Calculated MT50s for [14C]ethylene glycol 

Soil sample Temperature (°C) MT50 (Γ2)· 

Sterile -10 >10,000(r2=0.81)A 
Sterile 0 >10,000(ΓΜ).81)Α 
Sterile 20 1v523 (I*4.99)B 

Nonvegetated 0 73 (1̂ =0.93) C 
Nonvegetated 20 43(1^=0.70)0 

M. sativa rhizosphere 0 26 (rM).96)E 
M sativa rhizosphere 20 6 (1̂ =0.91) F 

Ε arundinacea rhizosphere -10 533 (1̂ =0.50) G 
Ε arundinacea rhizosphere 0 28 (1̂ =0.69) Ε 
Ε arundinacea rhizosphere 20 7(r2=0.92)F 

L. perenne rhizosphere -10 40(rz=0.56)D 
Ε perenne rhizosphere 0 20(ra=0.83)E,H 
L. perenne rhizosphere 20 10 (1̂ =0.92) F,H 

P. pratensis rhizosphere -10 59(r2=0.56)I 
P. pratensis rhizosphere 0 20(r2=0.80)E,H 
Ρ pratensis rhizosphere 20 9 (1̂ =0.96) F 

L. comiculatus rhizosphere -10 107(rM).91)J 
L. comiculatus rhizosphere 0 103(1^=0.95)1 
L. comiculatus rhizosphere 20 3(r2=0.97)F 

mixed rhizosphereb -10 27 (1̂ =0.71) E 
mixed rhizosphereb 0 20 (rM).86) Ε,Η 
mixed rhizosphereb 20 5 ( ^ . 9 1 ) F 

'Means followed by the same letter are not significantly different (p = 0.05). 
bSamples collected from soil planted with a mixture of M sativa, Ε arundinacea, 

L. perenne, and P. pratensis. 
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Results from this study provide strong evidence that mineralization was the 
predominant factor involved in the dissipation and reduction of ethylene glycol in the 
soil. Within 30 days, 42.6% to 71.9% ofthe applied radiocarbon evolved as 1 4 C0 2 from 
the biologically active soils (nonvegetated and rhizosphere soils) at 20 °C. Ethylene 
glycol mineralization at 0 °C in the sterile soils was minimal (0.03%) compared with the 
nonvegetated (24.4%) and rhizosphere soils (>43.6%) indicating that transformation of 
this aircraft deicer was a microbiological process. Several genera ofbacteria have been 
shown to utilize ethylene glycol as a source of carbon and energy for growth (20,21). 
Our results indicate significantly (/K0.05) greater quantities of radiocarbon were detected 
in the soil-bound residues of the biologically active soils compared with the sterile soils. 
Previous research has shown ethylene glycol does not adsorb to soil (32). Lokke (32) 
observed the mobility of ethylene glycol through an anaerobic soil column and reported 
that very little to no ethylene glycol adsorbed onto the subhorizon of melt water sand, 
sandy till, and clayey soils. Therefore, we conclude that the increased quantity of 1 4C 
soil-bound residues in the biologically active soil was a result of [ l 4C]EG mineralization 
and, thus, portions of the radiocarbon were incorporated into the cell constituents. 

Substrate concentration significantly influenced the mineralization of ethylene 
glycol in the soil. Our results showed an increase in [14C]EG concentration significantly 
reduced the percentage of applied radiocarbon that evolved as 1 4 C0 2 in both the 
nonvegetated and rhizosphere soils. McGahey and Bouwer (22) noted an increase in the 
time required for 95% of the applied ethylene glycol to be removed from the samples 
with increased substrate concentrations. Comparisons of the various [ 1 4C]EG 
concentrations in nonvegetated and M sativa rhizosphere soils clearly indicate that the 
rhizosphere soil significantly enhanced the mineralization of EG compared with the 
nonvegetated soils. 

A positive relationship occurred between the soil temperature and the ethylene 
glycol mineralization rate. Increasing the temperature from -10 °C to 20 °C in the 
biologically active soils resulted in enhanced mineralization rates that were approximately 
6 to 7 times faster than the rates noted in the -10 °C soils. Klecka et al. (S) also noted an 
increase in the biodégradation rate of ethylene glycol from the soil with increased 
temperatures. Temperature has been shown to greatly effect the enzyme activity and the 
growth rate of microorganisms (33,34). Generally a 10 °C increase approximately doubles 
the rate of biological reactions (13,14,33,34). Examination of our data also indicates 
that the biologically active soils had significantly (p<0.05) greater mineralization rates at 
-10 °C than the sterile soils at 20 °C. These results indicate the microbial communities 
were able to survive and mineralize ethylene glycol at this cold temperature. 
Microorganisms are capable of growing and metabolizing organic compounds at low 
temperatures as long as water continues to exist as a liquid (73,14,23). The presence of 
ethylene glycol contamination in the soil may have reduced the freezing point of the 
water within the soil. Thus, psychrophilic bacteria may have been able to metabolize 
ethylene glycol at the subzero temperature. Lag phases were observed in the soils 
incubated at the two cooler temperatures (-10 °C and 0 °C). This may be due to lower 
enzyme and biological activity at the cooler temperature and, therefore, acclimation time 
was needed No lag phase was observed in the soils incubated at 20 °C. Rather a large 
evolution of 1 4 C0 2 occurred within the first few days after [ 1 4C]EG application. 
Comparisons of the rhizosphere soils and nonvegetated soils at various temperatures 
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indicate that rhizosphere soils significantly (p<0.05) enhanced the mineralization of 
ethylene glycol in the soil. 

Rhizosphere soils of different plant species were studied to determine their effect 
on the mineralization rate of ethylene glycol. Soils were collected from the root zone of 
various grasses (F. arundinacea, L. perenne, P. pratensis), legumes (M sativa, L. 
comiculatus), and a mixture of these plant species. The mixed rhizosphere soil had the 
shortest MT50 of the soils incubated at -10 °C. A comparison of the MT50s in the soils 
incubated at 0 °C indicates the mixed, R pratensis, and L. perenne rhizosphere soils had 
significantly faster mineralization rates than theM sativa and F arundinacea rhizosphere 
soils, but they were not significantly different from each other. No particular rhizosphere 
soil collected from an individual plant species was predominately the most efficient at 
mineralizing ethylene glycol at all three temperatures. The rate of [14C]EG transformation 
to 1 4 C0 2 in the mixed rhizosphere soils was unsurpassed at the cooler temperatures (-10 
°C and 0 °C) with the most significant difference noted at -10 °C. Approximately, 7% and 
30% more 1 4 C0 2 was produced at -10 °C in mixed rhizosphere soils compared with other 
rhizosphere soils from individual plant species. In addition, the mineralization rate of 
[14C]EG in the mixed rhizosphere soils incubated at -10 °C was 1.6 times faster than the 
mineralization rate in the nonvegetated soils incubated at 20 °C. These results suggest 
that a mixed culture of plant species would enhance the degradation of aircraft deicers 
more than a monoculture. Bachmann and Kinzed (35) studied the rhizosphere soils of 
six different plant species and noted the metabolic activity of the soils were variable 
depending on the species. The mixed rhizospheres in our study probably had more 
diverse exudates secreted into the soil from the mixed plant culture than the monocultures. 
The mixed rhizosphere soils may have contained more diverse and abundant microbial 
communities that resulted in greater degradation of ethylene glycol at -10 °C. 

The enhanced mineralization of ethylene glycol observed in the rhizosphere soils 
from these studies may be underestimated in comparison with rhizosphere soils in the 
natural environment. Plant-soil interactions are responsible for maintaining the increased 
microbial biomass and activity in the rhizosphere soil. Therefore, by removing the soil 
from the roots, we may have lost some of the beneficial rhizosphere properties by the end 
of the experiment (3d). Additional studies are needed that include the intact plant. 

Conclusion 

Our results provide evidence that vegetation may be an effective method for remediating 
soils contaminated with aircraft deicing fluids. Rhizosphere soils consistently enhanced 
the degradation of ethylene glycol compared with the nonvegetated soils, regardless of 
changes in the soil temperature and substrate concentration. In addition, mixed rhizosphere 
soils were the most prominent (p<0.05) soil type for mineralizing ethylene glycol at 
subzero temperatures. Therefore, a mixed culture of cold-tolerant plant species could be 
planted alongside airport deicing areas and runways to help enhance the biodégradation 
of glycol-based deicers that inadvertently contaminate the soil. Facilitating the 
biodégradation of these deicers in the soil will reduce the offsite migration and minimize 
the concentration of glycol-based deicers that reach the surface waters, thus reducing 
their environmental impact. 
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Chapter 13 

Phytoremediation of Trichloroethylene 
with Hybrid Poplars 

Milton Gordon1, Nami Choe1, Jim Duffy3, Gorden Ekuan2, Paul Heilman2, 
Indulis Muiznieks2, Lee Newman1, Marty Ruszaj3, B. Brook Shurtleff1, 

Stuart Strand1, and Jodi Wilmoth1 

1Department of Biochemistry, University of Washington, Box 357350, 
Seattle, WA 98195-7350 

2Washington State University at Puyallup, Natural Resource Sciences, 
7612 Pioneer Way E, Puyallup, WA 98371 

3Occidental Chemical Corporation, 2801 Long Road, Grand Island, NY 14072 

We tested the ability of hybrid poplar to absorb trichloroethylene (TCE) 
from groundwater. Initial studies used axenic tumor cultures of H11
-11 grown in the presence of 14C-TCE. These cells metabolized the 
TCE to produce trichloroethanol, di- and trichloroacetic acid. Some 
of the TCE was incorporated into insoluble, non-extractable cell 
residue, and small amounts were mineralized to 14C-CO2. Rooted 
poplar cuttings grown in P V C pipes produced the same metabolites 
when exposed to TCE. Mass balance studies indicate that the poplars 
also transpire TCE. In addition we are conducting one of the first 
controlled field trials for this technology. Trees were planted in cells 
lined with high density polyethylene and dosed with TCE via an 
underground water stream during the growing season. Cells containing 
trees had significantly reduced TCE levels in the effluent water stream 
compared to control cells containing only soil. These results show 
that significant TCE uptake and degradation occur in poplars, which 
bodes well for the future use of poplars for in situ remediation of 
TCE. 

Trichloroethylene (TCE) has been widely used since its discovery in the mid-
nineteenth century (1) for a variety of purposes: as an anesthetic, a dry cleaning agent 
and, until recently, in enormous quantities as a degreasing agent. While most TCE is of 
anthropomorphic origin, TCE has recently been found to be produced by marine algae 
(2). It has contaminated ground water at many localities, and is now the most commonly 
found volatile organic contaminant at many of these sites (3). 

The fact that TCE is a suspected carcinogen (4) has lent urgency to clean-up 
efforts. The stability, persistence and accumulation ofTCE in non-miscible underground 
pools, "DNAPLs", that are not easily found or accessible render attempts at remediation 
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difficult. The principle methods for remediating groundwater contaminated with TCE are 
pumping water from the aquifer and stripping the TCE by aeration or by charcoal absorption. 
These procedures can take years or decades and can be very expensive (5). Other techniques 
utilize bacteria to degrade TCE, although this often requires inducers such as toluene or 
phenol for degradation to occur (6). 

Recent research investigating the use of plants to remediate environmental 
pollution is yielding exciting results. With some species of plants, such as Lespedeza 
cuneata (Dumont), a legume; Paspalum notatum var. saurae Parodi, a grass; Solidago 
sp., a composite; and Pinus taeda (L.), loblolly pine; the major site of TCE degradation 
appears to be in the rhizosphere (7,8). 

In our laboratory, we have investigated the use of poplar hybrids, especially a 
clone of Populus trichocarpa χ Populus deltoïdes, designated HI 1-11, as a means to 
remediate TCE pollution. We used poplar for a variety of reasons. The tree has a very 
wide geographical distribution and can be grown from southern Alaska into Central 
America. The members of the species can be easily crossed sexually. Propagation by 
cuttings is simple and, of course, results in clones of a given individual. The species 
can be grown axenically in culture and exogenous genes can be inserted into the poplar 
genome by agrobacterial transformation. The College of Forest resources at the 
University of Washington has worked with poplars for over twenty years, and has 
accumulated an enormous amount of background data that we can draw upon. The 
absorption surface of roots in a stand of poplars is enormous and can approach 300,000 
km/ha. The water usage under the warm, arid conditions of eastern Washington State 
is about 140 cm per year in a stand of 5 year old trees at a density of 1,750 trees/ha. 

The investigations discussed in this chapter first utilized axenic cultures of HI 1-
11 tumor cells, then small potted plants treated with water containing TCE, and, finally, 
a number of experimental cells which mimicked field trials. We also determined the 
fate of TCE in a bioreactor that enabled us to account for the distribution of most of 
the TCE metabolized by small HI 1-11 rooted cuttings. We will elaborate upon our 
results using these procedures. 

Axenic tumor cell experiments 

The axenicHll-11 tumor cells were produced by transforming shoots ofHll-11 with 
Agrobacterium tumefaciens A281. Tumor cells are used because they can be easily 
grown on simple minimal medium, Murashige and Skoog basal salt medium, in which 
the only organic components are glycine, sucrose and vitamin B } (9). The cells were grown 
on the above medium at various degrees of saturation of TCE with shaking and illumination 
for 3 or 5 days at 22°C. Thetoxicity ofTCEtowardstheHll-11 cells was determined by 
the vital stain, trypan blue (Figure 1). The results served as a guide for the metabolic studies. 
The level of TCE used was not toxic to the cells. The cells were incubated with 0.080 gm 
TCE per Liter. The suspension was then centrifuged and, if needed, the pellet and supernatant 
stored at -20°C. A sample ofthe cells was extracted at 20°C with lNI^SO/lOyoNaCl, 
then with methanol and then methyl tertiary butyl ether. In order to test for the presence of 
di- and trichloroacetic acid, a second batch of cells was extracted with sodium hydroxide, 
the extracts acidified, back extracted with methyl tertiary butyl ether, and the organic acids 
in the ether extract esterified with diazomethane. The methyl esters were then analyzed. 
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The cell cultures were also tested for the formation of 1 4 C-C0 2 from TCE. The 
gases evolved during four or ten day incubations with 1 4 C- TCE were trapped in 
NaOH and confirmed to be C0 2 by precipitation as BaC0 3 and re-emission of C0 2 by 
acid. The latter procedure ensures that any traces of TCE carried over into the NaOH 
traps, where it probably forms glyoxylic acid, is not quantified as C0 2 . The cells and 
media were separated by centrifugation and the amount of counts remains in the media 
determined by direct counting. The cells were extracted with ̂  S0 4 and methanol 
extractable counts were determined. The insoluble cell residue was combusted and 
analyzed for radioactivity. The results of these analyses are given in the accompanying 
table (Table I). The products from the TCE metabolism, trichloroethanol, di- and 
trichloroacetic acid and C0 2 , are also among the products produced by the activity of 
rat and mouse hepatic cytochrome P450 (10). These findings suggest that the oxidative 
metabolism of TCE in poplars is similar to the processes in mammals. 

Whole plant experiments 

We next utilized whole plants by growing rooted poplar cuttings in PVC pipes, 20.5 
cm diameter, which contained a 30 cm bottom layer of sand with 60 cm of soil overlay. The 
plants were dosed with water containing 50 ppm TCE or water alone by addition directly 
to the sand layer through an inner watering tube. A total of ,8gm of TCE was added over 
a period of 8 months. During the period of growth, the plants were assayed to determine 
whether any TCE was transpired by enclosing the leaves in plastic bags and pulling the 
atmosphere through a charcoal filter for 0.5 hours. The leaves transpired approximately 
1 .Opg ofTCE/ieafThour. The results were highly variable and indicated transpiration values 
from undetectable to about 1.6 micrograms TCE per leafThour. After eight months, the 
plants in PVC pipes were harvested and various morphological measurements were taken 
(Table Π). The major difference noted was that the density of the fine roots in the sand 
layer of TCE exposed plants was visually less than that of the controls. The plant tissues 
were analyzed for metabolites of TCE to give the results noted in Table ΙΠ. The nature and 
levels of the chlorinated metabolites suggest that the TCE is oxidized as it moves from 
bottomrootstotheuppersectionsofthecrownoftheplant. Theseresults,togetherwith 
the products derived from the axenically cultured poplar cells, strongly argue for a role of 
the plant in the metabolism of TCE, in addition to the well known degradation of TCE by 
soil microorganisms. 

Mass balance studies. The mass balance of TCE in hybrid poplar trees was determined 
in a bioreactor. The crown, stem and roots of the plant had to be kept separate so that the 
transpiration ofthe compound by each organ could be determined without interference by 
volatiles from other plant tissues or the soil. The chamber is shown in the accompanying 
diagram (Figure 2) and is constructed of glass, aluminum foil and inert inorganic materials. 
Note that the separate chambers for roots, stems and crown are independently aspirated 
to prevent volatile transpirates from leaking into other chambers. The TCE is added to the 
bottom chamber to simulate contaminated soil; controls show only, 0.03% leakage ofthe 
TCE into the crown chamber. 
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90 
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Figure 1. Toxicity ofTCE on HI 1-11 tumor cells. Viability was determined by trypan blue 
exclusion as only dead cells are stained by this dye. One hundred cells per point are counted. 
The error per point is about ± 2% 

Table I. Concentrations ofTCE and metabolites found in supernatant and axenic cells exposed 
to TCE. Concentrations given are nanograms ofTCE or metabolite per gram of sample. ND 
= not detected at stated limit. Errors are ± 5%. 

TCE Chloral 
hydrate 

Trichloro-
ethanol 

Dichloro-
acetic acid 

Trichloro
acetic acid 

Control 1 
pellet 
supernatant 

ND40 
ND40 

ND40 
ND40 

ND40 
ND40 

ND10 
ND10 

ND10 
ND10 

Control 2 
pellet 
supernatant 

ND40 
ND40 

ND40 
ND40 

ND40 
ND40 

ND10 
ND10 

ND10 
ND10 

Exposed - batch 1 
pellet 
supernatant 

ND40 
2000 

ND40 
ND40 

60 
760 

12000 
1600 

ND10 
ND10 

Exposed - batch 2 
pellet 
supernatant 

ND40 
ND40 

ND40 
ND40 

80 
110 

39000 
3800 

130 
30 
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Table Π. Comparison ofTCE treated and control plants. Morphological measurements of 
plants exposed to TCE were compared to control plants grown under the same greenhouse 
conditions for 8 months. Except for the clear differences in root distribution, the outward 
appearance of the treated and control plants was similar. Results given are from duplicate 
experiments. 

Plant Parameter % of control 

Height 80-92 
Stem weight 70-72 
Leaf area 75-78 
Number of leaves 50-80 
Root weight 52-70 
Length of fine roots 22-32 

Table IÏÏ. Concentration ofTCE and metabolites found in tissues of plants exposed to TCE 
under greenhouse conditions. Concentrations are nanogram ofTCE or metabolite per gram 
of sample. ND = not detected at stated limit. Errors are ± 5% of stated value. 

tissue clone* TCE Chloral Trichlo- Dichloro Trichloro 
hydrate ethanol acetic acid acetic acid 

control 1 leaves A ND40 ND40 ND40 ND10 ND10 
stems ND40 ND40 ND40 ND10 ND10 

control 2 leaves Β ND40 ND40 ND40 ND10 25 
stems ND40 ND40 ND40 ND10 ND10 

control 3 leaves Β ND40 ND40 ND40 ND10 ND10 
stems 15 ND40 ND40 ND10 ND10 

TCE 1 leaves A 13 ND40 180 ND10 1100 
stems 770 ND40 140 ND10 31 

TCE 2 leaves Β 49 ND40 19 180 7200 
stems 1900 ND40 170 ND10 22 

TCE 3 leaves Β 27 ND40 24 ND10 2100 
stems 1300 ND40 125 ND10 100 

TCE 4 A 
Roots: upper 13 ND40 200 320 44 

middle 150 ND40 110 25 21 
lower 640 ND40 31 270 44 

* clone designations 
A Populus tnchocarpa χ P. deltoïdes, hybrid number H11 -11 
Β Populus tnchocarpa χ R deltoïdes, hybrid number 50-189 
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Small rooted poplar cuttings (ca. 20 cm tall) were planted in a peat moss/ 
vermiculite mixture in the root chamber and 1 4C-TCE added to the roots at 5 ppm. 
After 7 days approximately 0.8% of the added 1 4C was detected in the transpirate, and 
a questionable trace was converted to C0 2 . 

Several conclusions can be drawn from these three laboratory experiments. First, 
that TCE is absorbed by poplars when present in low concentrations in soil. Second, 
some of the material is transpired by the plants, and some is metabolized to known 
extractable metabolites. Finally, some non-extractable material is fixed in tissue; the 
nature of incorporation in tissues is under investigation. We would predict that the 
contribution of each of these pathways towards the removal of TCE would depend 
upon variables such as concentration ofTCE, size of tree, type of soil, temperature, 
light intensity, relative humidity, wind velocity, etc. 

Controlled field trials 

A controlled field trial was set up in collaboration with the Occidental Chemical 
Corporation in which we constructed an artificial aquifer. Double walled cells, 3.7 m 
χ 6.1 m χ 1.5 meters deep, were constructed of heavy gauge plastic sheeting. The 
bottoms had about 0.3 m of sand overlaid with 1.1 m of Sultan silt loam. In order to 
ensure a uniform flow of input water, a "T" shaped input pipe was utilized at the 
bottom and a 1/40 slope was oriented toward the effluent well. Four cells were 
planted with 30 cm plants of Populus trichocarpa χ P. deltoïdes, HI 1-11. Two of 
these cells were dosed with water containing 50 ppm TCE while the other two cells 
received only water. The fifth cell, which had no vegetation, also received water with 
50 ppm TCE. Each of the cells received the same volume of liquid; however, variable 
amounts of liquid were pumped out of the cells to maintain a level of about 20 cm of 
liquid in the bottom of the cells. 

About 9 weeks after injection ofTCE into the cells, breakthrough ofTCE and 
related metabolites, particularly cw-l,2-dichloroethylene, occurred in the cells which 
did not contain trees. The occurrence of this compound is indicative of anaerobic 
dehalogenation ofTCE. In cells with trees, very little TCE or metabolites could be 
detected in the effluent until after leaf drop (Figure 3). The stems, roots and leaves of 
the trees exposed to TCE showed the above products of oxidative metabolism, which 
were also seen in the greenhouse studies and tissue culture experiments. The one-
year-old trees (ca. 3.5 meters tall) were very effective in removing TCE from the input 
water. These experiments are being continued. 

Conclusion 

The results of the above experiments show that TCE has multiple fates in poplars. The 
trees transpire unaltered TCE. The compound also can undergo oxidation to 
chloromethyl derivatives, trichloroethanol, dichloroacetic acid, trichloroacetic acid, or 
complete mineralization to C0 2 which are oxidative metabolites found in mammalian 
livers. Variable amounts ofTCE are found fixed in insoluble, nonextractable residues. 
Plant uptake coupled with TCE metabolism serves to remove TCE from groundwater 
and from the soil environment. The details of these reactions and methods for increasing 
the mass flow through these pathways are subjects of current investigations. 
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Figure 3. Micromoles of TCE and metabolites recovered in effluent water 28 September 
through 4 December 1995. Cells 3 and 5 contained trees. Cell 8 is the non-vegetation 
control. The spikes on Nov. 17 and Dec. 1 are due to flooding during periods of very heavy 
rainfall. 

These experiments show that actively metabolizing poplars are able to intercept 
a moving plume ofTCE contaminated water and reduce the levels of this compound 
significantly. The system shows promise where there is sufficient space to plant trees 
and when the roots can reach the contaminated region. 
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Chapter 14 

Field Study: Grass Remediation for Clay Soil 
Contaminated with Polycyclic Aromatic 

Hydrocarbons 

Xiujin Qiu1, Thomas W. Leland1, Sunil I. Shah1, Darwin L. Sorensen2, 
and Ernest W. Kendall3 

1Central Research and Engineering Technology, Union Carbide Corporation, 
P.O. Box 8361, South Charleston, WV 25303 

2Utah Water Research Laboratory, Utah State University, Logan, UT 84322-8200 
3Union Carbide Remediation, Union Carbide Corporation, Houston, TX 77058 

A three-year field-pilot study has demonstrated that Prairie Buffalo-
grass (Buchloe dactyloides var. 'Prairie') has accelerated naphthalene 
concentration reduction in clay soil. Extensive soil sampling and 
analyses have been performed to evaluate statistically significant dif
ferences between soil P A H concentrations with and without grasses. 
Comparative performance evaluation for other P A H compounds was 
restricted by analytical variability. A parallel experiment to assess the 
performances of twelve, warm season grass species from different ge
netic origins has shown that Kleingrass (Panicum coloratum var. 
'Verde') has a greater potential to remove PAHs from rhizosphere soil 
than other tested grasses at the site soil. Preliminary data indicated that 
Kleingrass root zone soil concentrations of both low and high molecu
lar weight PAHs were approximately one order of magnitude lower 
than those with Prairie Buffalograss. Grass tissue analysis found no 
evidence of P A H bioconcentration. Food chain effects should not be a 
concern for phytoremediation of aged PAH-contaminated soils. Addi
tional soil sampling is planned in the future to confirm the findings. 

PAH-contaminated clay soils are frequently observed at petrochemical manufacturing 
sites. Engineered remedial technologies based on excavation and subsequently ther
mal or chemical treatment often entail high cost and a greater health risk by transfer
ring contaminants to atmosphere. Applications of in-situ biotechnologies to date are 
mostly limited to the treatment of water-soluble contaminants associated with high 
permeability soils. Hydrophobic PAHs sorbed onto clay soils are difficult to treat, 
because of mass transfer restrictions. Union Carbide intends to develop a low cost 
and low risk technology using vegetation. Several laboratory studies have been con
ducted since 1989 in collaboration with Utah State University. The results were 
promising (1,2,3,4). A grass remediation field-pilot study was started in 1992 to 
evaluate grass-rhizosphere effects on P A H degradation under field conditions and to 
identify competent grass species. A previous publication in 1993 presented field 
study methodology and preliminary results (5). This paper updates the results after 
three years of monitoring. 

186 © 1997 American Chemical Society 
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Background 

PAH degradation in soil and sediment is slow, although a wide variety of pure cul
tures ofbacteria, fungi and algae and their purified enzymes have the ability to me
tabolize PAHs (6,7,8). Microbial activity is constrained in the natural environment by 
the availability of nutrients and electron acceptors. (9). PAH degradation rates are 
further restricted by the desorption kinetics, die population of PAH-degrading micro
organisms, and the competing reaction for electron acceptor utilization (10,11,12). 

Microorganisms typically degrade PAHs aerobically by incorporating oxygen 
atoms into the ring structure generating dihydrodiols via oxygenases. The derivative 
is further mineralized through aromatic ring cleavage and subsequent oxidation (6). 
The biodégradation rates of PAHs are significantly higher under oxic conditions than 
those under anoxic ones. Low-molecular-weight PAHs (with two or three condensed 
benzene rings) are amenable to microbial degradation under aerobic and denitrifying 
environment. However, negligible biodégradation occurs under the sulfate-reducing 
or methanogenic environments (13,14,15). According to thermodynamic calculations 
high-molecular-weight PAHs (with four or more condensed benzene rings) are re
ported theoretically nondegradable at low redox potentials (16). Moreover, high-
molecular-weight PAHs do not serve as substrates for microbial growth, though they 
may be subject to cometabolic transformation (7 7,18,19). 

Heterotrophic microorganisms are responsible for the catabolic degradation of 
organic chemicals in nature, however, many are unable to degrade PAHs. Total het
erotrophic population does not indicate the potential for PAH degradation by micro
organisms. Prolonged exposure to chemical toxicants can cause adaptations in mi
crobial populations that result in greater resistance to toxicity or enhanced ability to 
utilize toxicants as substrates for metabolism or co-metabolism. Studies have shown 
microbial adaptations and increased PAH degradation in response to chronic PAH 
exposure, but the actual mechanisms of these adaptations are not known (19,20). 

In situ bioremediation of PAH-contaminated clay soil is a challenge. The high 
adsorption capacity of clay soils may limit the amount of PAHs available to microor
ganisms. The low flux of nutrients and electron acceptors through low permeability 
clay soil may also restrict microbial activities. An engineered process may accelerate 
biodégradation, however a system of delivering electron acceptors, substrates, nutri
ents, and enzymes to numerous microsites would be technically and economically un
feasible. Nevertheless, plant roots are known to perform suchlike functions. 

The rhizosphere provides a complex and dynamic microenvironment, where 
microbial communities associated with plant roots, have great potential for detoxifi
cation of organic contaminants. Deep fibrous root system of certain grasses may im
prove aeration in soil by removing water through transpiration and by altering clay 
soil structure through agglomeration. Plant release photosynthate to soil through ex
udation and sloughing of dead root cells increases soil organic matter. Root exudates 
(carbohydrates, amino acids, etc.) sustain a dense microbial community in the rhi
zosphere, which may enhance degradation, mineralization, and/or polymerization of 
organic toxicants (21). The consortium ofbacteria and fungi associated with the rhi
zosphere may possess highly versatile metabolic capabilities (21). Certain root exu
dates may support microbial cometabolism of high molecular weight PAHs, which 
bacteria and fungi cannot use as a sole carbon source (7). In addition, the greater soil 
organic content in rhizosphere soil may alter toxicant sorption, bioavailability, and 
leachability (22). 

Plants use a variety of reactions to degrade complex aromatic structures to 
more simple derivatives. Aromatic ring-cleavage reactions in plant tissues, which 
lead to complete catabolism of the aromatic nuclei to carbon dioxide, have been re
ported (23). Benzo[a]pyrene, a five-ring PAH, can be metabolized to oxygenated de
rivatives in plant tissues (24). Although some of these derivatives are known to be 
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more toxic than the original compounds, they appear to be polymerized into the in
soluble plant lignin fraction, which may be an important mechanism for their detoxi
fication. With plant seedlings, Benzo[a]pyrene was assimilated into organic acids in
cluding amino acids (25). Complete degradation of Benzo[a]pyrene to carbon dioxide 
was also observed with a wide range of plants (25). 

A well-established grass cover conserves soil and substantially reduces the 
risk of exposure to soil contaminants. PAHs associated with soil generally do not 
pose a risk, unless soil particles are transported to a receptor via direct ingestion, in
halation, or dermal contact. Owing to their hydrophobic nature, PAHs have poor mo
bility. High-molecular-weight PAHs are virtually immobile with water flux. Al 
though PAH degradation, mineralization, and polymerization in soil may take consid
erable time, grasses reduce the risk to human health and the environment immediately 
after a dense grass ground cover is developed. Grasses also significantly reduce po
tential contaminant migration via surface runoff and any infiltration to groundwater. 

Risk may arise from plant bioconcentration of carcenogenic PAHs via food 
chains due to animals grazing grasses. Many plant roots and shoots are capable of 
bioconcentrating soil-borne chemicals such as pesticides and petroleum compounds. 
Plant concentration of PAHs has been reported (25,26,27,28,29). However, PAHs are 
mostly accumulated in the roots and not translocated to plant shoots because of their 
hydrophobic nature (26,29). 

In summary, PAH degradation in clay soil may be limited by low redox po
tential, desorption kinetics, lack of responsible microbial population, and lack of nu
trients. A plant root zone system may facilitate PAH biodégradation. Planting 
grasses substantially reduces the risk of exposure to contaminated soils and may ulti
mately transform PAHs to innocuous products (C0 2 and H20). PAHs may be bio-
concentrated to plant roots, however, are not translocated to plant shoots. Therefore, 
animal grazing grasses should not cause subsequent risk through food webs. 

Methods 

Several laboratory studies had been conducted prior to this field-pilot study. PAH 
disappearance was enhanced in the presence of prairie grasses and cow manure in a 
screening study(7). Subsequent soil microcosm studies using radiolabeled PAH com
pounds showed that a variety of native grasses enhanced PAH mineralization and in
corporation into soil organic fraction (2,3,4). 

To evaluate the grass effects under field conditions we initiated a field study at 
Union Carbide Seadrift Plant in Texas. Three plots were constructed at the olefins' 
production area between the old foundations of a demolished natural gas compressor 
building. Plot 1 (10 ft χ 20 ft) was an unvegetated control. Plot 2 (10 ft χ 20 ft) was 
sodded with Prairie Buffalograss. These two main plots were designed to evaluate the 
grass rhizosphere effects on PAH degradation in clay soil by periodic sampling and 
analysis. Plot 3 (10 ft χ 90 ft) was designed to screen the performance of a variety of 
grasses from different genetic origin mainly by visual observation. 

Unlike the laboratory studies, PAH concentrations in field were highly vari
able. Sufficient number of samples must be taken to accurately estimate the statistical 
significance of vegetation effects. A systematic randomized sampling strategy was 
used to reduce sample variance (5). Field PAH concentrations displayed a lognormal 
distribution. Geometric mean with its corresponding confidence limit is the appropri
ate estimate of central tendency. Log concentration data were used throughout the 
statistical analysis using JMP® computer software (SAS Institute, Inc,). Detailed 
field-study methodology can be found in Qiu, 1994 (5). 
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Experimental design. A three-way factorial design model had been proposed in our 
earlier publication to test the statistically significant differences in soil PAH concen
trations for the effects of vegetation treatment, soil depth, and treatment time. This 
test model was rather inappropriate, because of serious systematic variability in the 
field experiments. The experiments were not exclusively comparative with regard to 
sampling depths, plots, and sampling times. First, PAH concentrations were corre
lated with soil depths before treatment. Concentrations in surface soil (0 -1 ft) were 
significantly higher than those in subsurface soil (>1 ft) (31). Because of the nonran-
dom vertical concentration distribution, the surface and subsurface soil should be con
sidered as subgroups in a stratified population. In addition, the vegetation treatment 
effects on surface soil were essentially different from those on the subsurface soil. 
During the three years of treatment, the grass roots penetrated less than one foot deep. 
No rhizosphere had developed in the subsurface soil, but the grass root exudates 
leaching down to the subsurface soil may have altered PAH sorption, bioavailability, 
and leachability. Secondly, systematic variation among the six sampling and analysis 
events was possible due to differences in analytical procedures, sampling tempera
tures, and sample holding time. 

To eliminate the known sources of discrepancies, a nested design model was 
used to separate the total variation into parts assignable to various sources, i. e., 
vegetated versus control plots, soil depths, and treatment times. Table I shows a 2 χ 7 
χ 2 nested design with the three sources of variation and ten replicates. The test soil 
was divided into two depths, surface (0 -1 ft) and subsurface (1-4 ft). Each depth is 
to be independently sampled seven times (six rounds completed so far). For each 
sampling time, ten replicate samples have been taken from each of the two plots, 
vegetated and unvegetated control at each depth, yielding a total of 40 samples per 
event. Analysis of variance (ANOVA) estimated three separate component variances: 
the variance from surface to subsurface soils, the variance from between treatment pe
riods, and the variance from vegetated to unvegetated control plots. Statistical sig
nificance was tested for the effects of vegetation treatment, treatment time, and soil 
depth. 

Table I. A 2 χ 7 χ 2 Nested Experimental Design with Ten Replicates 
Source of Variation 

Depth Surface Soil (0-1 β) SubsurjaceSol(l-4jt) 
Treatment 
Time (days) 0 162 301 462 757 1045 0 162 301 462 757 1045 
Plot C V C V C V C V C V C V c V C V C V C V C V C V C V C ν 
Number of 
Replicate 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 

(where, C = unvegetated control plot and V = J Bu Ha lograss-vegetated plot) 

Sample Analysis. The field soil samples were extracted by Soxhlet extraction and 
the extracts were analyzed for PAHs by GC/MS (gas chromatography/mass spectro
photometer) for the four earlier sample sets. We were unable to detect high molecular 
weight PAHs (HMW PAHs) and several low molecular weight PAHs (LMW PAHs) 
by GC/MS. The machine used had relatively high quantitation limits (QL), ranging 
from 5 to 7 mg/kg-soil. The HMW PAH and several LMW PAH concentrations in 
the site soils ranged from approximately 0.1 to 5 mg/kg-soil. To obtain data neces
sary we implemented an analytical method to lower QL for PAHs to below the PAH 
cleanup standards. The method uses HPLC with UV and fluorescence detector in se
ries (a modification of EPA SW846 method 8310) achieving a QL of <0.5 mg/kg-soil. 
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Using HPLC/UV/FD all PAHs were detected in the later two rounds of samples 
(9/14/94 and 6/30/95). 

Analytical errors are often less significant than sampling errors. However, the 
former can be serious when the measurements are close to the QL. Quality control 
analysis indicated that naphthalene data measured by HPLC were consistent with 
those measured by GC/MS, while the other PAH data (acenaphthene, acenaphthylene, 
phenanthrene, and anthracene) were not. Naphthalene concentration range (>100 
mg/kg) was significantly higher than those of other PAHs (<5-10 mg/kg), resulting in 
relatively low analytical errors. In this report, data analysis for PAHs other than 
naphthalene are limited to the last two sample sets, measured by HPLC. 

Soil texture, physicochemical properties, and nutrient status were analyzed be
fore treatment. The soil has a high clay content (51% - 61%) and contains 2% of soil 
organic matter. Its nutrient status and pH were suitable for vegetation (5). Common 
agricultural fertilizer (13-13-13) was applied once a year at a rate of 1 lb-N/1000 ft2. 
Grass plots (except tall grasses) were mowed as needed. Regular irrigation was ap
plied during the first month after planting to ensure root establishment. Later, the test 
plots were watered only during the extremely dry season. Relatively dry soil is de
sired for deep rooting. 

Results and Discussion 

Rhizosphere Effects on Naphthalene. Prairie Buffalograss accelerated naphthalene 
removal in soil. Naphthalene concentration in vegetated soil was significantly lower 
than that in the unvegetated soil after two years of treatment. Figures 1 and 2 contain 
the mean log naphthalene concentrations over time in surface and subsurface soils for 
both vegetated and unvegetated plots, respectively. Each data point is the mean log 
concentration of ten discrete soil samples. The vertical error bars are the 95% confi
dence intervals. ANOVA showed that for surface soil, the naphthalene concentrations 
in the vegetated plot was significantly lower than that in the unvegetated control plot 
on days 301, 757, and 1045 at >95% confidence level, while they were insignificant 
on Days 162 and 462 (31). For subsurface soil, there were no significant differences 
in the naphthalene concentrations at 95% confidence level between vegetated and 
control plots during the course of treatment. 

Unvegetated Control 
(surface soil) 

Vegetated w/ Buffalograss 
(surface soil) 

200 400 600 

Time (days) 

800 1000 

Figure 1. Naphthalene concentrations in 
surface soil over time 

Vegetated w/ Buffalograss 
(subsurface soil) 

Unvegetated control 
(subsurface soil) 

400 600 800 
Time (days) 

Figure 2. Naphthalene concentrations in 
subsurface soil over time 
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The statistical analysis excludes time zero concentration data, because we did not 
have good quality control in chemical analysis at time zero. Statistical analysis indi
cated an enhanced naphthalene concentration reduction in rhizosphere soil. However, 
overlying vegetation had no significant effects on the subsurface soil where grass 
roots had not yet developed, perhaps due to extremely wet condition. 

The field naphthalene concentration data did not fit a typical first order degra
dation rate model, therefore the correspondent degradation rate can not be derived. 
However, ANOVA showed that naphthalene concentration in surface soil signifi
cantly decreased over time for both vegetated and unvegetated control plots (57). A 
slow dissipation of naphthalene in the control soil indicated a potential intrinsic deg
radation of naphthalene in the site soil. 

Rhizosphere Effects on Other PAH Compounds. Comparative performance 
evaluation for other PAH compounds was restricted by analytical variability. Soil 
PAH data (last two sets analyzed by HPLC) show no significant changes in PAH 
concentrations between Days 757 (Sept. 1994) and 1045 (Jun. 1995). Unfortunately, 
the GC/MS used in analyzing the earlier four sets of samples failed to accurately 
quantify PAHs other than naphthalene, because the concentration levels were either 
below or marginally higher than the quantitation limit. 

Figures 3 and 4 show LMW and HMW PAH concentrations in soil for the 
Buffalograss plot and the control plot, respectively. Table II presents whether the dif
ferences in PAH concentrations between Buffalograss and control plots were statisti
cally significant or not. Interestingly, all PAHs concentrations in subsurface soil were 
higher in vegetated plot than those in the control plot. So were most PAHs in surface 
soil, except for four LMW PAHs, despite that the differences were mostly insignifi
cant at 95% confidence level in the surface soil, except for the seven heavier HMW 
PAHs in 1994. Conversely, the differences were mostly significant in the subsurface 
soil, except for the five LMW PAHs in year 1995. Most LMW PAH (except 
fluoranthene) concentrations in vegetated surface soil were lower than those in control 
surface soil, although this difference was only significant for naphthalene. We do not 
know whether these results were simply due to sampling and analysis variability or 
caused by complex physicochemical and biological processes in the test plots. How
ever, similar pattern was also observed in the surface soil for several other grasses as 
discussed later. 

Figure 3. Comparison of low-molecular-weight PAH concentrations in soil 
(94 = samples taken on day 757 in 1994; 95 = samples taken on day 1045 in 1995; 
cont = unvegetated control plot; and vege = Buffalograss-vegetated plot) 
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Figure 4. Comparison of high-molecular-weight PAH concentrations in soil 
(94 = samples taken on day 757 in 1994; 95 = samples taken on day 1045 in 1995; 
cont = unvegetated control plot; and vege = Buffalograss-vegetated plot.) 

TABLE II. Statistical Significant Differences in Soil PAH Concentrations 
Sample Depth Surface (0 -1ft) Subsurface (I-2 ft) 
Sample Time 1994 1995 1994 1995 
Compound Soil concentrations significantly difl 

vegetated and unvegetated control f 
ferent between BufTalograss-
ilots? 

Control Vege Control Vege Control Vege Control Vege 
Naphthalene High Low High Low No No No No 
Acenaphthene No No No No Low High No No 
Fluorene No No No No Low High No No 
Phenanthrene No No No No Low High No No 
Anthracene No No No No Low High No No 
Fluoranthene No No No No Low High No No 
Pyrene No No No No Low High Low High 
Benzo[a]anthracene No No No No Low High Low High 
Chrysene Low High No No Low High Low High 
Benzo[b]fluoranthene Low High No No Low High Low High 
Benzo[k]fluoranthene Low High No No Low High Low High 
Benzo[a]pyrene Low High No No Low High Low High 
Dibenz[a,h]anthracene Low High No No Low High Low High 
Benzo[g,h,i]perylene Low High No No Low High Low High 
Indeno[ 1,2,3,cd]pyrene Low High No No Low High Low High 

Where, control = unvegel tated control plot; vege = Bullalograss-vegetatec Iplot; No = statistically in-
significant between unvegetated-control and Buffalograss-vegetated plots; Low = significantly low; 
and High = significantly high. 

If the results were not simply owing to the sampling and analysis variability, 
then why were soil PAH concentrations in the vegetated plot in most cases higher 
than those in unvegetated control plot? Could it be caused by the differences in sol
vent extractability of PAHs incorporated in soil matrix? The presence of organic ac
ids and phenols released from grass roots may increase the apparent solubility of hy
drophobic compounds. Over time hydrophobic PAHs may be more extractable and 
bioavailable. While the LMW PAHs could have been degraded, HMW PAH degra
dation could be more slowly or could have been recalcitrant under the likely anoxic 
conditions. 
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Mihelcic et al. reported that acenaphthene and naphthalene in soil slurry bio-
degraded under denitrifying conditions (10). Leduc et al. reported that biodégradation 
of acenaphthene, acenaphthylene, fluorene, and anthracene occurred under aerobic 
and denitrifying environment, however, it was insignificant under the sulfate-reducing 
or methanogenic environments. Degradation of HMW PAHs under anoxic conditions 
has not been reported. Soil redox potentials were not measured during the study, 
however, near saturated conditions were known to exist very often as a result of poor 
site drainage and intermittent flooding. While the surface soil may be aerated occa
sionally, the subsurface soil may have been constantly under anaerobic conditions. 
The latter was exasperated by arising capillary fringe of the shallow ground water ta
ble. Even LMW PAHs would be recalcitrant under sulfate reducing or methanogenic 
environment. 

Annual fertilization has supplied a large amount of nitrate, which can be used 
as electron acceptor under denitrifying conditions. Fertilization could have stimulated 
LMW PAH degradation in the test plot. Mihelcic et al. reported that the significance 
of PAH degradation under denitrifying condition in the field depends on the avail
ability of nitrate, as well as on the ratio of PAH compound to the mineralizable or
ganic carbon content, typically less than 1.4% of the total natural soil organic carbon 
(32). The latter competes for nitrate utilization. Therefore, the effects of root exuda
tion may be complicated. 

Furthermore, the increases of soil organic content in vegetated plot may cause 
more PAHs partitioning onto soil organic matter and reduce their water solubility. 
Manilal and Alexander found that the rate of phenanthrene mineralization was slower 
in an organic soil than that in a mineral soils with lower organic content (9). Mihelcic 
et al. and Al-Bashir et al. reported that the sorption-desorption interactions with soil 
may limit the amount of total PAH compound available to the microorganisms and 
control the rate of mineralization (10,12,13). 

Further study is necessary to determine the vegetation effects on PAH-
contaminated soils, especially for carcinogenic HMW PAHs. The rhizosphere effects 
on PAH removal, including complex interactions among sorption, degradation, hy
drolysis, mineralization, and humification, are not well understood. Other research 
needed includes establishing environmentally acceptable cleanup standards for 
phytoremediation, based on potential risks to human health and the environment. 
This study suggested that PAHs incorporated in aged contaminated soil may not be 
completely extractable by organic solvents, meanwhile only a fraction of the organic 
solvent extractable PAHs is water soluble, presumably bioavailable. The fraction 
may be a function of soil physicochemical and biological characteristics. The organic 
solvent-extractable PAH concentrations in aged contaminated soil do not measure a 
real risk level to human health and the environment. Analyzing site-specific soil 
characteristics is particularly important, when conducting phytoremediation, risk as
sessment, and determining cleanup goals. 

Buffalograss Root Development. High soil moisture content suppressed Buffalo-
grass root development. Buffalograss is drought tolerant, but suffers in wet soil. Fig
ure 5 shows the Buffalograss root zone depth over time. Grass roots developed 
mostly during the second year, when the weather was unusually dry. During the first 
and the third years, repeated abnormal heavy precipitation and the poor drainage con
dition caused intermittent water logging in die test plot, which severely inhibited 
grass root development. The site is suiTounded by above ground cooling water ba
sins, resulting in high groundwater table. The local Lake Charles clay soil has very 
low permeability. Soil moisture content analysis indicated that the test plot soil may 
have been seasonally or permanently saturated, excluding air from the soil pores and 
resulting in anaerobic conditions. Grass roots were reluctant to extend downward into 
anaerobic soil environment. A parallel green house study demonstrated that PAH re-
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moval was enhance due to small decreases in moisture content (small increase in air-
filled porosity) in soil near saturation (33). 

Managing soil moisture content at optimal levels is important for biodégrada
tion and plant growth. A drainage system controlling soil saturation level would be 
desirable where economically feasible. Selectively growing water-tolerant plants, ca
pable of removing excessive soil moisture and maintaining appropriate soil redox 
potential may be a low-cost alternative. 

Figure 5. Prairie Buffalograss root depths over time 

Identifying Competent Grass Species. 

Twelve warm season plant species, naturally adapted to the coastal areas of Texas, 
from different genetic origins are being tested at Plot 3. A competent grass species 
must possess anatomical, biochemical, and physiological adaptations to the site-
specific environmental condition. The important characteristic is a deep, dense root 
zone system to improve soil aeration condition and selectively foster PAH-degrading 
bacteria growth. Table III lists their names and application forms. Most of the spe
cies selected are short grasses along with three tall grasses. Also we included two 
herbaceous plants, natural flowers, to examine the potential of plants other than 
grasses. Switchgrass was planted in the second study year replacing Bluegramagrass. 
The latter did not grow. The two natural flowers had germinated, but died soon after, 
perhaps the soil was too wet. 

Experimental Design and Methods. A randomized complete block experiment was 
designed to assess the performance of the twelve grass species. Plot 3 is divided into 
three blocks. Each block contains twelve experimental units. Each unit has a size of 
5 ft χ 5 ft. The twelve species were randomly located on the twelve units within a 
block. Each grass has triplicate experimental units located in the three blocks, re
spectively. Periodic visual observations have been conducted unit by unit to evaluate: 
1) rate of seed germination; 2) percentage survival of seedlings or solid sodding; 
3) grass density and height; and 4) extent of root zone establishment. Appraisal is 
based on a nine-grade grading criteria. Root zone soils were sampled and analyzed 
for PAHs after three years. 
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TABLE III. Twelve Plant Species Tested on Plot 3 
No Name Type Application Form 
1 Seashore Paspalum Paspalum vaginatum var. 'Adalayd' Short grass Sod 
2 Buffalograss Buchloe dactyloides var. 'Prairie' Short grass Sod 
3 Bermudagrass Cynodon dactylon var.'Texturf 10' Short grass Sod 
4 Zoysiagrass Zoysiajaponica var. 'Meyer' Short grass Sod 
5 St. Augustinegrass Stenotaphrum secundatum var. 'Raleigh' Short grass Sod 
6 K.R. (King Ranch) Bluestem Bothriochioa ischaemum Short grass Seed 
7 Common Buffalograss Buchloe dactyloides Short grass Seed 
8 Weeping Lovegrass Eragrostis curvula Tall grass Seed 
9 Kleingrass Panicum coloratum var. 'Verde' Tall grass Seed 
10 Switchgrass Panicum virgatum var. 'Alamo' Tall grass Seed 
11 Texas Bluebonnet Lupinus texensis Herbaceous Seed 
12 Winecup Callirhoe involucrata Herbaceous Seed 

Performance Evaluation. Performances of the twelve grasses were evaluated based 
on visual appearance, root zone development, and root zone soil PAH concentration 
level. 

Visual Appearance. Statistical analysis of the visual appearance grading data 
showed that the top five grasses above average are (1) Verde Klein, (2) Zoysia (3) 
Bermuda, (4) Prairie Buffalo, and (5) Common Buffalo. Verde Kleingrass was sig
nificantly better than all but Zoyzia and Bermuda, while the latter two were not sig
nificantly better than Praire Buffalo or Common Buffalo. There were no significant 
differences in visual appearances between tall and short grasses, between seed and 
sod forming grasses, and among the three blocks. Verde Kleingrass appears the most 
healthy, dense, and the best ground coverage. 

Root zone development. After 3-year growth the Verde Kleingrass and the 
Common Buffalograss developed deeper roots than the others (Figure 6). Zoysiagrass 
and Bermudagrass displayed relatively dense but short roots. The vertical error bars 
are standard deviations among the triplicate experimental units. The root zones of 
other grasses were either poorly developed or never developed at all. 

Figure 6. Comparison of root depths among different grass species 
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Soil PAH Concentrations Associated with Different Grass Species Two of 
the top five grasses, Common Buffalo and Zoysia had similar PAH concentration lev
els in root zone soil to Prairie Buffalograss, but Verde Kleingrass. Root zone soils 
were collected from each of the triplicate experimental units of three top-grading 
grasses, Verde Kleingrass, Meyer Zoysiagrass, and Common Buffalograss, after three 
years of growth. Bermudagrass plots were not sampled. For each grass two compos
ite soil samples were analyzed for PAHs. Figure 7 shows that the mean soil concen
trations of LMW PAHs, associated with the four grasses, including Prairie Buffalo-
grass (plot 2) were generally lower than those with the control (plot 1). The concen
trations associated with Verde Kleingrasses were either nondetectable or approxi
mately one to two orders of magnitude lower than those with the other grasses and the 
control. The mean soil concentrations of HMW PAHs, associated with three grasses, 
except Kleingrass, were close to or higher than those with the control (Figure 8). 
Still, the soil HMW PAH concentrations in Verde Kleingrasses root zone soil were 
much lower than those in the control soil. To verify the differences between grass 
species, more soil samples were collected from each of the triplicate experimental 
units of six grasses, including Klein, Bermuda, Switch, Common Bufflo, Zoysia, and 
St. Augustine, in May 1996. Analytical results indicated that root zone soil PAH 
concentrations of Kleingrass and Bermudagrass were significantly lower than those of 
the other four grasses. Additional soil sampling and analysis are planned in 1997 or 
later to obtain sufficient data for statistical analysis. 

Figure 7. Comparison of LMW PAH 
concentrations in root zone soils of the 
four top-grading grasses against unvege
tated control 

Figure 8. Comparison of HMW PAH 
concentrations in root zone soils of the 
four top-grading grasses against unvege
tated control 

Kleingrass appeared to have a greater potential to remove PAH compounds 
from rhizosphere soil than other tested grasses. It withstood sustained water-logging 
and exceptional seasonal drought and developed healthier, deeper, and dense roots in 
the clay soil. This bunch-type tall grass with deep fibrous roots may be naturally fit 
for the field soil. According to USDA's soil survey, the local Lake Charles clay soil 
formed under a dense stand of tall grasses. We do not know whether the possible en-
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hanced removal of PAHs was simply due to the improved soil aeration condition or a 
series of complex chemical and/or enzymatic reactions in the presence of a unique 
substrate secreted from Kleingrass roots. Researchers reported that many het
erotrophic bacteria in natural soil are unable to degrade PAHs. Only a small adapted 
population respond to PAH degradation (1 7,18). Despite the many uncertainties, we 
believe that certain plants have the potential of remediating PAH-contaminated soils 
by influencing soil chemistry and biochemistry, improving oxygen transport for mi
crobial activities, and perhaps selectively fostering PAH-degrading bacteria growth. 

Bioconcentration 

Risk arising from plant bioconcentration of PAHs has been studied, because most 
HMW PAHs are known to be carcinogenic (55). Animals feeding on the plant might 
receive high doses of the PAHs and cause subsequent risks via food chain. We ex
amined potential bioconcentration of PAHs to grass tissues at our test plots. 

Grass shoot and root tissues were collected from all the experimental units of 
Verde Kleingrass, Meyer Zoysiagrass, Prairie Buffalograss, and Common Buffalo-
grass. Soil particles clinging on the roots were removed by ultrasonic water bath. 
Duplicate composite tissue samples were soxhlet extracted and analyzed for PAH 
concentrations. No PAHs were detected from either shoots or roots. Figures 9 and 10 
shows the detection limits of the LMW and HMW PAHs in grass tissue versus the as
sociated soil concentrations, respectively. 

Contrary to several published reports (26,27,28,29), our study showed no 
PAH bioconcentration in the plant shoots or roots. Previously published data are ei
ther from municipal wastewater sludge tests or from laboratory experiments, in which 
PAH compounds were freshly spiked onto the soil. Those experiments may not re
flect field application of phytoremediation, where plants grow on aged-contaminated 
soils. Freshly supplied chemicals in laboratory soils or municipal sludges remaining 
on the exterior surface of soil/sludge particles could have a chance to partition onto 
plant root surfaces. However, as a contaminated site aged, the PAHs at the exterior 
soil aggregate surfaced would have already degraded or been transported away. The 
remaining portion, mainly trapped in or adsorbed to the interior surfaces of soil 

Figure 9. Comparing the detection Figure 10. Comparing the detection 
limits of LMW PAHs in grass tissue to limits of HMW PAHs in grass tissue to 
the associated soil concentrations the associated soil concentrations 
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micropores, would have little chance to redistribute to plant roots. According to the 
theoretical calculation of bioconcentration factors, P A H concentrations in the grass 
shoots and roots would be less than the detection limits of this study (33). Neither 
food chain effects nor volatilization through leaves should be a concern for phytore
mediation of aged PAH-contaminated soils. 

Conclusions 

Prairie Buffalograss accelerated naphthalene concentration reduction in soil, despite 
the fact that high soil moisture content has suppressed grass root development. The 
field soil P A H concentration reduction did not fit the first order reaction kinetics and 
the corresponding rate can not be derived. Comparative performance evaluation for 
other P A H compounds was restricted by analytical variability. P A H degradation in 
soil could have been limited by low redox potential and desorption kinetics. 

A drainage system controlling soil saturation level would be desirable where 
economically feasible. Selectively growing water-tolerant plants, capable of remov
ing excessive soil moisture and maintaining appropriate soil aeration condition may 
be a low-cost alternative. 

Verde Kleingrass demonstrated a greater potential to remove PAHs from wet 
clay soil than the other tested grasses. The Kleingrass roots were well established in 
the wet clay soil. After three years of growth, it's root zone soil concentrations for 
both low and high molecular weight PAHs were approximately one order of magni
tude lower than those associated with Buffalograss. 

Contrary to several published reports, no bioconcentration of PAHs in the 
grass shoots or roots was observed. Previously published data from experiments with 
freshly supplied chemicals may not reflect actual field conditions, where plants grow 
on aged-contaminated soils. Neither food chain effects nor volatilization through 
leaves should be a concern for phytoremediation of aged PAH-contaminated soils. 
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Chapter 15 

Benzo(a)pyrene and Hexachlorobiphenyl 
Contaminated Soil: Phytoremediation Potential 

V. Epuri and Darwin L. Sorensen1 

Utah Water Research Laboratory, Utah State University, Logan, UT 84322-8200 

Benzo(a)pyrene (B[a]P) is a carcinogenic polynuclear aromatic 
hydrocarbon and hexachlorobiphenyl (HCB) is a polychlorinated 
biphenyl (PCB) congener. Spiked, radiolabeled B[a]P and HCB 
mineralization, volatilization, solvent extractability, soil binding and 
plant accumulation were measured in soil microcosms for differences 
between unvegetated and vegetated treatments. Aroclor 1260 and P A H 
contaminated loamy sand from a New Jersey plastics plant was used. 
Soil was planted with Tall Fescue (Festuca arundinacea Screb.) or was 
left unplanted. Incubation under artificial lighting for 180 days with 
vegetation resulted in decreased B[a]P volatilization, increased 
mineralization, and increased solvent extractability but had no 
detectable effect on soil binding. Vegetation had no effect on HCB 
volatilization or soil binding but enhanced its mineralization and 
decreased its extracability. 

Benzo(a)pyrene (B[a]P) belongs to a class of compounds known as poly cyclic 
aromatic hydrocarbons (PAHs). It has five fused benzene rings. Hexachlorobiphenyl 
(HCB) belongs to class of compounds known as polychlorinated biphenyls (PCBs). It 
has six chlorines attached to the biphenyl. B[a]P is a carcinogen and PCBs are toxic 
and are possible carcinogens (7). Since both of these compounds are toxic, there is a 
need to minimize their concentrations in the environment. 

Both B[a]P and HCB have low aqueous solubilities and are relatively non 
volatile (2, 3). They are persistent in the environment and not readily biodegradable. 
Biodégradation of HCB has been reported (4). There was a significant reduction in the 
concentrations of hexachlorobiphenyls in liquid media, when treated with a strain of 
Alcaligenes eutrophus, isolated from a PCB contaminated soil. Biodégradation of 
chlorobiphenyls (mono to penta) has been reported in other studies (5-75). 
Biodégradation of B[a]P has been reported both in liquid media and soil (16-22). In 

1Corresponding author 
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15. EPURI & SORENSEN Benzo(a)pyrene & Hexachlorobiphenyl 201 

most of the studies, specific microorganisms had been used (16-20). Mineralization of 
B[a]P by indigenous microorganisms has been reported in two studies (21, 22). 

Bioremediation is the technique of converting hazardous organic chemicals into 
harmless compounds using biological processes (usually microbial metabolism). 
Bioremediation may be enhanced by the use of vegetation, a process known as 
phytoremediation. The rhizosphere soil (soil adhering to the root) has higher microbial 
numbers, biomass and activity than the surrounding root-free soil (23) and hence 
enhanced degradation may be possible in the rhizosphere (24). Phytoremediation has 
been shown to increase the mineralization of a few pesticides (25, 26, 27). It has also 
enhanced the mineralization of industrial chemicals such as trichloroethylene and 
pentachlorophenol (28, 29). In the case of recalcitrant compounds such as PAHs 
having four rings or more, vegetation has enhanced the disappearance of extractable 
chemicals from soil (30). There has been only one study published that investigated 
the phytoremediation of B[a]P (30) and none for HCB. There is a need to learn more 
about the phytoremediation potential of carcinogenic PAHs and PCBs. We performed 
a laboratory scale "treatability study" of B[a]P and HCB to evaluate the potential for 
enhanced phytoremediation of soil contaminated with these kinds of compounds. 

Materials and Methods 

Experimental Design. The experimental design used in this study was a randomized 
complete block design with factorial treatments (57). The two factors were vegetation 
and time. Unvegetated and vegetated treatments were used to assess the effect of 
vegetation and time was evaluated by sacrificing three sets of microcosms after 12, 102 
and 180 days of incubation. The experimental design of the study is shown in Table 1. 

At day 0, when the radiolabeled compound was spiked into the soil, the 
compound would have been in a state of flux among phases and among various 
associations with the solid phase. It was anticipated that relatively rapid physical and 
chemical sorption of the compound would have occurred during the first few days. 
The situation after this "equilibration" period would be more representative of the field 
situation. For this reason, the first set of microcosms was sacrificed after 12 days. 
The decision to sacrifice the third set after 180 days was based on the economics of 
conducting the experiment. The second set was sacrificed after 102 days to learn about 
the distribution of the compound approximately midway through the experiment. 

Soil Sampling and Characterization. Soil was collected from CAMU 2, at the 
Union Carbide Corporation plant in Boundbrook, New Jersey. In 1987, a few 
buildings were demolished at the plant as a part of a renovation plan. During the 
process, a transformer valve was accidentally opened and transformer oil ran into the 
soil. The transformer oil contained PAHs (byproducts of petroleum refining) and 
PCBs (added to improve the thermal stability and electric resistivity) and thus the soil 
was contaminated with PAHs and PCBs. 
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Table 1. Experimental design for phytoremediation treatability of B[a]P and HCB 
Factor Number Description 

Compound 2 Benzo[a]pyrene; 
Hexachlorobiphenyl 

Treatment 2 Vegetated; Unvegetated 
Time of sacrifice 3 12, 102, 180 days 
Replicates 3 
Total Number of Microcosms 36 

Soils were collected from two different locations at CAMU 2. The soil was 
sieved at the site through a 6.4 mm sieve, to remove large stones and building debris. 
The soil was then shipped to Utah State University. In the laboratory, the soil was 
sieved to pass a 2 mm screen and mixed thoroughly to minimize heterogeneities. It was 
stored at approximately 5° C until use. The results of soil characterization analyses are 
given in Table 2. 

Table 2. Characteristics of the CAMU 2 soil samples 
Characteristic Value 

Soil Texture Loamy Sand 
% Sand 78 
% Silt 15 
% Clay 7 

Field capacity (moisture content; %) 17.4 
Cation exchange capacity (cmol(+)/kg) 10.7±0.4* 
pH 7.7 ± 0.4 
Organic carbon (%) 1.46 ±0.01 
Electrical conductivity (mmhos/cm) 0.30 ± 0.04 
Total Kjeldahl nitrogen (%) 0.037 ± 0.003 
Calcium (mg/kg) 32+11.9 
Magnesium (mg/kg) 2.6 ± 0.97 
Sodium (mg/kg) 5 ± 1.35 
Potassium (mg/kg) 3.0 ± 0.76 
Nitrate-nitrogen (mg/kg) <1.03 
Sulphate (mg/kg) 51+28.1 
Chloride (mg/kg) 800 ± 56 
Ammonia-nitrogen (mg/kg) 2.0 ± 0.25 
Phosphate-phosphorus (mg/kg) <1.8 
*Mean ± Standard Deviation (Each analysis was performed in triplicate) 

Analysis of Organic Contaminants. A soil sub-sample was analyzed for 
polychlorinated biphenyls using ultrasonic extraction (USEPA Method 3550A) and gas 
chromatography with electron capture detection (USEPA Method 8080) (32). The 
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results of the analysis are given in Table 3. Only Aroclor 1260 was detectable. 
Approximately 38% of Aroclor 1260 (by weight) is hexachlorobiphenyls (33). 

Three soil sub-samples were analyzed for 10 PAHs. The samples were soxhlet 
extracted using USEPA Method 3540. The extracts were analyzed by USEPA Method 
8310, which uses high performance liquid chromatography with ultraviolet and 
fluorescence detection (34). The results of the analysis are given in Table 4. 

Table 3. Concentrations of PCBs in soil 
Compound Concentration (mg/kg) 

Aroclor 1016 <0.03 
Aroclor 1221 <0.06 
Aroclor 1232 <0.03 
Aroclor 1242 <0.03 
Aroclor 1248 <0.03 
Aroclor 1254 <0.03 
Aroclor 1260 26 

Table 4. Concentrations of selected PAHs in soil 
Compound Concentration (mg/kg) 

Naphthalene 8±38* 
Phenanthrene 54 ±8 
Anthracene 10±2 
Pyrene 48 ±5 
Benzo(a)anthracene 19±2 
Chrysene 19 ± 3 
Benzo(a)fluoranthene 18 ± 3 
Benzo(k)fluoranthene 10± 1 
Benzo(a)pyrene 20 ±3 
Benzo(g,h,i)perylene 13 ± 3 
•Mean ± Standard Deviation 

Grass Selection and Seed Disinfection. Seed germination tests were conducted on 
soil to be used in the study. Four species of grass seeds were selected for the study 
based on the characteristics of soil and climatalogical conditions at the site. They were 
Tall Fescue (Festuca arundinacea Screb.), Perennial Rye grass (Lolium perenne L.), 
Reliant Hard Fescue (Festuca longifolia Thuill.) and Nassau Kentucky Blue grass (Poa 
pratensif L.). 

In the germination test, 40 g of soil was added to petri dishes. Ten seeds were 
added to the soil in each petri dish in a circular pattern. Five grams of water was added 
to each petri dish. The petri dishes were observed for germination each day until the 
germination percentage remained the same for 7 days. 
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Tall Fescue had the highest rate of germination and it was selected for use in the 
experiment. It can produce a voluminous, space filling root system to depths of 250 
cm (55). 

Tall Fescue seeds used in the experiment were disinfected for two reasons. 
First, to prevent damage to plant growth by pathogens present on the seed coat. 
Second, to ensure that the biodégradation measured was caused by microorganisms 
present in the soil and not the microorganisms present on the seed coat. 

Disinfection was done by soaking the seeds in 5% Clorox solution for 2 minutes 
and then rinsing them in sterile deionized water for 2 minutes. This procedure was 
repeated twice. To check for the effectiveness of disinfection, the seeds were placed on 
tryptic soy agar plates, and incubated at 28e C for 7 days to detect culturable 
heterotrophic bacteria. Bacterial growth was not detected. 

Experimental Setup and Microcosm Initiation. The schematic of the experimental 
setup is shown in Figure 1. Each microcosm consisted of a 1,000 mL vacuum trap 
flask (Kontes) connected to a drying tube (Fisher) which contained two polyurethane 
plugs (S/P Brand diSPo plugs, Baxter) to trap volatile organics (36, 37). This was 
connected to two glass culture tubes, in series, each of which contained 20 mL of 0.1 Ν 
KOH to trap carbon dioxide (38). The second carbon dioxide trap was connected 
through a manifold to a vacuum source controlled by a vacuum regulator (Vacu/Trol, 
Spectrum). An acetal screw clamp (Fisher) was clamped to the tubing between the 
second carbon dioxide trap and the vacuum source to regulate air flow. 

Plastic tubing (Formula R-3603 vacuum tubing, Tygon) was used to connect 
various components of this setup. Plastic tubing may absorb volatile organic 
compounds. To minimize errors due to compounds absorbing into the tubing, the 
connection between the flask and the polyurethane plug trap was kept less than 1 cm. 
Polypropylene and polyethylene connectors (Fisher) were used wherever necessary. 

-Soil 
Grass 

Polyurethane foam 

KOH 

"•Vacuum 
Screw 
clamp Carbon dioxide traps 

Figure 1. Schematic of experimental apparatus 

A 500 mL Erlenmeyer flask containing deionized water was originally connected to the 
microcosm to provide for the flow of humidified air through the microcosm to minimize 
evaporation of soil water. The humidifier was later deleted from the apparatus. 
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Four hundred grams of soil were added to each 1000 mL flask. To minimize the 
potential for nutrient limitation of plant growth and microbial activity, 50 mg/kg of 
N0 3 -N and 5 mg/kg of P04-P were added to the soil as NaN0 3 and KH 2 P0 4 . The soil 
was spiked with either B[a]P-7-14C (826,600 DPM) or uniformly labeled 1 4 C 
2,2',4,4',5,5' HCB (830,000 DPM). The total amount of radioactive material to be 
added to each microcosm was made up to 4 mL with methanol. This was distributed 
uniformly over the soil in small drops. Then the soil was mixed with a glass rod to 
distribute the radioactive material as homogeneously as possible. Less than 10 pg/kg of 
either radioactive B[a]P or HCB was added to the soil. 

Ten Tall Fescue grass seeds (Steve Reagan Company) were added to 
microcosms belonging to the vegetated treatment. After addition of seeds, the 
microcosms were watered with deionized water to bring the soil to approximately 80 
percent of field capacity (14% moisture content). Unvegetated microcosms were 
prepared similarly without the addition of grass seed. 

Microcosm Operation. The microcosms were placed in a growth chamber 
constructed from an uninsulated, unsealed steel storage shed assembled inside the Utah 
Water Research Laboratory. Lighting was provided by two 1000 watt metal halide 
lamps (Venture, Energy Technics). After 102 days, one 1000 watt metal halide lamp 
was turned off. Additional lighting was provided by two fluorescent light fixtures, each 
containing four tubes designed to support plant growth (Grolux, Sylvania; Plantlight, 
General Electric). The light intensity was measured using a quantum sensor (LI-COR, 
Inc). The photosynthetic photon flux (PPF) at the surface of the soil, with two metal 
halide lamps, ranged from 8.1 mol/m2 day to 13.3 mol/m2 day. The PPF at the surface 
of the soil, with one metal halide lamp, ranged from 5.2 mol/m2 day to 8.9 mol/m2 day. 
A PPF value of 11.5 mol/m2 day is typical of winter sunlight on a sunny day and 5.6 
mol/m2 day is typical of winter sunlight on a cloudy day (39). A 16 hour photoperiod 
was maintained and controlled by automatic timers. 

Initially, air was drawn through the microcosms at a flow rate of approximately 
25 mL/min. The flow rate was checked using a soap bubble electronic flowmeter 
(Tekmar). An air conditioner and an exhaust fan were operated to dissipate the heat 
generated by the metal halide lamps. The temperature in the growth chamber varied 
from 23.2 °C to 28.2 °C through the experimental period of 180 days. The average 
temperature progressively increased with time during the experimental period. 

The moisture content of soil in the microcosms was maintained at 
approximately 80 percent of its field capacity. In order to make correction for the 
weight of plants, tall fescue grass was grown in the greenhouse simultaneously. Each 
week, one plant was removed (including roots) and weighed. This weight was 
multiplied by the number of plants in each microcosm to estimate additional weight 
gained by microcosms due to plant growth. 

Radiolabeled Compound Analysis. Analysis for radioactivity in the trapping 
materials was conducted approximately weekly during the experiment, except for the 
period between 45 and 84 days. During this period, analysis was suspended, pending 
evaluation of the design of the experiment. 
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The polyurethane foam plugs were extracted with methylene chloride:acetone 
(1:1 v/v) using sonication (34). The extraction and analysis of the second polyurethane 
plug from each microcosm was used as a quality control measure to check the 
assumption that all the volatile organics were absorbed in the first polyurethane plug. 
After the extraction, an aliquot of the extract was analyzed for radioactivity using a 
scintillation counter (LS 6000SE, Beckman). 

The two carbon dioxide traps (0.1 Ν KOH) from each microcosm were 
analyzed weekly for radioactivity. The analysis of the second carbon dioxide trap was 
used as a quality control measure to check the assumption that all the carbon dioxide is 
absorbed in the first trap. An aliquot of KOH solution was analyzed for radioactivity 
using the scintillation counter. 

Extractability of the radiolabeled compound with methylene chloride:acetone 
(1:1 v/v) was evaluated by analyzing the extract for radioactivity using the scintillation 
counter. Soil incorporation of the radiolabeled compound was determined by 
combusting samples of extracted soil in a biological oxidizer (OX600, R.J. Harvey 
Instrument Corporation). The C 0 2 evolved from the oxidizer was trapped and 
analyzed for radioactivity using a scintillation counter. 

To measure the plant accumulated radiolabeled compound, the entire plant 
material, including roots, was dried at a relatively low temperature (70° C) and ground 
using a mortar and pestle. The ground plant material was combusted in a biological 
oxidizer and the C 0 2 evolved was trapped and analyzed for radioactivity. 

Microbial Enumeration. The number of total viable aerobic heterotrophic bacteria 
and total viable fungal propagules in soil samples were estimated using the spread plate 
technique (40). Plate counts were performed on untreated soil and soils from 
unvegetated and vegetated treatments. For the unvegetated and vegetated treatments, 
plate counts were performed on all the microcosms that remained at the end of the 
study (180 days). Microbial enumeration in untreated soil stored at 5° C in the dark 
was also performed after 180 days. It was kept at room temperature for 2 days before 
the counts were made. 

Decimal dilutions of soil were made in phosphate buffered saline. The plates 
were incubated in the dark at 28° C under humid conditions. Heterotrophic bacteria 
were grown on tryptic soy agar medium and colonies were counted after 7 days. 
Martins rose bengal medium was used for enumeration of fungal propagules and the 
colonies were counted after 3 days (40). 

Progress of the Experiment and Changes Made. All the seeds planted in vegetated 
microcosms germinated within 6-10 days. One set of microcosms was sacrificed after 
12 days and analyzed. The microcosms that were sacrificed were selected randomly 
using a random digit table (41). This procedure was also followed when the second set 
of microcosms was sacrificed. During the first 51 days of the experiment, the rate of 
loss of water from the microcosms was very slow and water was added once a week to 
maintain the microcosms at 80% of field capacity. There was little radioactivity in the 
first traps and practically no radioactivity in the second traps from each microcosm 
analysed during the first three weeks. It was decided to not analyze the second trap 
until there was a significant amount of radioactivity in the first trap. 
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After 39 days, grass in a few microcosms began to turn yellow. By 45 days, all 
of the grass in a few microcosms was yellow. A few grass plants which had become 
completely yellow were removed from the microcosms and were exainined for 
pathology. It was suspected that the humid conditions in the microcosms may have 
encouraged the growth of pathogenic fungi on the plants. To remedy the problem, all 
the humidifiers were removed after 51 days. Dead plants were also removed that day. 
The poor growth and death of plants may also have been influenced by the low flow 
rate of air and the low supply of carbon dioxide. To avoid this, various flow rates were 
tried and trapping efficiencies were calculated. The flow rate of air through the 
microcosms was increased to 250 mL per minute and the volume of KOH in the trap 
was increased to 250 mL after 75 days. The microcosms in which the plants died were 
reseeded with the number of seeds added equaling the number of dead plants. After 
these changes, the yellowing of plants stopped, all the seeds germinated, and the plants 
were healthy through the end of the study. After the humidifiers were removed, the 
rate of water loss in microcosms increased and water was added daily to maintain the 
moisture content. When the grass grew to the top in a particular microcosm, it was 
harvested and stored in plastic bags at -20° C untill the end of the study and then 
analyzed. 

Data Analysis, Statistics, and Quality Control. Two-way analysis of variance 
(ANOVA) was used to determine the significance of time and vegetation on 
volatilization, mineralization, solvent extractability and soil binding of each of the 
compounds. Effects were considered statistically significant only if the level of 
confidence was above 95%. The Least Significant Difference (LSD) procedure (41) 
was used to identify significant differences between specific pairs of means when 
significant effects were indicated by the ANOVA. 

A mass balance approach was used as a quality control procedure to account 
for the amount of radiolabeled compound added to the soil in each microcosm and to 
help assure the accuracy of each analysis. Extraction efficiencies were measured for all 
extraction procedures. To measure the extraction efficiency of sonication, three 
polyurethane plugs were spiked with a known amount of radioactive naphthalene and 
analyzed with the regular samples. To measure the extraction efficiency of soil sample 
sonication, three 40 g soil samples were spiked with a known amount of radioactive 
B[a]P and three with radioactive HCB. Each sample was extracted and analyzed with 
the regular samples. To measure the efficiency of combustion of organic matter in soil 
samples by the biological oxidizer, three 1 g soil samples were spiked with a known 
amount of radioactive B[a]P and three with radioactive HCB. Each sample was 
combusted and analyzed with the regular samples. To measure the efficiency of 
combustion of organic matter in plant material by the biological oxidizer, three 0.25 g 
plant material samples (ground) were spiked with a known amount of radioactive B[a]P 
and three with HCB. Each sample was combusted and analyzed with the regular 
samples. Percent recoveries of radioactive compounds were calculated. Reagent blanks 
and method blanks were used in all analyses. 
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Results And Discussion 

The extraction efficiencies for sonication of the polyurethane plugs and soil were above 
85% and the combustion efficiencies of soil and plant material were above 90% 
indicating that the extraction and combustion procedures were adequate. The percent 
mass balance for each of the microcosms spiked with radiolabeled B[a]P or HCB is 
given in Tables 5 and 6, respectively. Mass balances varied between 84% and 107%. 
Since more than 84% of the radiolabeled carbon was accounted for, we are confident 
that the data are reliable. 

Volatilization. The total 1 4 C in the volatile organics trap of each microcosm was 
determined. Volatilization in each microcosm was expressed as a percent of total DPM 
spiked into the soil. Cumulative percent volatilization at each time interval was 
calculated as the sum of percent volatilization up to the time of measurement. The 
cumulative volatilization of radiolabeled B[a]P and/or its degradation product(s) in 
unvegetated and vegetated treatments during the experimental period is shown in Figure 
2. The cumulative volatilization of radiolabeled HCB and/or its degradation product(s) 
in unvegetated and vegetated treatments is shown in Figure 3. The Least Significant 
Differences (LSDs) were very small and would not be visible in the figures. 

Total volatilization of B[a]P and/or its degradation product(s) in both 
treatments was below 1%. The total volatilization of HCB and/or its degradation 
product(s) in both treatments was also below 1%. Both B[a]P and HCB have 
relatively low vapor pressures and their volatilization potential is low. The low 
volatilization of B[a]P observed in this study agrees with the study done by Park, Sims 
and Dupont (42), where volatilization of B[a]P was undetectable. There are two 
possible reasons for the low volatilization observed. Either these compounds were not 
transformed into volatile intermediate(s) during the course of the study or the 
intermediate(s) that were formed were not volatile. It is also important to note that the 
purity of radioactive compounds used was 99% or more and the volatilization observed 
could have been the volatilization of low molecular weight contaminants of the reagent. 

Time and vegetation had a significant effect on the volatilization of radiolabeled 
B[a]P and/or its degradation product(s). The influence of vegetation had no significant 
influence on volatilization over time. After 31 days, volatilization in both treatments 
was low but volatilization in the unvegetated treatment was marginally, but 
significantly higher. 

Volatilization of radiolabeled HCB and/or its degradation product(s) increased 
over time, but vegetation did not significantly affect this process. 

Mineralization. Total 1 4 C in the carbon dioxide trap of each microcosm was 
determined. Mineralization in each microcosm was expressed as a percent of total 
DPM spiked into the soil. Cumulative percent mineralization at each time interval was 
calculated as the sum of percent mineralization up to the time of measurement. The 
cumulative mineralization of radiolabeled B[a]P in unvegetated and vegetated 
treatments during the experimental period is shown in Figure 4. The cumulative 
mineralization of radiolabeled HCB in unvegetated and vegetated treatments is shown 
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Table 5. Mass balance of radiolabeled carbon from benzo(a)pyrene and/or its 
degradation product(s) 

Treatment 
Volatil
ization 
(%) 

Mineral
ization 
(%) 

Solvent 
extractable 
"C(%) 

Soil 
bound 

14C(%) 

Plant 
incorp
orated 

"C(%) 
Total 
(%) 

η Dm 
Unvegetated 0.02 0.05 47.74 36.26 84.07 

0.07 0.04 55.86 43.70 99.67 
0.07 0.02 48.48 47.49 96.06 

Vegetated 0.04 0.03 56.24 49.97 106.28 
0.03 0.04 55.01 43.19 98.27 
0.06 0.03 56.19 38.64 94.93 

102 Davs 
Unvegetated 0.51 0.70 38.38 53.35 92.94 

0.41 0.72 40.01 56.72 97.86 
0.35 0.58 34.57 49.68 85.18 

Vegetated 0.35 0.58 40.83 50.60 0.02 92.38 
0.53 0.45 40.56 44.80 0.04 86.37 
0.46 0.60 40.83 58.04 0.01 99.93 

ICQ P̂ ys 
Unvegetated 1.02 3.81 23.95 58.90 87.68 

0.91 3.78 28.31 69.20 102.20 
0.90 4.54 23.95 70.02 99.41 

Vegetated 0.91 4.30 30.21 49.99 0.24 85.66 
0.86 4.07 28.85 53.23 0.41 87.42 
0.91 3.95 26.40 61.35 0.19 92.80 

Table 6. Mass balance of radiolabeled carbon from hexachlorobiphenyl and/or its 
degradation product(s) _ _ 

Plant 
Volatil Mineral Solvent incorp

Treatment ization ization extractable Soil bound orated Total 
(%) (%) 14C(%) 14C (%) 14C(%) (%) 

12Dav 
Unvegetated 0.05 0.02 55.75 33.80 89.62 

0.08 0.03 53.01 44.73 97.85 
0.07 0.02 58.93 42.32 101.34 

Vegetated 0.06 0.02 55.41 49.96 105.44 
0.07 0.02 55.68 46.86 102.62 
0.10 0.02 52.96 37.06 90.14 

102 Days 
Unvegetated 0.43 0.06 49.87 40.72 91.08 

0.46 0.06 49.33 54.97 104.81 
0.37 0.06 45.53 47.23 93.19 

Vegetated 0.45 0.09 42.55 46.78 0.01 89.89 
0.31 0.07 44.18 43.24 0.01 87.80 
0.41 0.10 46.62 52.31 0.01 99.45 

130 Days 
Unvegetated 0.89 0.44 32.79 57.51 91.64 

0.82 0.56 34.15 51.58 87.11 
0.88 0.40 33.61 63.18 98.07 

Vegetated 0.91 0.65 27.10 62.54 0.14 91.35 
0.77 0.72 30.63 62.05 0.17 94.33 
0.97 0.56 26.83 71.76 0.10 100.22 
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Figure 2. Cumulative volatilization of radiolabeled benzo(a)pyrene and/or its 
degradation products. 

0 20 40 60 80 100 120 140 160 180 200 
Time (days) 

Figure 3. Cumulative volatilization of radiolabeled hexachlorobiphenyl and/or its 
degradation product(s). 
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Figure 4. Cumulative mineralization of radiolabeled benzo(a)pyrene. 

in Figure 5. The Least Significant Differences (LSDs) are very small and hence not 
shown in the figures. 

Total mineralization of B[a]P was 4.0% and 4.1% in unvegetated and vegetated 
treatments, respectively. Mineralization of B[a]P depends on the degradative 
capabilities of the species of microorganism(s) in soil. Mineralization of B[a]P by 
indigenous microorganisms in soil has been reported in two studies conducted by 
Grosser, Warshawsky and Vestal (27, 22). In their 1991 study, 2.8%, 3.4% and 25.3% 
of radiolabeled B[a]P was mineralized in three soils from abandoned coal gasification 
plants over a period of 220 days. In their 1994 study, mineralization of radiolabeled 
B[a]P in soils from an abandoned coal tar refinery was less than 8% over a period of 
160 days. The mineralization rate of B[a]P observed in the present study appears to 
be similar to those reported in these studies. 

Time and vegetation had a significant effect on the mineralization of radiolabeled 
benzo(a)pyrene but there was no significant change in the effect of vegetation on 
mineralization over the incubation period. Vegetation significantly enhanced the 
mineralization of B[a]P after 144 days but the increase was small. While statistically 
significant, the difference between the treatments observed between 144 and 180 days 
would not be important in soil remediation practice. A longer incubation time may 
have helped to determine if the effect of vegetation would prove to be of any practical 
significance. 

Cumulative mineralization of HCB in both treatments was below 0.8%. This is 
the first study where mineralization of HCB has been observed. Apparent 
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Figure 5. Cumulative mineralization of radiolabeled hexachlorobiphenyl. 

mineralization of HCB increased steadily through 180 days. However, it is important 
to note that the purity of the radioactive compound used was 99% or more and the 
mineralization observed could have been the mineralization of contaminants in the 
reagent. 

The effect of vegetation on hexachlorobiphenyl mineralization changed 
significantly during the study. The first statistically significant increase in 
mineralization in a vegetated microcosms was observed at 22 days of incubation. After 
91 days, the difference between treatments increased consistently until the end of the 
study. 

Vegetation significantly enhanced the mineralization of B[a]P and HCB. Earlier 
studies (25, 26, 28, 29, 44) have also found enhanced mineralization of organic 
contaminants. The increase may be a result of higher microbial community density 
and/or higher activity of microorganisms in the vegetated treatment soil. The rate of 
mineralization of B[a]P and HCB and/or their derivative(s) in both treatments was 
comparatively low until about 100 days and then it increased substantially and 
remained steady until the end of the study. The reasons for the 100 day acclimation 
period for mineralization are not known. It seems reasonable to assume that since the 
amount of radiolabeled compound added was very small compared to the original 
concentrations in soil, the increased toxicity due to the addition of radiolabeled 
compound would be negligible. An increase in toxicity from the addition of methanol 
(4 mL; 6% w/w) as the solvent for the radiolabeled compound may not be ruled out. 
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Microorganisms could also have taken some time for recovery from soil disturbances 
and to adapt to the laboratory microcosm environment. 

Solvent extractable and soil-bound radiolabeled carbon. Radiolabeled compound 
(B[a]P or HCB) and/or its degradation product(s), which were extractable from soil by 
solvent or that remained on the soil after extraction (soil-bound) were expressed as a 
percent of total DPM spiked in soil. 

The behavior of the compounds in the soil after several days should be more 
representative of behavior of the compound in soil in a field situation. The relatively 
rapid physical processes (e.g., large gradient driven mass transport) effecting the 
distribution of radiolabeled compound would have been essentially complete after 
several days. During this time, some of the compound may have been bound to soil by 
rapid sorption processes. Hence day 12 was chosen for convenience as the starting 
point and solvent extractable and soil-bound radiolabeled carbon were measured from 
this day. 

Time and vegetation had a significant effect on the percent radiolabeled B[a]P 
and/or its degradation product(s) in soil that were solvent extractable, but the effect of 
vegetation did not change significantly over the period of the study. Figure 6 shows 
the apparently linear decrease in percent solvent extractable radiolabeled B[a]P and/or 
its degradation product(s) in both vegetated and unvegetated soil with time. 

Figure 7 shows that, averaged over the period of the experiment, there was more 
solvent extractable radiolabeled B[a]P and/or its degradation product(s) in vegetated 
soil. In contrast, in a study done by Aprill and Sims (30), vegetation decreased the 
solvent extractability of B[a]P from soil. The reasons for the higher extractability in 

Error bar is LSD 

0 
0 50 100 

Time (days) 
150 200 

Figure 6. Decrease in percent solvent extractable radiolabeled benzo(a)pyrene and/or 
its degradation product(s) in soil with time. 
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Figure 7. Increase in percent solvent extractable radiolabeled benzo(a)pyrene and/or its 
degradation product(s) in soil due to vegetation. 

the vegetated treatment are not known. The increase is small (4%) and a longer study 
is needed to determine if the increase would be of any practical significance. 

The percent soil-bound radiolabeled B[a]P and/or its degradation product(s) 
increased significantly over time (Figure 8). Vegetation did not significantly influence 
the binding of B[a]P and/or its degradation product(s) to soil. 

The extractability of HCB and/or its degradation products decreased 
significantly with time (Figure 9). The effect of vegetation on extractability was 
significant and the effect did not change significantly during the study. Figure 10 
shows the time-averaged decrease in percent solvent extractable radiolabeled HCB 
and/or its degradation product(s) in soil due to vegetation. The decrease in solvent 
extractability from soil may be due to increased sorption and/or humification. Again, a 
longer study could determine if this decrease has more practical significance. 

Reflecting the loss of extractability, the amount of soil bound radiolabel from 
HCB increased over time (Figure 11). The effect of vegetation on the amount of soil 
binding of HCB was not statistically significant. 

Figure 6 shows that the percent solvent extractable radiolabeled carbon from 
B[a]P and/or its degradation product(s) in soil decreased with time. Figure 8 shows 
that the percent soil-bound radiolabeled carbon from B[a]P and/or its degradation 
product(s) increased with time. Similar observations can be made for HCB from figures 
9 and 11. There was, apparently, a steep decrease in solvent extractable radiolabeled 
carbon from 0 to 12 days (from 100% to approximately 53% and 55% for B[a]P and 
HCB, respectively). By comparison, the decrease from 12 to 180 days is slow. This 
type of biphasic sorption has been observed for compounds like pyrene (43) and 
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Time (days) 

Figure 9. Decrease in percent solvent extractable radiolabeled hexachlorobiphenyl 
and/or its degradation produces) in soil with time. 
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Figure 10. Decrease in percent solvent extractable radiolabeled hexachlorobiphenyl 
and/or its degradation produces) in soil due to vegetation. 

0 H • 1 • 1 • 1 · 1 
0 50 100 150 200 

Time (days) 

Figure 11. Increase in percent soil bound radiolabeled hexachlorobiphenyl and/or its 
degradation product(s) with time. 
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parathion (44). It is believed that the rapid phase occurs due to surface adsorption to 
the soil while the slower phase occurs by the diffusion of compound into the soil 
material. 

As time progressed, lesser amount of radiolabeled carbon was extractable by the 
solvent. This may be due to processes such as sorption and/or humification. What 
ever the processes were, either they were irreversible during the duration of the 
experiment or the forward processes were much faster than reverse processes. 

Sorption may be a combination of one or more of the processes such as bonding 
by van der Waals forces, ligand exchange, covalent bonding and hydrophobic 
partitioning. Hydrophobic partitioning is generally believed to be the main mechanism 
for the sorption of nonpolar organic compounds to soils (45). Humification may be 
due to biotic processes or a combination of biotic and abiotic processes (46). 
Nonpolar organic compounds retained in soil by sorption can be degraded biologically 
by microorganisms or abiotically by functional groups in humic and fulvic acids. The 
degradation products of these nonpolar organic compounds can undergo 
polymerization to form humus (47). Although monomers are the basic units in humus 
formation, larger fragments including polycyclic structular units can participate in the 
reaction (48). 

The decrease in percent solvent extractable radiolabeled carbon from HCB 
and/or its degradation product(s) in soil (Figure 9) was nonlinear compared to B[a]P 
(Figure 6). This pattern is reflected in the increase of percent soil-bound radiolabeled 
carbon from HCB and/or its degradation product(s) (Figure 11). Through the 
procedure of contrasts (41) it was found that the slope of the line between 102 and 180 
days was significantly higher than the slope of the line between 12 and 102 days in 
Figure 8. Similarly it was found that the slope of the line between 102 and 180 days 
was significantly higher than the slope of the line between 12 and 102 days in Figure 
11. This suggests that there is a change in mechanism(s) after 180 days which was 
causing increased soil binding. 

Plant Growth and Incorporation. Table 7 gives data on plant incorporation and plant 
growth with the progress of time in soil spiked with B[a]P. Table 8 gives data on plant 
incorporation and plant growth with progress of time in soil spiked with HCB. 

Table 7. Plant incorporation and plant growth with progress of time in soil spiked 
with B[a]P 

Time (days) Microcosm 

Percent l4C 
associated with 
plant material 

Wet weight of plant 
material produced 

and combusted 
(grams) 

102 1 0.02 0.52 
2 0.04 0.68 
3 0.01 0.45 

180 1 0.24 2.83 
2 0.41 4.29 
3 0.19 3.11 
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Table 8. Plant incorporation and plant growth with progress of time in soil spiked 
with HCB 

Percent 14C 
associated with 

Wet weight of plant 
material produced 

and combusted 
Time (days) Microcosm plant material (grams) 

102 1 0.01 0.34 
2 0.01 0.56 
3 0.01 0.42 

180 1 0.14 1.85 
2 0.17 2.61 
3 0.10 1.98 

Tables 7 and 8 show that the percent of radiolabeled compound and/or its 
degradation product(s) associated with plant material increased with time for both 
B[a]P and HCB. The increase in plant growth (by mass) from 102 days to 180 days is 
higher than the increase in plant growth up to 102 days in all the microcosms. This is 
probably due to poorer growth conditions and the death of a few plants in microcosms 
due to fungal attack before 102 days. 

The grass in the microcosms was harvested a total of four times during the 
study, since the grass had grown to the top of microcosms each time. The harvested 
grass was stored at -20° C until it was combusted. Roots grew to the bottom in each 
microcosm and then grew laterally across the bottom of the flask. 

The PPF (light intensity) in the chamber varied between typical values for 
winter sunlight on a sunny day and winter sunlight on a cloudy day. The grasses 
seemed to be growing well under these conditions. 

Microbial Enumeration. The initial number of total viable aerobic heterotrophic 
bacteria in the soil used in this study was estimated to be 6.9x108 colony forming units 
per gram of soil. The number of total viable fungal propagules in the same soil was 
estimated to be 2.6x105 per gram of soil. The data were log-transformed and analysis 
of variance was used to determine the effect of vegetation. 

Tables 9 and 10 show that the number of total viable microorganisms in 
vegetated treatment are significantly higher than unvegetated treatment for both B[a]P 
and HCB. Increases in numbers of microbial populations (as estimated by spread plate 
technique) due to vegetation have been reported in the literature (27, 49). It should be 
noted that plating techniques underestimate the true microbial population density as all 
growth media are selective. Values estimated by plate counts are approximately 1-10% 
of the values observed by direct count techniques (50). 

All of the additional microorganisms in vegetated treatment soil may not be 
capable of degrading and/or metabolizing B[a]P or HCB. In fact, it is highly probable 
that most of them are capable only of metabolizing natural organic compounds such as 
carbohydrates, amino acids, etc., and not recalcitrant compounds like B[a]P and HCB. 
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Table 9. Density of microorganisms in the soil in microcosms spiked with B[a]P after 
180 days t 

Life Form Treatment Mean 

95% 
Confidence 

interval 
Lower Limit 

95% 
Confidence 

interval 
Upper Limit 

Fungi 
(propagules per 

gram of soil) 

Unvegetated 

Vegetated 

6.5x105 

1.4xl06 

5.1x105 

1.1x106 

8.2x105 

1.8xl06 

Aerobic 
bacteria 

(colonies per 
gram of soil) 

Unvegetated 

Vegetated 

3.6xl010 

7.6xl010 

3.3xl01 0 

7.0xl01 0 

3.9xl01 0 

8.2xl010 

Table 10. Density of microorganisms in the soil in microcosms spiked with HCB after 
180 days 

Life Form Treatment Mean 

95% 
Confidence 

interval 
Lower Limit 

95% 
Confidence 

interval 
Upper Limit 

Fungi 
(propagules per 

gram of soil) 

Unvegetated 

Vegetated 

2.0xl05 

1.4xl06 

1.2x105 

8.1x105 

3.5x10s 

2.4xl06 

Aerobic 
bacteria 

(colonies per 
gram of soil) 

Unvegetated 

Vegetated 

3.7xl010 

7.8xl010 

3.2x1010 

6.8xl01 0 

4.3xl0 1 0 

9.1xl01 0 

At the end of the experiment, the number of microorganisms in either the B[a]P 
or HCB unvegetated soil was higher than in the soil prior to use. The number of viable 
aerobic heterotrophic bacteria increased 100 fold during the experiment. The addition 
of nutrients, such as nitrate and phosphate, and maintenance of soil at 80% of field 
capacity throughout the experimental period apparently enhanced the growth of 
microorganisms. 

Conclusions. Results of the experiment show that there were beneficial effects due to 
vegetation including increase in mineralization and decrease in solvent extractability. 
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However, the differences observed within the time frame of the experiment are not 
environmentally significant enough to be of practical use. Differences between 
treatments continued to increase throughout the study and may have continued i f the 
study had been extended for a longer period of time. Phytoremediation appears to be a 
slow process. A period of a several years may be required for treatability studies to 
fully understand the applicability and effectiveness of phytoremediation. 

The half life of B[a]P in microcosms was calculated to be 172 days, based on 
decrease in solvent extractability from soil. The half life of B[a]P was 1,454 days 
based on measurement of mineralization. The half life of HCB was 202 days based on 
decrease in solvent extractability from soil. Regulatory actions relating to cleanup of 
contaminated soil are often chosen based on solvent extractability of contaminants from 
soil. Based on mineralization, the half life of HCB in the unvegetated treatment was 
13,002 days and in the vegetated treatment it was 10,495 days. A l l half lives were 
calculated using a first order model. For calculating half lives based on mineralization, 
an acclimation period of 102 days was omitted. Soil binding appears to be the major 
removal mechanism for both B[a]P and HCB. Soil binding may be due to sorption 
and/or humification. 

From the results of this study, it appears that no significant health risks result 
from the uptake of B[a]P and HCB into Tall Fescue. The plant incorporation of both 
radiolabeled compounds were less than 0.5%. The risk to health of animals by 
ingestion seems to be low. Vegetation did not enhance the volatilization of B[a]P and 
HCB and total volatilization was less than 1% for both. The risk of contamination of 
the atmosphere using grasses for phytoremediation appears to be low. 

Phytoremediation also has application in reducing the leaching of rainfall 
through soil, reducing the potential for groundwater contamination. Establishment of 
vegetation on contaminated soil also prevents soil erosion into surface waters including 
rivers, lakes, etc. and thus prevents their contamination. Vegetation provides a cover 
on the surface of soil that prevents dust emissions. It is also aesthetically pleasing. 

The only undesirable effect caused by vegetation in the study was an increase in 
solvent extractability of B[a]P accompanied by a decrease in soil binding. Comparing 
this with the advantages of phytoremediation, field studies and laboratory studies 
extending for periods of a few years should be conducted. 
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Chapter 16 

Fate of Benzene in Soils Planted with Alfalfa: 
Uptake, Volatilization, and Degradation 

A. Ferro1, J . Kennedy1, W. Doucette2, S. Nelson3, G. Jauregui4, 
Β. McFarland3, and B. Bugbee5 

1Phytokinetics, Inc., 1770 North Research Parkway, Suite 110, 
North Logan, UT 84341 

2Department of Civil and Environmental Engineering, Utah State University, 
Logan, UT 84322-8200 

3Chevron Research and Technology, 1003 West Cutting Boulevard, 
Richmond, CA 94804 

4Chevron USA Products Company, 6001 Bollinge Canyon Road, 
San Ramon, CA 94583 

5Department of Plants, Soils and Biometeorology, Utah State University, 
Logan, UT 84322-8200 

The fate of benzene in planted and unplanted soils was investigated 
using high-flow sealed test systems specifically designed for the 
recovery of volatile organic compounds (VOCs). Test systems, 
containing established alfalfa plants or unplanted controls, were 
subirrigated with aqueous solutions of [14C]benzene to produce soil 
concentrations of 40 (low dose) or 620 μg/kg soil (high dose). The 
test systems allowed us to determine separately root uptake and foliar 
uptake of the radiolabel and to establish a mass balance for the 14C
-label. During the 7 to 10 days experiment, the efflux of 14C-labeled 
VOCs and 14CO2 resulting from mineralization were measured at 12h 
intervals. At the end of each experiment, soils and plant tissues were 
analyzed for 14C and, in some experiments, benzene was analyzed 
using gas chromatography. Less than 2% of the recovered 14C was 
associated with the plant shoots and between 2% to 8% in the root 
fraction (root tissue plus rhizosphere soil). No benzene was detected 
in the soils or plant tissue by gas chromatography, even in the high 
dose experiments. The average total recovery of added radiolabel in 
all experiments was greater than 90%. Comparisons of planted and 
unplanted soils indicated that alfalfa did not enhance the degradation 
of benzene in this experimental system. The amount of benzene that 
was volatilized directly from soil was far greater than any that might 
have evolved from the plants themselves. 

© 1997 American Chemical Society 223 
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Understanding the fate of organic chemical contaminants in plant-soil systems is 
crucial for evaluating the effectiveness of phytoremediation. Several studies have 
reported that some plants can accelerate the removal of some classes of organic 
chemical contaminants from soils (7-7), but for volatile organic compounds (VOCs), 
technical complications in analyzing plant-soil systems have made it difficult to 
distinguish between degradation, volatilization, and plant uptake (8-10). 
Mathematical models have been developed which predict the behavior of VOCs in 
plants (11-15); so far, however, there have been very few empirical studies (8-11, 
16-20). 

Phytoremediation is now being evaluated on soils contaminated with 
petroleum hydrocarbons. For soils from some sites, preliminary evidence suggests 
that the technology may be more effective (and inexpensive) than conventional 
technologies such as in situ bioremediation. However, such sites frequently contain 
benzene and other VOCs in the near-surface soils. The fate of these compounds in 
specific plant-soil systems is extremely difficult to predict based on the existing 
literature (8, 11-20). With benzene, for example, it is uncertain if plants can take-up 
and accumulate levels of the compound in foliage which might create an 
ecotoxicological hazard, if such uptake might be concentration dependent, or if 
plants might increase volatility. Alternatively, if benzene is rapidly degraded in the 
rhizosphere soil, plant uptake may be greatly reduced. The objective of this project 
was to study the fate of benzene in a specific plant-soil system in order to resolve 
some of these uncertainties. 

Materials and Methods 

High-Flow Sealed Test System. A diagram of a single test system is shown in 
Figure 1 and is a modification of the system described previously (21). Three 
modules were run simultaneously in order to generate triplicate sets of data. The 
bell jar housed glass columns that contained planted or unplanted soils (Figure 2). 
Plants were grown in the greenhouse in soil packed in glass columns (Figure 2), and 
the established plant-soil systems transferred into the bell jar systems. At the start of 
the experiment, [14C]benzene solutions were injected into a single place -12 cm 
below the surface of the soil using long syringe needles. A rapid flow of air through 
the bell jar (1 L/min) was necessary to remove transpirational water vapor and to 
reduce the accumulation of 14C-labeled VOCs and 1 4 C0 2 in the chamber headspace. 
As discussed previously (21), the dilution of 1 4 C0 2 by C0 2 in the air stream was 
sufficiently high that no measurable radiolabel in the shoots (see below) could have 
resulted from 1 4 C0 2 fixation. Leaks were minimized by keeping the pressure in the 
bell jar close to atmospheric pressure. The low pressure-differential in the bell jar 
was achieved by pumping air into and out of the jar. Flow-rates were matched using 
pairs of rotometers, and pressure in the bell jar was monitored using manometers. 
Transpirational water vapor in the air effluent from the bell jar was removed with a 
glass condenser. The air then passed through a C0 2 trap (0.4 M KOH), and 
subsequently through a trap to remove benzene and potential volatile metabolites 
(2-methoxyethanol). Bell jars stood in a growth chamber kept at 23° ± 1° C, with a 
16-hour photoperiod (photosynthetic photon flux = 350 pmol m'V 1). 
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226 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

Figure 2. Soils were packed into glass columns with porous bottoms to support 
the soils. Column capacity - 140 g soil. Ground glass fittings were used to 
connect the columns to flasks. The flasks received leachate. Side arms on the 
flasks and the soil holders were connected via flexible teflon tubing; this 
connection released pressure in the flasks which resulted when the soils were 
irrigated. 

Soils. The soil was an artificial loamy sand, made by mixing a native loam soil from 
the site with coarse washed sand at a ratio of 1:1 (w/w). The loam soil (stored at 4° 
C before use) was obtained from a former Chevron gas and diesel terminal in Ogden, 
Utah. The addition of sand to the loam helped maintain adequate aeration, but may 
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16. FERRO ETAL. Fate ofBenzene in Soils Planted with Alfalfa 227 

have increased [14C]benzene volatilization by increasing the porosity of the soil. 
Soils at this site have been impacted with petroleum hydrocarbons. The loam soil 
sample was taken from a zone within the five-acre site where TPH concentrations 
generally ranged from 300 - 5,000 mg/kg. However, based on GC analysis, the soil 
sample used in the study had no measurable concentrations of benzene prior to 
spiking the soil with [14C]benzene (see below). Concentrations of other petroleum 
hydrocarbons, potentially present in the soil, were not determined. The loamy sand 
mixture (sand 74%; silt 16%; clay 10%; pH = 7.9; CEC = 77 meq/kg, 1.39% organic 
carbon; field capacity = 13.8% gravimetric water) was loosely packed into glass 
columns (Figure 2). The planted and unplanted soils were kept near field capacity 
by addition of a nutrient solution (0.13 mM KH 2P0 4), via a long syringe needle, 
through a septum at the top of the bell jar. Planted systems were watered with 10 ml 
per day (leachate was less than 0.5 ml/day); this amount of water was sufficient to 
maintain the plants without creating excessive volumes of leachate. Unplanted 
systems were watered with -0.8 ml/day. Separate needles were used for the 
addition of nutrient and [14C]benzene. The root/soil zone was protected from light. 

Plants. Alfalfa seeds (Medicago sativa Mesa, var. Cimarron VR) were inoculated 
with Rhizobium melitoti. Seeds were sown in the loamy sand, described above, 
which had been packed into glass columns (Figure 2). Plants were grown for 
approximately 100 days prior to the start of the experiment, at which time the 
established plant-soil systems were transferred to die bell jars. 

Test Chemical Additions to Soils. [UL-14C]benzene (19.3mCi/mmol) was obtained 
from Sigma Chemical Company. Ethanolic stock solutions of the [14C]benzene 
(which in some cases were mixed with solutions of unlabeled reagent grade 
benzene) were diluted with water prior to the injection into soils. If not used 
immediately, aqueous solutions of [14C]benzene were stored at 4° C in gas-tight glass 
bottles with no head space. Solutions of [14C]benzene were injected 12 cm below 
the soils surface via a long syringe needle. As described in Table I, final benzene 
concentrations in soils were 40 pg/kg ("low" dose experiments) or 622 pg/kg 
("high" dose). Leaching of radiolabel added during [14C]benzene addition did not 
occur because benzene solutions had minimal volumes (however, leachate collection 
flasks were monitored). 

The following is a list of physicochemical properties of benzene: Molecular 
weight, 78; vapor pressure, 76 mm Hg (20° C); water solubility, 1.8 g/L; density, 
0.88 g/ml (20° C); log = 2.13; K H = 0.24 (dimensionless); log = 1.78 (22,23). 

Experimental Design. The fate of [14C]benzene in planted systems was determined 
in trials 1 and 2. One important aspect of these studies was to measure the extent of 
benzene uptake by the plant roots and translocation to the shoots, and therefore 
experimental controls were included to measure the extent of foliar uptake (see 
below). Trial 3 compared the fate of [14C]benzene in planted and unplanted systems, 
and the "Parafin" experiment specifically examined the potential of alfalfa plants to 
alter the transfer of benzene from soil to air. Duplicate or triplicate data sets were 
generated for each trial (Table Π) by running two or three flow-through systems 
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228 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

Dose Concentration Vol. added Total addition 
(mg/L) (ml) (MB) 

Low i a 6C 6 40 
15b 6C 90 622 

Specific radioactivity 28 χ 103 dpm/pg 
2 ml injected into soils at intervals of 0, 3h, and 6h 

simultaneously. Radiolabel was measured in soils, plant tissues, C0 2 traps and 
volatile organic traps. Subsamples of the [14C]benzene solution that was injected 
into the soil were analyzed by liquid scintillation counting to determine the amount 
of [14C]benzene added to each system. The , 4 C 0 2 and 1 4C volatile organic traps were 
monitored at 12h intervals for each system. Means and standard deviations were 
calculated for each of the duplicate or triplicate sets of data. Extracts of soils and 
plant tissue were also analyzed for benzene by purge and trap gas chromatography in 
trial 2 . 

Processing of Plant Tissue. At the end of the trial, shoots were cut off at soil level 
and roots were manually separated from soil. Plant tissues were pulverized in liquid 
N 2 using a mortar and pestle. The roots were not washed, and therefore some 
rhizosphere soil was included in the "root fraction" (Table Π). 

Analysis. Soils and plant tissues from trial 2 were analyzed for benzene using a 
purge and trap gas chromatographic/flame ionization method (EPA's SW-846 
Methods 5030A and 8020, modified by using a flame ionization detector). Samples 
(Table Π) were placed into 40 mL glass vials equipped with teflon lined rubber septa 
along with sufficient methanol to fill the vials and minimize headspace. The vials 
containing the soil or plant tissue and methanol were then agitated for 30 minutes in 
a rotary tumbler. After allowing the soil and methanol phases to separate, the vials 
were placed in an automated purge and trap system (DynaTrap, DynaTech Precision 
Sample Corp). The DynaTrap system automatically removed a 1 to 2 mL aliquot of 
the methanol extract from the sealed vial and introduced it into a purge vessel where 
it was diluted with 5 mL of deionized water. The water/methanol mixture was 
purged with helium for 12 minutes and the benzene concentrated on a Tenax sorbent 
trap. The benzene was thermally desorbed from the trap (275° C for 5 minutes) and 
introduced into a gas chromatograph (Shimadzu GC-14A) equipped with a capillary 
column (Petrocol 3710; 0.75 mm χ 10 m) and flame ionization detector. The 
retention time for benzene was 5.9 minutes. The detection limits of the 
chromatographic method were 80 pg/kg for soils and root fraction, and 400 pg/kg 
for plant shoots. Methods used for measurement of radiolabel in soils and plant 
tissues using combustion analysis have been described previously (27). 1 4C in liquid 
samples was quantified by scintillation counting. 
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16. FERRO ETAL. Fate ofBenzene in Soils Planted with Alfalfa 229 

Table Π. Behavior of [14C]Benzene in Planted and unplanted Soils 
Distribution of Radiolabel 

(% Recovered) 

Mass Plant Tissue 
Trial Dose System Balance voc Soil 1 4 C0 2 Shoots Root 

(90 Fraction 

1 40 Planted 93 17 48 26 1.7f 7.5 
(91-94) ±5 ±7 ±3 ±1.2 ±2.0 

2° 622 Planted 119 56 26 13 0.5f 4.0 
(n=2f (109-130) 

3 d 40 Planted 107 61 28 6.3 1.2 2.0 
(n=3) (96-127) ±5 ±3 ±3 ±0.4 ±0.9 

Unplant 106 70 21 8.5 — 

ed (n=3) (79-123) ±8 ±3 ±5.2 
^ Data are means ± 1 standard deviation. 

Percent recovery of added radiolabel. Numbers in parentheses are ranges. 
Samples of soil (7.0 g), root fraction (7.0 g), and plant shoots (1.2 g) were 
analyzed for benzene parent compound (Methods). The following are mean 
values for the total mass of each fraction: soil, 146.6 g; root fraction, 19.0 g; 

d plant shoots 1.4 g. 
Because our system accommodated a maximum of 3 modules (Methods), 
trial 3 was done in two runs, one run with two planted and one unplanted 
system, and the second run with one planted and two unplanted systems. 
In trial 2, a duplicate (rather than triplicate) data set was obtained because 
one module in the test system (Methods) malfunctioned. Values given in the 
Table are means. Specific values (%): VOC, 59, 53; Soil, 25, 27; l 4C0 2 ,12, 
14; Shoots, 0.53, 0.37; Roots, 3.3,4.6. 
Values estimated for foliar uptake have been subtracted from the values 
shown. 

Results 

Trial 1; Low Dose of [14C]Benzene Added to Planted Systems. [14C]benzene was 
added to each of three planted systems at a concentration of 40 pg/kg soil (Table Π). 
The volatile organic traps contained measurable levels of 1 4 C, most likely benzene, 
soon after the application of the [14C]benzene to the subsurface of the soils. The 
evolution of [14C]VOC continued for approximately 1.5 days reaching a plateau level 
of 17% (Figure 3). 1 4 C0 2 was detected after day 1, and evolution continued for 
about 7 days reaching a plateau level of 26% (Figure 3). Similar time courses for 
both [14C]VOC and 1 4 C0 2 evolution were observed for trials 2 and 3 (data not 
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230 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

30 J ι I l . i . i . I ι I L 

0 1 2 3 4 5 6 

Time (days) 

Figure 3. Time course for the efflux of [14C]VOC and 1 4 C0 2 in Trial 1. A 
"low" dose of benzene (40 pg/ kg soil) was injected into three planted systems. 
The dose was applied in three equal portions and into a single place in the soil, 
at t = 0, 3h, and 6h. The efflux of [14C]VOC and 1 4 C0 2 was monitored at 
intervals. Efflux of VOC reached a plateau at 1.5 days, after which no further 
efflux occurred; 1 4 C0 2 efflux reached a plateau after 7 days. Data points are 
means (n=3). D
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shown). At the conclusion of the experiment (at day = 7), the test systems were 
dismantled and the soils and plant tissues analyzed for 1 4C. Ninety three percent of 
the added radiolabel was recovered. Forty eight percent of the recovered radiolabel 
was found in the soils fraction, 2.9 % in the plant shoots, and 7.5% in the root 
fraction (Table Π). 

The l 4 C recovered in the plant shoots was taken up by the roots and 
translocated to the shoots and was also the result of foliar uptake (/ 7, 18, 24). 
However, trial 1 (and trial 2, see below) was designed in such a way that we could 
differentiate between these two sources of radiolabel in the shoots. The 
flow-through test systems were fitted with bell jars of sufficient size to hold two 
plants: Experimental plants were subirrigated with solutions of [14C]benzene; control 
plants were not subirrigated. The shoots of the control plants were exposed to 
[14C]benzene only in the air of the bell jar, and served as controls for foliar uptake. 
For trial 1, experimental plant shoots contained 2.9% of the recovered radiolabel, 
and the control plant shoots 1.2%. By subtraction, 1.7% of the label in the shoots of 
the experimental plants was derived from root uptake and translocation (Table ΙΠ). 
Thus, for trial 1, our data suggest that 41% of the radiolabel found in the shoots was 
from foliar uptake and 59% from root uptake and translocation. 

Table ΙΠ. Percent Radiolabel Recovered in Plant Shoots 
(Data are means ± 1 SD). 

Trial Dose 
(Mg/kg) 

Experimental 
Plants 

(Totaf uptake) 

Control 
Plants 

(Foliar uptake only) 

Experimental 
Plants 

(Root uptake only) 

1 40 2.9 ±1.1 1.2 ±0.03 1.7 ±1.2 

2 622 0.8 ±0.3 0.3 ±0.1 0.5 ±0.2 
Total = foliar uptake + root uptake 

Trial 2; High Dose of [14C]Benzene Added to Planted Systems. In trial 2, 
[14C]benzene was added to yield a soil concentration of622 pg/kg. Mass balance 
data, distribution of radiolabel in the various fractions, and data for foliar uptake 
controls are presented in Tables Π and ΙΠ. Compared to trial 1, a higher percentage 
of the radiolabel was recovered in the VOC fraction and less in the other fractions 
(Table Π). No detectable levels of benzene were found during the gas 
chromatographic analysis of soils and plant tissues. 

Trial 3; Low Dose of [14C]Benzene Added to Planted and Unplanted Systems. 
Trial 3 was specifically designed to compare the fate of [14C]benzene between 
planted and unplanted soils. We were interested in determining if plants could 
increase the biodégradation of [14C]benzene, or change the extent to which 
[14C]benzene volatilized from the system. The data summarized in Table Π 
suggested that plants did not cause a statistically significant change in the extent of 
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232 PHYTOREMEDIATION OF SOIL AND WATER CONTAMINANTS 

mineralization of [14C]benzene (6.3 ± 3.0 % of the radiolabel recovered as 1 4 C0 2 in 
the planted systems compared to 8.5 ±5.2 % in the unplanted systems). Also, the 
rates of mineralization of [14C]benzene (the time course for 1 4 C0 2 efflux) were 
identical in the planted and unplanted systems (data not shown). 

Plants did not significantly change the extent to which [,4C]benzene 
volatilized from the system. The percent of 1 4C recovered in the volatile traps was 
61 ± 5% in the planted systems and 70 ± 8% in the unplanted systems (Table Π). 
However, in comparing the results from various trials, the percentage of 1 4C 
recovered in the volatile traps of trial 3 was significantly higher than that observed in 
trial 1 for a similar loading of [,4C]benzene. It is unclear why these large differences 
were observed, because the mass recoveries were comparable. Therefore, to further 
examine the potential of plants to alter the transfer of VOCs from soil to air, an 
additional experiment was performed as described in the next section. 

"Parafin" Experiment. In trials 1 to 3, [14C]benzene injected into the root zone 
could potentially escape from the soil and be collected in the volatile organic traps 
by direct diffusion through soil pores, as well as by root uptake, translocation, and 
efflux via the stomates. In order to differentiate between these two possible 
pathways, an additional experiment was performed in which the surface of the 
planted soils was sealed with warm liquid parafin, leaving the stems of the alfalfa 
plants penetrating the seal. This seal should greatly reduce the direct volatilization 
of benzene. With the seal in place, the plants (in triplicate) were injected with 40 
pg/kg dose of benzene. Over the next seven days, the volatile organic and carbon 
dioxide traps were monitored as previously described for trials 1 to 3. The 1 4C 
recovered in the VOC traps was greatly reduced relative to that observed for trials 1 
to 3 (Table IV). This result suggested that the majority ofthe [14C]VOC efflux from 
the systems was via direct diffusion through soil pores, not through the plants. A 
small amount of , 4 C 0 2 was also recovered (Table IV), suggesting that the parafin 
seal was slightly leaky: Efflux of I 4 C0 2 probably originated from mineralization of 
[14C]benzene in soil and escape of 1 4 C0 2 from soil pores, rather than originating 
from plant metabolism. 

Discussion 

The percent of radiolabel recovered in the VOC traps varied widely in trials 1 to 3 
(Table Π). If we assume that the majority of this [14C]VOC efflux was due to 
diffusion through soil pores, as suggested by the "parafin" experiment, then one 
reason for this variability could be differences in soil moisture content. As discussed 
by Russell, et al. (75), mathematical models show that transport of VOCs in soil is 
highly dependent on the soil moisture content. We tried to maintain soil moisture 
close to field capacity, but this was difficult because the plants were large, relative to 
the amount of soil, and actively transpiring. 

The variability of [14C]VOC efflux complicated the analysis of trial 3, which 
was a comparison of the fate of [14C]benzene in planted and unplanted soils. In 
order to facilitate this analysis, we recalculated the results in Table Π in terms of 
"residual" radiolabel: that portion of the recovered radiolabel which was distinct 
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Table IV. Comparison of [14C]VOC and 1 4 C 0 2 efflux in planted soils: 
trials 1 to 3 and in the "Parafin" experiment 

Distribution of Radioactivity 
Trial (% of Total Added) 

VOC 1 4 CO, 
l(n=3) 16±4 25±2 
2 (n=2)a 67 16 
3 (Planted; n=3) 65 + 6 7+J 

"Parafin" (n=3)b 3.6 ±3.6 2.1 ±0.5 
Mean values for duplicate measurements are shown in the table. 
Specific values (%): VOC, 77, 57; 1 4C0 2,16,16 
Unplanted soil controls were also performed. 
Specific values (%): VOC, 16, 8; 14C02,2.6,2.6 

from the [14C]VOC fraction. As shown in Table V, the percent recovery of residual 
radiolabel in the soil fraction in trial 3 was approximately the same in the planted 
and unplanted systems (~ 72%). Values are also compared for the recovery of 
residual radiolabel in the 1 4 C0 2 fraction (unplanted soil, 25 ± 12 %; planted soil, 16 
± 7 %) and in the plant fraction (8 ± 3 %) (Table V). The analysis in Table V was 
useful for comparing results for trials 1 and 2 (low dose and high dose experiments, 
respectively). Note that the distribution of residual radiolabel in the soil and 1 4 C0 2 

fractions, and in the plant tissues were very similar for trials 1 and 2. Thus, although 
the [14C]benzene concentration increased 15-fold in trial 2, relative to trial 1, the fate 
of the benzene apparently remained the same. 

The results shown in Table V (trial 3) indicated that alfalfa did not increase 
the rate or extent of mineralization of [14C]benzene. In a previous study with 
[14C]phenanthrene (27), we observed that crested wheatgrass did not increase the rate 
or extent of mineralization when planted and unplanted systems were compared (the 
initial concentration of the compound was 100 mg/kg). However, a "rhizosphere" 
effect was observed in experiments with [14C]pyrene (25). The onset of 
mineralization occurred sooner in planted systems (mean = 45 days) than in 
unplanted systems (mean = 75 days). In this latter experiment, again using crested 
wheatgrass, the extent of [14C]pyrene mineralization was the same in the two types 
of systems (initial concentrations of pyrene were 100 mg/kg soil). Although plant 
species-specific effects and compound-specific effects must be further evaluated, 
one tentative conclusion from these studies is that for readily degradable organics 
like benzene or phenanthrene, oxygen limitations are more likely to effect the rate 
and extent of degradation than the presence of plants. In near-surface soils, 
volatilization may be a more important fate mechanism than degradation for volatile 
organics. On the other hand, the presence of plant exudates (co-metabolites) may 
accelerate biodégradation for compounds which might be degraded co-metabolically 
(e.g., pyrene). 
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Table V. Distribution of radiolabel recovered in the residual* fraction 
for trials 1 to 3 

Trial Dose System % Recovered 
(Mg/Kg) 

System 
SoU I4co2 

Plants 

1 40 Planted (n=3) 57±6 32±5 11±2 

2 622 Planted (n=2) 58±1 30 ±0.3 10±1 

3 40 Planted (n=3) 73±9 16±7 8±3 

a _ . — 
Unplanted (n=3) 72 ±12 25 ±12 -

That portion of the recovered radiolabel that was distinct from [14C]VOC fraction 

Plant uptake of the radiolabel via the roots and translocation to shoots was 
minimal (trial 1,1.7% ofthe recovered radiolabel; trial 2,0.5%; Table ΙΠ). These 
estimations were possible because we carried out controls for foliar uptake. Such 
controls were essential because the flux of air, even in a high-flow system such as 
ours, was much lower than would occur outdoors, potentiating the accumulation of 
high concentrations of VOCs and elevated foliar uptake. Approximately 40% of the 
radiolabel recovered in the experimental plant shoots was derived from foliar uptake 
of the radiolabel. However, our gas chromatographic analysis of the experimental 
shoots did not detect benzene parent compound. The observation that little root-
uptake of radiolabel occurred, and no benzene was detected in the shoots, was an 
important result from a practical standpoint. We are currently using 
phytoremediation systems at several BTEX-contaminated sites, and the results 
presented here suggest that the ecotoxicological hazard is minimal. 

The extent of plant uptake of organic compounds from soils is dependent 
upon the physicochemical properties of the compound (14,17,26) as well as its rate 
of biodégradation in the soil. Rapid biodégradation, of course, greatly limits plant 
uptake. Radiolabeled benzene was rapidly degraded in the soils used in our 
experiments. We recovered 1 4 C0 2 just a few hours after [14C]benzene was injected 
into the soil (Figure 3), and in trials 1 to 3 a large percentage of the "residual" 
radiolabel was recovered as 1 4 C0 2 (Table V). Gas chromatographic analysis of soils 
at the conclusion of trial 2 did not detect benzene parent compound. Other workers 
have also observed rapid biodégradation of benzene in soils (16). Therefore, 
although the physicochemical properties of benzene would predict extensive plant 
uptake (11,14,17,26), rapid biodégradation evidently prevented this uptake from 
occurring. These results were similar to those reported for toluene by Narayanan et 
al. (75). 

Several models have been proposed suggesting that VOCs having certain 
physicochemical properties can be taken up by plant roots, move with the 
transpirational stream from roots to shoots, and leave the plant via volatilization 
through the stomatal pathway to air (7 7-74). This pathway for VOCs in plant 
systems has recently been observed empirically (19,20). In the "parafin" 
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experiment, the percent of radiolabel recovered in the VOC trap (3.6% evolved in 
approximately 1.5 days) was close to values for maximum transport flux through 
plants calculated using a simple model suggested by Russell, et al. (75). In this 
model, J = q C T^p , where q is the transpiration rate of the plants, C is the 
concentration of the volatile compound in the soil water in the root zone, and is 
the transpiration stream concentration factor proposed by Briggs, et al. (26). Using 
this model for the "parafin" experiment, we calculated that the maximum transport 
flux through the plants of the added radiolabel equaled 5.6% per day; as with trials 1 
to 3, efflux of [ 1 4 C]VOC was observed for 1.5 days. Of course, this calculation for 
maximal flux is based on a variety of assumptions, including negligible 
biodégradation in soil and no plant metabolism of benzene. In fact, the transport 
flux through the plants was probably less than 3.6%, and some of this [ 1 4C]VOC 
recovered in the "parafin" experiment was probably due to leaks in the parafin seal, 
as judged by the recovery of 1 4 C 0 2 . 
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Chapter 17 

Metabolism of Chlorinated Phenols by Lemna gibba, 
Duckweed 

Harry E. Ensley1, Hari A. Sharma2, John T. Barber2, and Michael A. Polito2,3 

Departments of 1Chemistry and 2Ecology, Evolution and Organismal 
Biology, Tulane University, New Orleans, LA 70118 

The toxicity and metabolism of phenol and a series of chlorinated phenols, 4-
chlorophenol to pentachlorophenol, in axenically grown Lemna gibba were 
studied. It was found that the toxicities of the phenols tended to increase with 
increasing number of chlorine substituents on the phenol ring. Over relatively 
short incubation periods (< 7 days), the plants metabolized each of the phenols in 
the same manner, producing compounds that were more polar than the 
corresponding phenol from which they were derived. The plant-produced 
metabolites of phenol, 2,4-dichlorophenol and 2,4,5-trichlorophenol were isolated, 
purified and their structures were identified by high field NMR and chemical 
ionization MS to be β-glucoside conjugates. It was further shown, by GC/MS, 
that over longer incubation periods (ca 20 days), the plants were able to 
progressively dechlorinate the phenols. While conversion of the chlorinated 
phenols to their corresponding phenyl glucosides results in compounds that are 
more water-soluble and less toxic to the plants than were the parent phenols, the 
potential for regeneration of the original phenols, as a result of low pH or 
enzymatic cleavage of the glucoside, remains. In contrast, reductive dechlorination 
represents a real detoxification since the toxicity of the chlorinated phenols 
decreases with decreasing number of chlorine substituents. It is possible therefore, 
that the ability of duckweed to perform reductive dechlorination can be exploited 
as part of a remediation technology. 

Phenol and the 19 chlorinated phenols are used extensively as pesticides, herbicides, 
fungicides, bactericides, etc. In addition, significant amounts of chlorophenols are 
generated as a result of the bleaching process in paper mills (/), the chlorination of 
drinking water and the incineration of waste materials (2). The magnitude of the problem 

3Current address: Isotron Corporation, 13152 Chef Menteur Highway, New Orleans, LA 70129 

238 © 1997 American Chemical Society 
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is indicated by the production figures for phenol alone; 4.16 billion lbs in 1995, making 
it 34th on the list of most-produced organics in the U.S. (3). The types of usage for 
phenol and the chlorophenols, the methods used for their application and the casual way 
in which they were stored or disposed of in the past, ensures that they are common 
contaminants that almost inevitably end up in aquatic environments. Many Superfund 
sites are contaminated with significant concentrations of chlorophenols (4). 

The ways in which organisms deal with phenol and the chlorinated phenols are of 
considerable importance to human health for a variety of reasons including the potential 
risks of contamination via food webs, as well as the potential benefits resulting from 
bioremediation. Higher plants, including many aquatics, have received a certain amount 
of attention in this regard and Sandermann has termed plants the "green liver" of the 
earth (5). Studies of the metabolism of chlorophenols by terrestrial angiosperms have 
included 2,4,6-trichlorophenol and tomatoes (6); pentachlorophenol (PCP) and rice (7); 
PCP and soybean and wheat (8). The metabolism of phenol and chlorophenols by aquatic 
angiosperms has also been studied, e.g. PCP and Elodea (P); phenol and Eichomia (JO). 

The duckweeds (Lemnaceae) are floating monocotyledenous aquatic angiosperms 
and are ideal candidates for metabolic studies of xenobiotics. Almost all permanent fresh 
or brackish surface waters contain members of the duckweed family (77) and, as then-
name implies, they constitute a significant portion of the summer diet of waterfowl as well 
as several invertebrate and vertebrate species. The duckweeds are, therefore, ecologically 
important. In addition, the duckweeds can be grown in sterile culture under controlled 
environmental conditions and are, therefore, experimentally valuable for toxicity and 
metabolism studies. 

Several previous investigations of the toxicity and metabolism of phenol and the 
chlorophenols have employed members of the Lemnaceae. Lemna minor was used to 
demonstrate the effects of substituted chlorine atoms on the biological activities of 
chlorinated phenols (72,73), as well as to investigate metabolism of PCP (Ρ, 14). Most 
recently, L. gibba was used to investigate the toxicity and metabolism of 2,4-
dichlorophenol (2,4-DCP) and phenol (75, 16). 

The conclusions of these and other papers (e.g. 5, 77) is that transformation, 
conjugation and compartmentation are common responses of higher plants to challenges 
by organic contaminants. However, while there is a growing body of information 
concerning the metabolic capabilities of higher plants with regard to xenobiotics, and 
while innumerable papers have considered and recommended higher plants as agents for 
inorganic remediation (e.g. 18), their potential for organic remediation is less clear. This 
study presents results that hold promise for the use of a higher plant for this purpose. 

Toxicity Toward L· gibba 

Numerous methods are available to assess the toxicity of xenobiotics to duckweed. These 
include determination of chlorophyll content, biomass and frond reproduction. We have 
found the most convenient, reproducible and sensitive method to evaluate toxicity is 
vegetative frond reproduction. 

Stocks of L gibba G3 were maintained in sterile culture in 125-ml Erlenmeyer 
flasks, containing 50 ml of the medium described by Cleland and Tanaka (79), plus 
sucrose and tryptone to reveal microbial contamination. The cultures were grown in 
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Figure l.(a) Effect of phenol, 4-CP and 2,4-DCP and (b) of 2,4-DCP, 2,4,5-TCP 
and PCP on the vegetative reproduction of L. gibba. Each data point represents 
the average of 10 replicates. Absolute numbers of fronds in control cultures at Day 
7 were between 375 and 425. Due to the wide range in toxicities of the phenols 
tested, some data points for certain phenols are off-scale. 
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chambers under continuous light (2.0 χ 10"3 watts/cm2; 300-1100 nm at plant level) at 
82°F. Experimental cultures, ten replicates of each, were started using approximately 15 
fronds per culture (i.e. five, three-frond colonies each). The number of fronds in each 
culture at Day 0 was noted. The phenol under study was added aseptically from a stock 
solution to give a range of concentrations up to at least EC^. After a 7-day growth 
period, the fronds were counted in each flask and the percent frond increases, relative to 
controls, were calculated according to the formula: 

(Fronds at Day 7 - Fronds at Day 0) χ (Fronds at Day 0) C o n 

χ 100 
(Fronds at Day 0) ̂  χ (Fronds at Day 7 - Fronds at Day 0) ̂  ; 

where Έχρ' refers to the frond count in the presence of the phenol and 'Con' refers to 
the frond count in the controls. Since the controls grown in the absence of phenols show 
frond increases in the range of 2000-3000%, even relatively small toxic effects can be 
observed. 

The results of phenol and chlorinated phenol toxicity are shown in Figure la and 
lb. As increasing numbers of chlorine substituents are added to the aromatic ring, the 
toxicity increases until three chlorines are present. At that point a "leveling-off ' effect is 
observed and 2,4,5-tri- (2,4,5-TCP), 2,4,5,6-tetra- (2,4,5,6-TCP), and pentachlorophenol 
(PCP) have about the same high level of toxicity. Although there are several possible 
reasons for the similarity in toxicity of 2,4,5-TCP, 2,4,5,6-TCP, and PCP, it has been 
suggested that chlorophenols interfere with electron transport and/or pH changes that 
occur during phosphorylation (20). Increasing chlorination of the phenol would facilitate 
electron acceptance. It is possible that for 2,4,5-TCP, 2,4,5,6-TCP, and PCP electron 
acceptance is no longer rate limiting. Huber and coworkers (14) have shown that 
photosynthesis in L minor, measured in terms of 0 2 produced, is more sensitive to PCP 
than any other parameters measured. Schnabl and Youngman (21) have presented 
evidence that PCP blocks the PS II step of photosynthetic electron transport. The EC 1 0 

and EC50 values, with regard to the vegetative frond reproduction are shown in Table I. 
The values were calculated using the exponential equation derived from the growth data. 

Table Τ Effective Concentrations of Phenols Studied 
Compound EC 1 0(±SE) EQoi iSE) 

in u M in 11M 

Phenol 80.0 (9.2) 540.0 (37.0) 
4-Chlorophenol 34.0 (4.4) 183.0(13.9) 
2,4-Dichlorophenol 2.5 (0.2) 9.2 (0.5) 
2,4,5-Trichlorophenol 0.6(0.1) 2.1 (0.2) 
2,4,5,6-Tetrachlorophenol 0.4 (0.1) 1.2 (0.2) 
Pentachlorophenol 1.0(0.2) 2.0 (0.3) 
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0 1 2 3 4 5 6 
Day 

Figure 2. Analyses of L. gibba growth media by scintillation spectrometry (upper 
trace) and GC/MS (lower trace). The data from two replicate GC-MS analyses are 
shown. SOURCE: Adapted from ref. 15. 

Adapted Figures 2,5, and 6 are reprinted with permission from Environmental 
Toxicology and Chemistry, 1997. "Toxicity and Metabolism of 2,4-Dichlorophenol 
By The Aquatic Angiosperm Lemna gibba" by Harry E. Ensley, John T. Barber, 
Michael A. Polito, and Ana I. Oliver, 1994, Vol. 13(2). Copyright SETAC 1994. 
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Metabolism Studies 

To investigate the disappearance of the phenols from the growth media of L gibba, 
plants were grown, as described above, in the presence of sub-lethal concentrations of 
each phenol. Since the cultures were to be analyzed by GC-MS, the sucrose and tryptone 
were omitted from the plant growth media and 100 plants were initially present to allow 
higher concentrations of the phenol to be used. It is important to note that EC 1 0 and 
E C J Q values reported in Table I depend critically on the experimental conditions. The ratio 
(number of plants):(quantity of phenols) is equally as important as the concentration of 
phenol. Since the number of plants used in these large incubations was very high, the 
concentrations of phenols used were actually below the EC^. The first phenol studied in 
this way was 2,4-DCP (initial concentration 15 μΜ). At daily intervals, 100 μΐ samples 
of media were aseptically withdrawn from the growth flasks and 2 μΐ aliquots were 
injected into a GC/MS operated in the single ion monitoring mode (m/e 162 and 164) . 
The resulting peaks were integrated and the disappearance of 2,4-DCP from the growth 
media is shown in Figure 2 (lower trace). Surprisingly, the 2,4-DCP concentration was 
reduced by more than 90% after 4 days. Identical incubations were conducted in which 
[U-1 4C] 2,4-DCP (0.5 pCi) was added as a tracer. At daily intervals 100 μΐ of media 
were removed and assayed for radioactivity. This study (Figure 2, upper trace) shows that 
the radioactivity in the media falls to about 50% of the initial activity after 4 days and 
subsequendy remains constant. Apparently, the 2,4-DCP had been taken up by the plants, 
metabolized and the metabolites) had been released to the media. 

To confirm the metabolism of the 2,4-DCP, experiments were conducted as 
described above with sucrose and tryptone omitted from the growth media and 2,4-DCP 
was added to give a concentration of 15 μΜ in the flask, along with [U-14C] 2,4-DCP (0.5 
pCi) as a tracer. At 24 hour intervals, 1 ml aliquots of growth media were withdrawn 
aseptically from the cultures and were analyzed by reverse-phase HPLC (RP-HPLC, 250 
mm χ 4.6 mm i.d.; packing — C18, 5 micron particle size, injection volume 100 μΐ). A 
linear elution gradient program was employed using HPLC-grade acetonitrile and 
deionized-distilled water as the solvent system, with a flow rate of 1 ml min"1. The 
gradient ran over a 30 minute interval, starting with a mixture of 10% acetonitrile/90% 
water, and ending with a mixture of 99% acetonitrile/1% water. One ml fractions were 
collected and assayed for radioactivity by liquid scintillation counting. The results were 
then plotted as number of counts ys fraction number, from which the disappearance of 
2,4-DCP and the concomitant appearance of the metabolite(s) were evident, Figure 3a. 
The incubation time for maximum production of the major metabolite was determined to 
be 6 days. 

Similar metabolism studies were subsequently conducted with phenol (Figure 3b), 
2,4,5-TCP, (Figure 4a) and PCP (Figure 4b). In the case of phenol and 2,4,5-TCP, 
metabolism was very similar to that observed with 2,4-DCP. A major metabolite was 
formed which was subsequently released back into the media. When L. gibba was 
exposed to PCP under the same conditions, a slightly more polar metabolite was formed 
initially but this was further converted to a much more polar metabolite. By the end of an 
eight-day incubation, only the very polar metabolite was present in the growth media. For 
all of the phenol incubations, harvesting the plants at the end of the incubation period, 
homogenization and extraction with methanol, followed by reverse-phase HPLC, 
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Figure 3.(a) Reversed-phase HPLC of L. gibba growth media which initially 
contained contained 15 μΜ 2,4-DCP and (b) 540 μΜ phenol. The growth media 
also contained 0.5 pCi of the corresponding [UL-14C] labelled compound. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
8,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
4.

ch
01

7

In Phytoremediation of Soil and Water Contaminants; Kruger, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



17. ENSLEY ETAL. Metabolism ofChlorinated Phenols by Duckweed 245 

Figure 4.(a) Reversed-phase HPLC of L. gibba growth media which initially 
contained contained 2.1 μΜ 2,4,5-TCP and (b) 2.0 μΜ PCP. The growth media 
also contained 0.5 pCi of the corresponding [UL-14C] labelled compound. 
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Ν 

UuR. IaLJ - ι Τ 
V M A , -A. . 

7 6 5 p p m 4 3 2 

Figure 5. Proton NMR spectrum of the plant-produced metabolite of 2,4-DCP (a, 
200 MHz); of the acetylated metabolite of phenol (b, 400 MHz) and of the 
acetylated metabolite of 2,4,5-TCP (c, 400 MHz). The structures corresponding 
to the spectra are shown above the spectra. SOURCE: Portions adapted from ref. 
15 and 16. 
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indicated that the same metabolites were also present in the plants, although in smaller 
quantities. 

Isolation and Identification of the Metabolites 

Having shown that each of the phenols studied were converted to a major metabolite that 
was partially released back to the growth media, the next task was to isolate sufficient 
quantities of the metabolite for identification. The isolation of the major metabolite 
required large-scale incubations (500 ml of medium in 3-L Fernbach flasks). A sublethal 
concentration (approximately EC^) of the phenol, spiked with radiolabeled substrate as 
a tracer, was added to the medium, along with approximately 1,000 fronds. As stated 
earlier, ECi 0 and EC^ values depend on ratio of the number of plants to the quantity of 
phenols. Since the number of plants used in these large incubations was very high, the 
concentrations of phenols used were actually below the EC 5 0 for that number of plants. 

To date we have isolated and identified the metabolites produced from phenol, 
2,4-DCP and 2,4,5-TCP. Because of the dramatic differences in toxicities of these three 
phenols and the resulting concentrations in which the plants will survive, varying numbers 
of large scale incubations were performed. One large scale incubation of phenol (initial 
concentration 800 μΜ) provided sufficient material for the identification of the 
metabolite. In the case of 2,4-DCP (initial concentration 10 μΜ) five large scale 
incubations were required and for 2,4,5-TCP ( initial concentration 3 μΜ) ten were 
required. 

The plants were harvested after 6 days and the growth medium was lyophilized. 
The plants were mixed with the lyophilized medium and homogenized in methanol. The 
homogenized mixture was filtered and the filtrate was reduced in volume under vacuum. 
The resulting methanol extract was passed through a silica gel column (60-200 mesh) and 
eluted first with ethyl acetate and then with methanol. Radioactivity assays of a sample 
of the eluate showed that the metabolite was contained in the methanol fraction, which 
was reduced in volume and subjected to RP-HPLC using a semi-preparatory column (300 
mm χ 10 mm i.d.; packing — C18, 5 micron particle size). The solvent system and 
elution gradient were the same as that used for the analysis of the growth medium 
described above, with the exception that the flow rate was adjusted to 5 ml min"1 to 
compensate for the larger column. The HPLC was equipped with an in-line radioactivity 
detector and stream splitter. Ten percent of the effluent was assayed for radioactivity and 
the remaining 90% was collected. The appropriate fractions were combined, reduced in 
volume using rotary evaporation, and the resulting metabolite analyzed by NMR. 

The proton NMR spectrum of the plant-produced metabolite of 2,4-DCP showed 
that the aromatic nucleus substitution pattern was unchanged but additional signals at 
4.95 ppm and in the 3.3-3.9 ppm range were also present (Figure 5a). The doublet at 4.95 
ppm is diagnostic of an anomeric proton and the coupling constant of 7.3 Hz shows that 
it is a β-glucoside. An α-glucoside would have a J-value of 3-4 Hz (22). As further 
evidence that the metabolite was a β-glucoside, it was treated with β-glucosidase and the 
products were analyzed using RP-HPLC and scintillation counting. The analysis showed 
that the metabolite was not present following enzymatic digestion and that free 2,4-DCP, 
which co-chromatographed with authentic 2,4-DCP, had appeared where there had been 
very little prior to enzyme treatment (Figure 6). Synthesis of an authentic sample of 
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0 

Crude Metabolite ^ ^ 
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Figure 6. Reversed-phase HPLC of partially purified metabolite of 2,4-DCP 
(upper plot), of the same metabolite after incubation with β-glucosidase (center 
plot), and of authentic 2,4-DCP (lower plot). SOURCE: Adapted from ref. 15. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
8,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
4.

ch
01

7

In Phytoremediation of Soil and Water Contaminants; Kruger, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



17. ENSLEY ETAL. Metabolism of Chlorinated Phenols by Duckweed 249 

2,4-dichlorophenyl-p-D- glucopyranoside (25) and comparison with the metabolite by 
NMR and mass spectroscopy confirmed that the two samples were identical. Both the 
synthetic and natural metabolites were silylated and analyzed by GC-MS. Both derivatives 
had the same GC retention time and showed m/e values at 614 (M+), 597 (M+-CH3), 507 
(M+-((CH3)3SiOH + CH3)) and 451 ( M ^ - D C P ) . 

The major metabolites of phenol and 2,4,5-TCP were isolated in a similar fashion 
but the metabolite could not be completely separated from endogenous material. In both 
cases the NMR signals attributable to the aromatic ring, the axial anomeric proton and the 
monosaccharide were observed; however, the presence of numerous inseparable 
impurities prevented direct identification. In order to identify the metabolites of phenol 
and 2,4,5-TCP, each metabolite was acetylated (excess acetic anhydride in pyridine) and 
the corresponding tetra-acetate was further purified by flash chromatography (24). The 
acetylated metabolite of phenol (Figure 5b) was confirmed as 2,3,4,6-
tetraacetylphenyl-P-D- glucopyranoside by comparison to an authentic standard (16). The 
acetylated metabolite of 2,4,5-TCP (Figure 5c) was confirmed as 2,3,4,6-tetraacetyl-
2,4,5-trichlorophenyl-P-D- glucopyranoside by comparison to an authentic standard (23) 
also. The very polar metabolite formed from PCP has not yet been identified. In the case 
of phenol it has been shown that the conjugate formed by L. gibba (phenyl β-D-
glucopyranoside) is half as toxic as phenol itself (Figure 7). The EC 1 0 and EQ 0 , with 
regard to frond reproduction, for the conjugate were 0.15 mM and 1.10 mM, 
respectively, and for phenol itself were 0.08 mM and 0.54 mM, respectively. 

Reductive dechlorination 

Incubations of each of the phenols showed that a maximum amount of the major 
metabolite was produced after 6-8 days. Longer incubations indicated that the major 
metabolite itself was being further metabolized. A very minor radioactive fraction isolated 
from the incubation of labeled 2,4-DCP with duckweed after a 10 day growth period 
showed an NMR spectrum similar to that of 2,4-dichlorophenyl-P-D- glucopyranoside 
except that four aromatic protons were present and appeared as an AB quartet, indicating 
the loss of the chlorine atom at the 2-position. Taking this as an indication that duckweed 
may be able to reductively dechlorinate chlorophenols, long term incubations were 
conducted to investigate this possibility. 

Large scale incubations of 2,4,5-TCP (initial concentration 15 μΜ, 5 χ 500 ml 
of medium in 3-L Fernbach flasks, 1000 plants at Day 0) were conducted as described 
above with the exception that the incubations were continued for 20 days. At the end of 
this period the plants and media were homogenized in a stainless steel homogenizer. The 
homogenate was then extracted with CH2C12 (5 χ 100 ml). The extract was concentrated 
and analyzed for phenol, mono-, di- and trichlorophenols by selected ion monitoring GC-
MS. Only trace quantities of phenol and 2,4,5-TCP were detectable. Concentrated HC1 
(100 ml) was then added to the homogenate, and the mixture was refluxed overnight to 
hydrolyze any glucoside conjugates. The mixture was again extracted with CH2C12 (5 χ 
100 ml). Evaporation of the CH2C12 gave a complex mixture of products which could not 
be analyzed directly. The phenolic portion was isolated by extraction into 2N NaOH, 
acidification and extraction with CH2C12. Analysis of this extract by GC-MS showed very 
little 2,4,5-TCP remained (3%) but large quantities of dechlorinated phenols had been 
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Figure 7. Effect of phenol and phenyl-P-D-glucopyranoside on the vegetative 
reproduction of L. gibba. Each data point represents the average of ten replicates. 
SOURCE: Adapted from ref. 16. 
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3000 

4 6 8 10 12 14 16 18 20 

Retention Time (min) 

Figure 8. GC-MS of phenolic fraction from a 20-day incubation of 2,4,5-TCP with 
L. gibba (solid line). The 2,4,5-TCP standard is shown for comparison (dotted 
line). 
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produced (Figure 8). The peak with retention time 6.0 minutes (14%) is a mixture of 
both phenol and 2-chlorophenol. The peak at 11.1 minutes (16%) is 2,4-DCP and the 
peak at 12.3 minutes (24%) is 4-chlorophenol and/or 3-chlorophenol. The peak at 18.4 
minutes (19%) is 3,4-DCP. Both the retention times and fragmentation patterns were 
confirmed by comparison to authentic standards. The dechlorinated phenols were present 
as the corresponding glucoside conjugates, indicating that conjugation is probably a 
prerequisite for reductive dechlorination. In addition, dechlorination is non-selective and 
loss of the ortho-, meta- and para- chlorines appears equally facile. 

Dechlorination of chlorophenols is common in certain types ofbacteria, fungi and 
also animals (25); however, reductive dechlorination has not previously been reported 
for higher plants grown under aseptic conditions. Barnett and coworkers (26) have 
studied the metabolism of PCP by soybeans and found the production of 2,3,4,6-
tetrachlorophenol, methoxytetrachlorophenol, 2,3,4,6-tetrachloroanisole and 
pentachloroanisole. Haque and coworkers (27) have observed the formation of 2,3,4,6-
tetrachlorophenol on treatment of rice plants with PCP. However, these studies were not 
conducted under sterile conditions and the possibility that the dechlorination was a result 
of bacterial action was noted by both authors. 

While conjugation of phenol or the chlorinated phenols to form β-D-
glucopyranosides results in decreases in their toxicities (Figure 7), it is not a permanent 
detoxification. We have shown that 2,4-dichlorophenyl-P-D-glucopyranoside contained 
in duckweed fed to red swamp crayfish (Procambarus clarkii) is rapidly cleaved in the 
crayfish stomach back to glucose and 2,4-DCP (unpublished results). In contrast, 
progressive dechlorination of a chlorophenol by duckweed results in progressive 
decreases in the toxicity (Figures la and lb) which are irreversible. While bacterial 
dechlorination of chlorophenols has been demonstrated and while it has been suggested 
for higher plants, this paper shows that higher plants could find use in constructed 
wetlands for the remediation of these types of organic contaminants. 
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Chapter 18 

Rhizosphere Effects on the Degradation of Pyrene 
and Anthracene in Soil 

S. C. Wetzel1, M. K. Banks1, and A. P. Schwab2,3 

Departments of 1Civil Engineering and 2Agronomy, Kansas State University, 
Manhattan, KS 66506 

Polycyclic aromatic hydrocarbons (PAHs) are among the more resistant 
compounds found in petroleum contaminated soils and persist even after 
extensive bioremediation. Phytoremediation has been demonstrated to 
enhance the degradation of PAHs, but the mechanisms of dissipation 
have not been identified. The degradation of pyrene and anthracene was 
investigated in a laboratory study in which soil was removed from the 
rhizosphere of a long-term stand of alfalfa and compared to degradation 
in non-rhizosphere and sterile soil. Low molecular weight organic acids 
typically found in the rhizosphere were added to the soils to determine 
if exudation of simple organic compounds may be part of the rhizosphere 
effect. Dissipation in non-sterile soils was found to be much greater than 
in sterile soil, but there was no rhizosphere effect and the addition of 
organic acids did not enhance degradation. The effect of the rhizosphere 
on PAH degradation seems to be short-lived and requires the continued 
presence of roots. 

Polycyclic aromatic hydrocarbons (PAHs) are a group of hydrophobic organic 
compounds composed of varying numbers of condensed aromatic (benzene) rings and 
arranged in different configurations. These lipophilic chemicals are ubiquitous in the 
environment (usually in minute concentrations as contaminants) and are generally 
formed during the combustion, pyrolysis, and pyrosynthesis of organic matter. PAHs 
contain only hydrogen and carbon atoms with two or more benzene rings. The 
arrangement and number of the rings contained within the molecule results in a wide 
range of physical and chemical characteristics. The concern over PAHs stems from 
evidence of mutagenic effect in bacterial and animal cells and the carcinogenic effects 
in animals (7, 2). Therefore, the bioavailability of PAH contaminants is considered to 
be the major concern for polluted soils. 

The fate and transport of PAHs in soil are affected by those factors that 
determine the partitioning of the compounds between the solid, aqueous, and vapor 

3Corresponding author 

254 © 1997 American Chemical Society 
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phases. Some PAHs are volatile enough that atmospheric transport can be an important 
environmental consideration (3), but Park (4) observed negligible volatilization from soil 
for PAH molecules with three or more rings. This observation appears to be the 
combined result of very low aqueous solubility (1 pg/L or less) and high adsorption to 
soil (log > 4). Leaching of PAHs also is limited by low water solubility and strong 
partitioning to the soil surfaces, but this can be modified by cosolvent effects and 
dissolution in dense nonaqueous phase liquids (5, 6). Transport of these insoluble 
compounds in soils also may be facilitated to a small degree by adsorption to and 
moving with mobile organic and inorganic colloids (7). Overall, PAHs are immobile and 
persistent in soil. 

Biodégradation is a potentially important means of removing PAHs from 
contaminated soil. Properly stimulated, indigenous soil microorganisms can degrade 
PAHs through complete mineralization (8), cometabolic degradation (9), and non
specific radical oxidation (10). The availability of PAHs for biodégradation is limited 
by the combination of their very low aqueous solubilities and high degree of adsorption. 
Thus, these compounds tend to remain in the soil at relatively high concentrations after 
the successful bioremediation of other compounds. 

The soil region under the immediate influence of plant roots and in which there 
is proliferation of microorganisms is called the rhizosphere (77). This zone has 
properties that have the potential to enhance bioremediation of recalcitrant compounds 
because of elevated concentrations of naturaUy-CKxmrring organic materials and high 
microbial activities. Organic materials include low molecular weight exudates, 
metabolic secretions, plant mucilages, and gelatinous mucigel, and these compounds are 
involved in many processes including providing microbial substrates; decreased 
adsorption of otherwise strongly sorbed contaminants through surfactant activity; and, 
enhanced physical contact between roots, microorganisms, and water. The rhizosphere 
influence can project as much as 20 mm from the root (11). 

There is persuasive evidence that the rhizosphere community of plant roots and 
elevated microbial populations offer a potentially significant means by which to 
remediate chemically contaminated sites in situ. Laboratory and greenhouse studies 
have demonstrated degradation in the rhizosphere of herbicides (72,13,14), insecticides 
(15,16, 17), surfactants (75), and petroleum products (19, 20). 

Research Objectives 

The objectives of this laboratory research study were to: 
(1) Quantify the potentially beneficial effects of rhizosphere soil on the degradation of 

pyrene and anthracene. In this study, soil from the rhizosphere of alfalfa was used. 
(2) Assess the importance of low molecular weight organic acids typically found in root 

exudates on die degradation of pyrene and anthracene. 
(3) Apply a rigorous statistical design to the experiment to allow complete comparisons. 

The results of these experiments will provide important information with respect to the 
biodégradation of PAHs in the rhizosphere. 
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Materials and Methods 

Soils and Treatments. The soil used in this study was an Ivan silt loam (fine-silty, 
mixed, mesic, Cumulic Hapludolls) obtained from the Department of Agronomy 
agricultural farm, Manhattan, KS. The soil was analyzed for a variety of properties and 
background PAH concentrations (Table I) and sieved. 

Table I. Chemical and physical properties of the soil used in this study 

Parameter Rhizosphere Non-rhizosphere soil 
Soil 

Ρ (mg/kg) 31 50 
Κ (mg/kg) 
NH 4

+ -N (mg/kg) 
195 160 Κ (mg/kg) 

NH 4

+ -N (mg/kg) 5.2 3.5 
NO3 -N (mg/kg) 4.9 7.6 
PH 7.03 6.9 
CEC (cmol/kg) 16 18 
% Organic matter 3.1 2.5 
Field Capacity (%) 21 21 
PAH Background 
Anthracene (mg/kg) 0 .2 0 .2 
Pyrene (mg/kg) <0.3 <0.3 

Three kinds of soil were used: Control sterilized soil, non-rhizosphere soil, and 
rhizosphere soil. Non-rhizosphere soil was autoclaved three times at 120°C and 20 psi 
for 30 minutes to obtain control sterilized soil. The three soil types received either of 
two amendments: an aqueous solution of 0.01 M calcium chloride or an organic acid 
solution. The organic acid solution contained 40 μΜ acetic acid, 15 μΜ succinic acid, 
and 10 μΜ formic acid and was used to simulate organic acid production in the 
rhizosphere. These acids were by far the dominant organic compounds in the solution 
phase of this soil, and the concentrations are representative of those determined 
experimentally (27). All solutions were mixed in deionized, distilled water which was 
autoclaved and filtered through a 0.22 pm filter prior to application to the soil. 

The three soils were amended with two PAH compounds, anthracene (Aldrich 
Chemical Company, Milwaukee, WI) and pyrene (Sigma Chemical Company, St. Louis, 
MO). The target compounds were dissolved in Optima Grade acetone (Fisher 
Scientific, St. Louis, MO) and applied to the soil in three separate stages to obtain a 
concentration of 100 mg/kg. 

Experimental Design. Rhizosphere soil from alfalfa (Meticago sativa) was collected 
by shaking loose soil adjacent to the root. Non-rhizosphere soil was collected from an 
unvegetated area near the alfalfa field. The alfalfa had been growing in this site for 3 
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years, and the unvegetated site had been devoid of vegetation for at least 2 years. The 
soil was amended and placed in 125-mL Erlenmeyer flasks with foam stoppers. Eight 
time periods were selected for analyses of PAHs in the soil: 0, 3, 7, 14, 25, 35, 45, and 
56 days. All treatments were applied in quadruplicate. Six treatments were imposed: 
sterile soil with water, sterile soil with organic acids, non-rhizosphere soil with water, 
non-rhizosphere soil with organic acids, rhizosphere soil with water, and rhizosphere 
soil with organic acids. 

Six grams of moist soil were placed in each flask. The total weight of the flask 
with and without soil was recorded, as was the initial moisture content for each of the 
three soil types. The soil contained in each flask was maintained at the optimum water 
content of 21% moisture by weight by daily additions of the appropriate solution (water 
or organic acids). Abiotic samples stored at 4°C for each soil treatment were analyzed 
by the same methods and at identical intervals as previously described. 

At each sampling time, one block of 24 flasks was analyzed. The soil in each 
flask was homogenized and a subsample of 2.5 g was placed in a 20-mL glass 
scintillation vial. The remaining soil was used to determine soil moisture content. The 
PAH compounds were extracted using 10 mL of acetone which was added to the vials 
and shaken for 60 minutes. The slurry was filtered through Whatman #42 paper and the 
clear filtrate was collected. One mL of filtrate was transferred to a 1.8-mL glass gas 
chromatography (GC) vial for GC analysis. Recoveries of PAHs in excess of 90% were 
found in a preliminary study. 

Analytical Methods. Analyses of samples were performed using a Hewlett-Packard 
5890A Gas Chromatograph equipped with an HP 3396 Integrator and HP7673A 
Autosampler. A J&W DB-5 capillary column (J&W Scientific, Foison, CA) and flame 
ionization detector (FID) were used. The column had an inside diameter of 0.25 mm 
and length of 30 m, with a film thickness of 0.25 pm. The carrier gas and the fuel 
source for the FID was H 2 . The fuel gas was delivered at 45.0 mL/minute and the 
carrier gas at 5.0 mL/rninute. The make-up gas consisted of N 2 delivered at a flow rate 
of 30.0 mL/minute, and zero grade air was delivered at a rate of420 mL/minute. An 
extended initial isothermal period (35°C for 6 minutes) was implemented to ensure the 
FID signal returned to near baseline after the solvent peak. The oven temperature 
increased at an initial rate of 70°C/minute to 110°C, followed by a secondary heating 
rate of 20T)/rninute to a temperature of 300°C. The volume of the injected sample was 
2 uL, and the temperatures of the injection port and the detector were 250°C and 310°C, 
respectively. 

Statistical Analyses. The statistical design was completely randomized with two 
factors (time and soil treatment) and four replications. Analysis of variance was 
performed using Cohort software (Cohort, Berkeley, CA) with Duncan's multiple range 
test (P<0.05) for mean separation. 

Safety Considerations. None of the chemicals used in this experiment were considered 
to be unusually hazardous; nevertheless, certain precautions were taken to ensure the 
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150 

100 -

50 

0 
0 3 7 14 25 

Time (days) 
Figure 1. Concentrations of anthracene in soil as a function of time for samples that 
were kept at 4 °C to minimize biological degradation. Error bars represent one 
standard deviation. NON-RHIZ refers to non-rhizosphere soil, and RHIZ refers 
to rhizosphere soil. 

Time (days) 
Figure 2. Concentrations of pyrene in soil as a function of time for samples that 
were kept at 4 °C to minimize biological degradation. Error bars represent one 
standard deviation. NON-RHIZ refers to non-rhizosphere soil, and RHIZ refers 
to rhizosphere soil. 
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health and safety of the laboratory personnel. All solvents were transferred under a 
hood. Anthracene and pyrene have not been demonstrated to be carcinogenic or 
mutagenic, but complete protective clothing was used whenever these materials were 
used. All waste materials were disposed through the Kansas State University Office of 
Campus Safety. 

Results and Discussion 

Abiotic Dissipation. Samples of rhizosphere, non-rhizosphere, and sterile 
contaminated soil were stored at 4 °C to restrict microbial degradation and allow us to 
evaluate non-biological dissipation including irréversible adsorption, abiotic degradation, 
and photolysis. Because the bags of soil were sealed, volatilization was limited. For 
anthracene in the abiotic samples (Fig. 1), the initial sampling indicated average 
concentrations of 125 mg/kg for the sterile soils, 116 mg/kg for non-rhizosphere, and 
119 mg/kg for rhizosphere soil. On day 56, the concentrations had decreased to 117 
mg/kg for the sterile soil, 113 mg/kg for die non-rhizosphere soil, and 108 mg/kg for the 
rhizosphere soil. For all soil samples, abiotic dissipation of anthracene was less than 
10%. 

For pyrene in the abiotic samples (Fig. 2), the initial concentrations were 122 
mg/kg for the sterile soil, 113 mg/kg for non-rhizosphere soil, and 118 mg/kg for the 
rhizosphere soil. After 56 days, the concentrations had decreased to 108, 100, and 99 
mg/kg, respectively, for an average dissipation of 13%. Thus, when the temperature of 
incubation is higher than 4 °C, dissipation must be greater than 10% to be considered 
more than simple non-biological dissipation. 

Degradation as Affected by Soil Type and Amendment An analysis of variance 
was performed to determine statistical differences in pyrene and anthracene 
concentrations as a function of time, source of soil, and treatment. For both PAHs, 
there was a significant interaction between source of soil and sampling date, indicating 
that differences between soil types changed with time. Both pyrene and anthracene were 
degraded to significantly lower concentrations in the non-rhizosphere and rhizosphere 
soils than those of the sterilized soil (Figs. 3 and 4). Differences in concentrations 
between sterile and non-sterile soils for anthracene and pyrene were significant at 35 
days and beyond. This is despite significant biological dissipation (>10%) of these 
PAHs in the sterile controls, probably the result of microbiological contamination or 
regrowth in the sterile soils. 

For both pyrene and anthracene, there was not a statistically significant 
difference in dissipation between rhizosphere and non-rhizosphere soils. Initially, 
anthracene was degraded more slowly in the rhizosphere soil than in the non-rhizosphere 
soil, but by day 56 both soils had performed the same. Pyrene degradation followed the 
same trends; however, by day 56 the non-rhizosphere soil actually had slightly greater 
degradation than the rhizosphere soil. This is in contrast to observations of other 
researchers (12,19,22). In this experiment, the rhizosphere soil came from a stand of 
alfalfa that had been in place for approximately 3 years; the non-rhizosphere soil had 
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Figure 3. Concentrations of anthracene in experimental soils as a function of time. 
Error bars represent one standard deviation. S - sterile soil; Ν - non-rhizosphere 
soil; R- rhizosphere soil; W - irrigated with water only; OA - irrigated with a 
solution of organic acids. 
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Figure 4. Concentrations of pyrene in experimental soils as a function of time. 
Error bars represent one standard deviation. S - sterile soil; Ν - non-rhizosphere 
soil; R- rhizosphere soil; W - irrigated with water only; OA - irrigated with a 
solution of organic acids. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 6

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
8,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
4.

ch
01

8

In Phytoremediation of Soil and Water Contaminants; Kruger, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



18. WETZEL ETAL. Degradation of Pyrene & Anthracene in Soil 261 

been bare for at least two years. It appears that any rhizosphere effect that was 
responsible for accelerated P A H degradation in the presence of alfalfa (22) quickly 
disappeared when the soil was removed from the root zone. 

Low molecular weight organic acids are commonly exuded in the root zone, and 
these exudates may be responsible for previously observed rhizosphere effects. 
Therefore, one of the soil treatments was to irrigate the soil with a solution of typical 
organic acids to help stimulate degradation. There were no significant differences in 
final pyrene and anthracene concentrations between those soils with organic acids added 
and those without, regardless of the source of the soil. As a result, we would conclude 
that a) rhizosphere effects are transient and disappear quickly in the absence of plants, 
and b) this effect is more than the simple exudation of these organic acids. 

The degradation of anthracene was less than that for pyrene, an observation that 
contrasts with previous studies. Typically, the recalcitrance of PAHs is a direct function 
of the molecular weight of the compound (8). However, the reverse trend in 
degradation between anthracene and pyrene could possibly be the result of the soil 
moisture content, solubilities, and bioavailability of the compounds, as was shown by 
Verschueren (23). Our observations are in partial agreement with those of Stetzenbach 
et al (24) who reported that pyrene degradation exceeded that of anthracene in a mineral 
salts medium, used to simulate ground water. Only after eight weeks did anthracene 
degradation finally exceed that of pyrene. 

Previous studies in our laboratory clearly demonstrated that anthracene and 
pyrene degraded more rapidly in soil in which alfalfa was growing than in unvegetated 
soil (22). However, in this study, the rhizosphere effect was no longer apparent in the 
absence of the plant, and the addition of organic acids neither simulated nor restored this 
effect. Therefore, until the mechanisms of phytoremediation have been determined, 
studies concerning the degradation or mineralization of recalictrant organic 
contaminants should be conducted in the presence of growing plants. 
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Chapter 19 

Arabidopsis thaliana as a Model System for Studying 
Lead Accumulation and Tolerance in Plants 

J. Chen1, J . W. Huang1,3, T. Caspar2, and S. D. Cunningham1 

1DuPont Central Research and Development, Environmental Biotechnology, 
GBC-301, P.O. Box 6101, Newark, DE 19714-6101 

2DuPont Central Research and Development, Experimental Station 402-4220, 
Wilmington, DE 19880-0402 

In addition to the often-cited advantages of using Arabidopsis thaliana 
as a model system in plant biological research (1), Arabidopsis has 
many additional characteristics that make it an attractive experimental 
organism for studying lead (Pb) accumulation and tolerance in plants. 
These include its fortuitous familial relationship to many known metal 
hyperaccumulators (Brassicaceae), as well as similar Pb-accumulation 
patterns to most other plants. Using nutrient-agar plates, hydroponic 
culture, and Pb-contaminated soils as growth media, we found 
significant variation in Arabidopsis thaliana ecotypes in accumulation 
and tolerance of Pb. In addition, we have found that Pb accumulation 
is not obligatorily linked with Pb tolerance, suggesting that different 
genetic factors control these two processes. We also screened ethyl 
methanesulfonate-mutagenized M2 populations and identified several 
Pb-accumulating mutants. Current characterization of these mutants 
indicates that their phenotypes are likely due to alteration of general 
metal ion uptake or translocation processes since these mutants also 
accumulate many other metals in shoots. We expect that further 
characterization of the ecotypes and mutants will shed light on the 
basic genetic and physiological underpinnings of plant-based Pb 
remediation. 

Recently, the use of plants to remove toxic heavy metals from contaminated land 
and water has had increasing attention (2). Among the many metals which are 
being studied, Pb is often considered as a primary target due to its wide distribution 
and potentially serious effects on children who ingest it. It is for this reason that we 
are currently seeking plants that take-up, translocate, and tolerate large amounts of 
Pb. Unfortunately, unlike other heavy metal contaminants, few naturally occurred 

3Current address: Phytotech Inc., 1 Deer Park Drive, Suite I, Monmouth Junction, NJ 08852 

264 © 1997 American Chemical Society 
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"hyperaccumulators" of Pb have been reported (3). The scarcity of confirmed Pb-
hyperaccumulating plants, combined with little basic physiological and genetic 
information, suggests that a model plant system should be studied. Arabidopsis 
thaliana, 2l widely used weed in plant biological research (4), has many 
characteristics to be a useful model system for the study of Pb accumulation and 
tolerance in plants. 

The genus Arabidopsis belongs to the mustard or crucifer family (Brassicaceae 
or Cruciferae), a widely distributed family of approximately 340 genera and 3350 
species, with greatest abundance of species and genera in the temperate zone of the 
northern hemisphere (5). There are about 27 species assigned to the genus 
Arabidopsis, 22 of which occur within central Asia and adjacent areas of the 
Himalayas, which could be the center of greatest diversity of the genus in its current 
circumscription. This region is also very rich in apparently indigenous populations 
of Arabidopsis thaliana, which now has become a cosmopolitan weed with diverse 
ecotypes around world (6). Arabidopsis thaliana is a self-pollinated diploid plant 
with five pairs of chromosomes (2n = 10). Arabidopsis is particularly useful as a 
plant molecular biology tool as it has the smallest genome among the higher plants 
(the haploid nuclear DNA content is considered to be 100 Mb) with remarkably 
little dispersed repetitive DNA (7). In addition, Arabidopsis has a small plant size, 
and can be readily grown in confined laboratory environments with only six to 
eight weeks to fulfill a life cycle and to bear prolific seeds (4). 

Beyond these general advantages for genetics and molecular biology, 
Arabidopsis also has a rich history of being used in studying plant responses to 
nutrient deficiency and metal toxicity. The earliest attempt at using Arabidopsis to 
isolate nutritional mutants dates to the 1960s, when first thiamine auxotrophs (8), 
and then mutants with lesions in nitrate utilization were isolated (9, 10). Recently, 
classical genetics, combined with molecular techniques, has greatly accelerated 
mutant isolation and characterization from Arabidopsis. For example, mutants 
showing increased uptake of iron (Fe) were isolated and the phenotype was 
attributed to increased activity of Fe(III) chelator reductase regardless of iron 
deficiency or sufficiency in growth media (77). Other examples include two 
phosphorus (P) translocation mutants. One, phol, with low phosphate (Pi) in 
leaves was found due to a defect in translocating Ρ from roots to shoots (72), 
whereas another, pho2, with high Ρ in shoots had abnormal regulation of Pi 
translocation (73). More recently, Arabidopsis has been used for isolating mutants 
in metal tolerance and/or sensitivity. For example, an Arabidopsis mutant with 
increased resistance to aluminum (Al) was shown to release citrate into the 
rhizosphere, and citrate subsequently acted as a chelator which prevented uptake of 
A l into the root apex (14). Howden et al (75,16, 17) screened mutagenized 
Arabidopsis M 2 populations and isolated several mutants which were defective in 
phytochelatin biosynthesis, and thus sensitive to cadmium (Cd). 

We recently initiated a research program using Arabidopsis thaliana to study Pb 
accumulation and tolerance in plants. In this chapter we report on: (A) the overall 
feasibility of using Arabidopsis as a model system for studying plant responses to 
Pb, (B) development of culture media for studying Pb accumulation and tolerance 
in Arabidopsis, (C) the natural variation of Arabidopsis ecotypes in accumulation 
and tolerance of Pb, (D) screening of ethyl methanesulfonate (EMS) mutagenized 
Arabidopsis M 2 populations to identify mutants with increasing Pb accumulation 
and tolerance, (E) results of some partially characterized mutants. 
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Arabidopsis as a model system for studying plant responses to Pb 

Although Arabidopsis has been used in almost all aspects of plant biological 
research (7, 4), the utility of this plant as a model system for studying plant 
accumulation and tolerance of Pb remains unproved. We selected Arabidopsis not 
only because of those often-cited advantages, but also its familial relationship with 
many known metal hyperaccumulators which are also members of the 
Brassicaceae. For example, Thlaspi caerulescens which is reported to be a Zn 
hyperaccumulator, and Thlaspi rotundifolium, a Pb hyperaccumulator, belong to 
this family (3). Recently, Brassica juncea, another member of the Brassicaceae, 
was identified as a Pb accumulator (18) and is being used in field trials for Pb 
phytoextraction by Phytotech, Inc. (Raskin, I., Rutgers University, Personal 
communication, 1996). In order to determine whether Arabidopsis is a good 
system for modeling plants in accumulation and tolerance of Pb, we compared Pb-
accumulation patterns of Arabidopsis with those of some "normal" and reported 
Pb-hyperaccumulating plants using a Pb-contaminated soil, as well as observed 
phenotypic changes of Arabidopsis after exposure to Pb. 

Seeds of Ambrosia artemissifolia, Arabidopsis thaliana (Columbia), Brassica 
juncea, Thlaspi caerulescens, Thlaspi rotundifolium, and Zea may (cv. Fiesta) were 
germinated in potting mixture supplemented with nutrient solution. Seedlings were 
transplanted into pots containing a Pb-contaminated soil 10 days after germination. 
The soil properties were described previously (19) with pH 5.1 and total Pb 2,500 
mg kg"1. Lead in the soil solution, recovered through centrifugation, was at 3.5 mg 
L" 1. Plants were harvested three weeks after transplanting, and Pb in shoots and 
roots was measured by inductively coupled argon-plasma emission spectrometry 
(ICP) (19). The pattern of Pb accumulation in Arabidopsis was similar to that of 
the other plant species, including the reported hyperaccumulators (Table I), i.e. Pb 
accumulated primarily in roots with only small amounts translocated to shoots 

The appearance of Arabidopsis after exposure to Pb resembled that of the other 
plants as well. The first visible symptom was the inhibition of root elongation, and 
subsequently, reduction of the root size. Effects on shoot growth were evident five 
days after germination. Purple coloration and eventual chlorosis occurred in lower 
leaves, and subsequently, shoot growth was reduced. The purple coloration of 
leaves could be reversed by foliar application of phosphorus (P), suggesting that Ρ 
deficiency was implicated in Pb toxicity. The phenotypic appearance, together with 
the patterns of Pb accumulation after exposure to Pb, indicated that responses of 
Arabidopsis to elevated Pb were similar to the responses of other plant species. 
Arabidopsis thaliana, therefore, should be useful as a model system for studying 
Pb accumulation and tolerance in plants, and potentially isolating genes which 
might be of use in converting "normal" high biomass plants to Pb hyper
accumulators. 

Culture media for studying Pb accumulation and tolerance in Arabidopsis 

Lead, compared with other heavy metals, has some unique properties that make it a 
difficult metal to study (20). First, Pb is a soft Lewis acid which means it can form 
strong covalent bonds with other soil ions. As a result, Pb is reported to be the 
least mobile among the heavy metals, and the concentration of Pb in soil solution is 
generally low even in the soils with large amounts of Pb (27). Secondly, unlike 
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Table I. Pb in roots and shoots of selected plants grown in a Pb-contaminated soila 

Root Shoot 
Plant species 

(mg kg"1) 

Ambrosia artemissifolia 2100 75 

Arabidopsis thaliana (Columbia) 2500 308 

Brassica juncea 2400 129 

Thlaspi caerulescens 5000 58 

Thlaspi rotundifolium 6400 79 

Zea may (cv. Fiesta) 1300 225 

aTotal Pb in the soil was 2,500 mg kg"1. Lead in the soil solution was 3.5 mg L - 1 . 
Plants were harvested three weeks after transplanting, and Pb in the plants was 
measured by ICP. 

some other target elements, Pb is a nonessential but toxic metal to plants. Plants 
do not normally accumulate Pb. Thirdly, Pb often interacts with other nutrient 
elements, such as Ca, P, and Zn, during the processes of plant absorption, 
translocation, and use of the nutrients (27). These characteristics suggest that all 
culture solutions and other culture media used for the study of Pb should have 
certain basic parameters, such as pH and concentrations of Ρ and Pb, similar to 
natural soil conditions. Furthermore, these parameters should be standardized 
between culture media and maintained over the course of the experiment to ensure 
that results from one culture medium are reproducible in another. 

We have collected and characterized many Pb-contaminated soils and found that 
total Pb in the soils ranged from 2,000 to 8,000 mg kg"1, but Pb in the soil solution 
was only about 4.0 mg L _ 1 . The soil pH was around 5.0. We then simulated the 
effects of pH and Ρ concentrations on Pb activity in nutrient solution using the 
GEOCHEM-PC program (22). The simulation suggested that with pH at 4.5-5.0 
and Ρ concentration less than 0.3 mg L _ 1 , most of the additional Pb in a range of 2-
21 mg L - 1 was in a soluble form. Based on the information obtained from Pb-
contaminated soils as well as from the simulation, one Pb contaminated soil 
collected from an industrial site in northern New Jersey (19) was used as culture 
medium for Arabidopsis growth. Total Pb in the soil was 2,500 mg kg - 1, while 
soluble Pb, recovered by centrifugation, was 3.5 mg L _ 1 . The soil pH (1:1 soil to 
water ratio) was 5.1. 

In addition, a nutrient solution, representing soil solution characteristics of the 
Pb-contaminated soil, was made. The composition of the nutrient solution was 78 
mg L- 1 Κ (KN0 3 , K H 2 P 0 4 , and KC1), 20 mg L"1 Ca (Ca(NO)2), 4.9 mg L"1 Mg 
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and 6.4 mg L" 1 (MgS0 4), 1.8 mg L - 1 N H 4 (NH4NO3), 192 mg L 1 NO3 
(NH4NO3, Ca(N0 3) 2 , and KNO3), 0.3 mg L - 1 Ρ (KH 2 P0 4 ) , 1.8 mg L - 1 Gl 
(KC1), 0.1 mg L"1 Β (H 3B0 4), 0.1 mg L _ 1 Mn (MnS04), 33 pg L _ 1 Zn (ZnS04), 
13 pg L _ 1 Cu (CuS04), 9.6 pg L _ 1 Mo (Na 2Mo0 4), 5.9 pg L - 1 Ni (NiS04), 4.1 
mg L" 1 Pb (PbN04), and 1.1 mg L" 1 Fe as Fe-HEDTA. The solution pH was 
maintained between 4.5 and 5.0. Using this nutrient solution, a hydroponic culture 
system was set up with a continuous flow of the nutrient solution (100 mL h"1) 
from reservoir controlled by multi-channel cartridge pump (Cole-Parmer 
Instruments). We also designed a nutrient agar medium for growing Arabidopsis 
seedlings. The nutrient agar medium was prepared using the same nutrient 
solution with the addition of 0.8% agar and 0.5% sucrose. The pH in the nutrient 
agar medium was 5.0. 

The nutrient solution, Pb-contaminated soil, and nutrient agar medium were 
then used as culture media for evaluation of Arabidopsis. Table II presents Pb 
concentration in roots and shoots of Arabidopsis grown in the three culture media. 
The Pb concentration was measured from seedlings 10 days after sowing seeds 
onto the agar medium, and from plants three weeks after transplanting to solution 
culture or Pb-contaminated soil. Lead in roots varied depending on the growth 
medium, while Pb in shoots was comparable among the three media . These three 
culture media were therefore used for further experimentation. 

Table Π. Lead in roots and shoots of Arabidopsis thaliana (Columbia) 
grown in three culture media 

Culture medium 
Root Shoot 

(mg kg-1) 

Nutrient agaî  
(4.1 mg L- 1 Pb) 

2600 305 

Pb-contaminated soil** 
(2,500 mgkg-l) 

2500 325 

Solution culture 
(4.1 mgL- 1 Pb) 

54300 358 

aLead in seedlings was measured 10 days after sowing seeds onto agar medium. 
^Lead in plants was measured three weeks after transplanting to solution culture or 
Pb-contaminated soil, Pb in the soil solution was 3.5 mg L _ 1 . 

Variation of Arabidopsis ecotypes in Pb accumulation and tolerance 

There is a long history of soil contamination by Pb (23). It is generally believed 
that plants that survive in heavily contaminated soils with high available levels of 
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Pb, must evolve specific tolerance mechanisms. Tolerance strategies have been 
documented as either metal exclusion or accumulation (24), but few Pb-
hyperaccumulating plants have been reported (3,18, 24). Those plants that have 
been identified as hyperaccumulators are either non-cultivated weeds or open-
pollinated plants, invariably with large genome size and are not often suitable for 
genetic analysis. Thus far, information on plant intraspecific variation in 
accumulation and tolerance of Pb is limited (18). Moreover, few have addressed 
the relationship between Pb accumulation and tolerance. The goals of the initial 
phase of this study was to use Arabidopsis ecotypes to address: (i) the existence of 
intraspecific variation in Pb accumulation and tolerance, and (ii) the relationship 
between Pb accumulation and tolerance. 

Seventy-four Arabidopsis ecotypes, representing collections from widely 
diverse geographic areas, were evaluated in nutrient agar medium with 15.5 mg L _ 1 

Pb. Root length was measured 10 days after sowing seeds. A tolerance index 
(TI), defined as a ratio of root length on agar medium containing 15.5 mg L _ 1 Pb to 
root length on control medium (no added Pb), was calculated. Based on the root 
response, i.e. the TI, the ecotypes were categorized into tolerant (TI > 0.5), 
intermediate (0.2 < TI< 0.5), and sensitive (TI < 0.2) types. The 74 ecotypes were 
also grown in the Pb-contaminated soil and Pb concentration in shoots was 
determined three weeks after transplanting. Based on the shoot Pb concentration, 
the ecotypes were classified as accumulator (Pb > 400 mg kg -1), indicator (200 mg 
kg-1 < Pb < 400 mg kg"1), and nonaccumulator (Pb < 200 mg kg"1) types. 

The TI ranged from 0.17 to 1.2, and Pb in shoots varied between 80 to 800 mg 
kg-i(Fig. 1), suggesting significant intraspecific variation occurred in Arabidopsis 
for accumulation and tolerance of Pb. In addition, the three shoot-response types 
(accumulator, indicator, and nonaccumulator) were found in each root-response 
group (sensitive, intermediate, and tolerant). This result indicated that there is no 
direct relationship between accumulation and tolerance of Pb in Arabidopsis, 
suggesting that separate mechanisms are involved in Pb accumulation and 
tolerance. Genetic analysis of the Pb accumulation and tolerance are underway 
using crosses made among the identified tolerant, sensitive, accumulating, and 
nonaccumulating ecotypes in all combinations. Initial evaluation of Fi progenies 
indicated that Pb accumulation is dominant to nonaccumulation and tolerance is 
dominant to sensitivity, (data not shown). 

Identifying mutants in Pb accumulation from mutagenized M 2 populations 

Since Pb tolerance and accumulation are under genetic control, the next step was to 
screen mutagenized populations to identify Pb-accumulating mutants. Our 
selection was based on root growth on nutrient agar medium containing 21 mg L _ 1 

Pb, i.e. individuals that grew much longer roots than control were selected as 
putative Pb-tolerant plants. The notion of using root length as an index to identify 
Pb accumulators was based on our results from the ecotype survey which 
demonstrated that Pb accumulators can be found as a sub-group of Pb-tolerant 
plants. We screened 500,000 EMS-mutagenized Arabidopsis M 2 plants and 
identified 250 putative Pb-tolerant mutants. Thirty out of the 250 putative mutants 
have been evaluated to date in hydroponic culture with 4.1 mg L _ 1 Pb. Three Pb 
accumulating mutants were identified (Table III). Mutants APb2, 7, and 8 were 
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able to accumulate more than twice the Pb in shoots than the wild type. We are in 
the process of completing the evaluation of the remaining putative mutants. 

Table ΠΙ. Shoot dry weight and Pb concentration of Arabidopsis mutants (APb) 
grown in nutrient solution culture containing 4.1 mg Lr1 Pba 

Dry weight Pb concentration 
Mutant (mg plant-1) (mgkg-1) 

Wild type 43 373 
APb2 20 932 
APb7 23 834 
APb8 52 990 

aPlants were harvested three weeks after adding Pb into nutrient solution, and Pb 
concentration in shoots was measured by ICP. 

Comparing the concentrations of mineral nutrients in shoots of the three 
mutants APb2, 7, and 8 with those of the wild type, we found that not only Pb 
concentration, but also the concentration of many other nutrient elements increased 
(Table IV). This result is quite similar to a recent report (25) that an Arabidopsis 
mutant, manl, was not only able to accumulate Mn, but also Cu, Mg, Zn, and S. 
The author concluded that the manl mutation disrupted the regulation of metal-ion 
uptake or homeostasis in Arabidopsis This may be possible for mutants APb2, 7, 

Table IV. Concentrations of mineral nutrients and Pb in shoots of Arabidopsis 
mutants grown in nutrient solution culture containing 4.1 mg Lr1 Pba 

Mutant 
Ca Fe Mg Mn Na Pb Zn 

mgkg"1 

Wild type 6513 106 1957 29 3252 373 33 
APb2 12597 320 3583 62 4718 932 54 
APb7 11965 713 3923 52 9238 834 73 
Apb8 10764 205 3056 33 4746 990 57 

aPlants were harvested three weeks after transplanting, and concentrations of the 
elements were measured by ICP. 
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and 8; however, an alternative interpretation that cannot yet be ruled out is that the 
mutations in APb2, 7, and 8 alter either normal uptake or translocation systems, 
resulting in plant shoots which over-accumulate many metal ions. We have yet to 
identify other mutations that may occur which specifically affect Pb uptake or 
translocation, and thus cause hyperaccumulation of Pb only. 

Summary 

Arabidopsis thaliana is not a plant of choice for practical phytoextraction of Pb 
because of its small size. However, it is an attractive model system for studying 
Pb accumulation and tolerance in plants. Arabidopsis is a member of the 
Brassicaceae family from which many metal hyperaccumulating plants have been 
identified. Thousands of Arabidopsis ecotypes collected around the world and 
populations mutagenized with a variety of agents are now available. Arabidopsis 
mimics many of the same characteristics as other plants in response to elevated Pb. 
We have found a wide array of intraspecific variation in Pb accumulation and 
tolerance, and demonstrated that Pb tolerance is not obligatorily linked with Pb 
accumulation. Lead accumulators, however, can be found amongst tolerant plants. 
Genetic analysis is underway to elucidate the genetic mechanisms controlling Pb 
accumulation and tolerance. Using simple screening and selection methods, we 
have identified several mutants affecting Pb accumulation. Further characterization 
of the ecotypes and mutants should reveal underlying genetic, biochemical, and 
physiological mechanisms controlling Pb accumulation and tolerance. Since 
Arabidopsis is closely related to other metal accumulating plants, an understanding 
of the mechanisms of uptake, translocation, tolerance, and accumulation of Pb and 
other metals in Arabidopsis should be an aid in the analysis of metal metabolism in 
these other species. Moreover, the eventual characterization of Arabidopsis genes 
controlling Pb accumulation and tolerance should provide tools for engineering 
plants which have the larger biomass necessary for Pb phytoextraction. 
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Chapter 20 

Bioremediation of Chromium from Water and Soil 
by Vascular Aquatic Plants 

P. Chandra, S. Sinha, and U. N . Rai 

Aquatic Botany Laboratory, National Botanical Research Institute, 
Lucknow-226 001, India 

The ability of aquatic plants to absorb, translocate and concentrate metals 
has led to the development of various plant-based treatment systems. The 
potential to accumulate chromium by Scirpus lacustris, Phragmites karka 
and Bacopa monnieri was assessed by subjecting them to different chromium 
concentrations under laboratory conditions. Plants showed the ability to 
accumulate substantial amounts of chromium during a short span of one week. 
When the plants were grown in tannery effluent and sludge containing 2.31 
μg ml-1 and 214 mg kg-1 Cr, respectively, they caused significant reduction in 
chromium concentrations. While there was an increase in biomass, no visible 
phytotoxic symptoms were shown by treated plants. The plants can then be 
harvested easily and utilized for biogas production. 

Chromium is one ofthe toxic metals widely distributed in nature. Ofthe two forms 
found in the environment, trivalent and hexavalent, hexavalent chromium is the form considered 
to be the greatest threat because of its high solubility, its ability to penetrate cell membranes, 
and its strong oxidizing ability (1). The large-scale uses of chromium in metallurgical, pigment 
and dye, and in textile, and electroplating makes these industries potential sources of chromium 
pollution. The tanning industry is also a major contributor of chromium pollution of water 
resources. In India, according to a recent estimate, ca 2,000-3,200 tonnes of elemental 
chromium escape into the environment annually from the tanning industries alone (2). 
Chromium concentrations in effluents usually range between 2,000-5,000 pg ml"1 compared 
to the recommended permissible limit of 2 pg ml 1 . The management of large amounts of 
effluent discharged by the tanneries has become a formidable task in developing countries. 
Contamination of water resources by these effluents is posing serious health hazards and is a 
threat to aquatic ecosystems. 

274 © 1997 American Chemical Society 
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The treatment of enormous volumes of tannery wastewater by conventional methods 
prior to its release is energy intensive and involves huge expenditures. It will also result in vast 
quantities ofchrome sludge causing a problem of solid waste disposal. In India, if all chromium 
used in the tanning industry is treated by conventional methods, as much as 75,000-100,000 
tonnes of chrome sludge will be generated every year (2). To overcome this problem, cost 
effective biological systems seem to be a feasible alternative. 

In recent years, considerable efforts have been made to develop aquatic macrophyte-
based wastewater treatment systems (3-5). Constructed wetlands planted with Phragmites, 
Typha and Scirpus spp. have also been found effective in treatment of municipal and industrial 
wastewaters (6-7). During the course of this study, a large number of promising metal-
accumulating species have been identified (8-14). However, large-scale exploitation of these 
plants in metal abatement programs has yet to be undertaken. 

While working on a National Mission Project on drinking water, several promising 
chromium-accumulating macrophytes were identified from chromium-polluted water bodies 
adjacent to tanneries (15). Plants of the same species were collected from unpolluted ponds 
and lakes located at different sites, and a series of experiments were carried out with tannery 
effluent and sludge to assess their chromium uptake potential. The study includes the results of 
experiments carried out on Bacopa monnieri, Scirpus lacustris, Phragmites karka, and 
Nymphaea alba under the laboratory and field conditions. 

Material and Methods 

For the study, plants of Bacopa monnieri, Scirpus lacustris, Phragmites karka 
m&Nymphaeaalba were collected from unpolluted water bodies and grown in large hydroponic 
tubs for 8 weeks. Young plants of each species were detached from mother plants and two 
sets of plants of each species were prepared in 10% Hoagland's solution. One set of plants 
(N. alba) was acclimatized under laboratory conditions and the other set in a natural unpolluted 
environment for conducting experiments with effluent. The plants under the laboratory conditions 
were provided with 16 h of illumination using fluorescent tube light (Philips), 115 pmol m 2 s"1 

and 8 h dark photoperiods at 25 ± 2 °C. For conducting experiments with tannery sludge, 
young plants of B. monnierit P. karka and S. lacustris were acclimatized in an uncontaminated 
garden soil for 8 weeks. 

Laboratory Studies 

The acclimatized plants of N. alba were subjected to five different concentrations 
(0.1,0.5,1.0,2.0 and 5.0 pg ml1) of Cr prepared using K^CiC^ supplied at zero time without 
further addition during the treatment. Plants in 10% Hoagland's solution without metal served 
as controls. Three sets of plants (each set consisting of four beakers of 2 litres capacity 
containing two plants of N. alba in 1.5 litre treatment solution) were used for each 
concentration. One set of plants each was harvested after 48, 72 and 168 h and washed 
thoroughly with distilled water. Root, leaf and rhizome were separated manually, dried in an 
oven at 105°C and digested in a mixture ofHN03: HC104(5:1, v/v). Chromium was estimated 
with aPerldnElmer 2380 Atomic Absorption Spectrophotometer. 
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Studies under Field Conditions 

Experiment with Tannery Effluent: Effluent was collected manually in acid washed 
plastic containers (N=5) of 20 litres capacity each from the different outlets of the Northern 
tannery (Unnao, U.P.) India, brought to the field laboratory, and allowed to settle for one 
week. Effluent was filtered using muslin cloth and physicochemical properties were determined 
using standard methods of APHA (16). The effluent was digested in HN0 3: HC104(5:2, v/v) 
and chromium was estimated by Atomic Absolution Spectrophotometry. The mean value (N 
= 10, two replicates from each container) of Cr was 2.31 + 0.40 pg ml"1. The effluents from 
all the containers were mixed and used in this study. 

Five litres of filtered effluent containing 2.31 pg ml1 Cr were treated with plants (50-
g fresh weight each of N. aïbat S. lacustris, B. monnieri and P. karka) in round plastic 
troughs (12" diameter, 8" depth). Though the biomass weight of each species was equal in 
each treatment, numbers of plants varied in different species, it was 3,5,15 and 20 in Κ 
alba, S. lacustris, B. monnieri and P. karka, respectively. Each experiment consisted of 
two sets (each having four replicates), one was harvested after one week and others after 2 
weeks. The experimental sets were kept in a net house to prevent natural contamination. The 
plants in tap water containing no chromium served as controls. Harvested plants were dried 
and processed for metal estimation following the method described earlier. 

Experiment with Tannery Sludge: The sludge samples collected manually in plastic 
bags from the Northern tannery (Unnao, U. P.) India were brought to the field laboratory, 
dried, powdered and sieved. Sludge samples (N=20) were digested inHN0 3: HC104(5:2, 
v/v) and Cr content was estimated by Atomic Absorption Spectrophotometry. The mean 
value of Crwas 2.14 ± 18.05 mg kg 1. 

All the above plants (30-g fresh weight) were planted in round plastic troughs (12" 
diameter, 8" depth) containing powdered, sieved sludge (5 kg). The experiment for each test 
plant (four replicates each separately) was set up for different harvesting periods. A thin layer 
of water (2-4 cm) was maintained over the sludge throughout the experiment. Plants were 
harvested after 4,8 and 12 weeks. The biomass was determined on fresh weight basis from 
each trough. For metal estimation, plants were oven dried and digested with a mixture of 
HN0 3: HC104(5:1, v/v). Chromium was determined by Atomic Absorption Spectro
photometry. 

Plants were analyzed for their Cr content at time zero and values of Cr in control 
plants were deducted from the accumulation values of treated plants. 

Statistical Analysis 

Analysis of variance ofthe data was performed for calculating the statistical significance 
using completely randomized block design. Student V test (two tailed) was applied to see the 
significance level as compared to controls (17). 
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Quality Control and Quality Assurance 

Analytical data for quality of Cr were ensured through repeated analysis (N= 5) of 
EPA quality control samples (Lot TMA 989) in water, and results were found within 5.41% 
of the certified values. For plants, recoveries of Cr from the plant tissues were found to be 
98.2 + 4.65 % as determined by digesting five samples each from untreated plants with 
known volumes of Cr. The blanks were run all the time, and duplicate analysis was carried 
out to check the precision of the method. 

Some of the data on B. monnieri and S. lacustris published earlier (18,19) have 
also been used for comparison in this study. 

Results 

Physicochemical analysis of effluent (N = 5) showed high values for pH (8.84 ± 
0.21), biological oxygen demand (BOD: 790 ± 52.52 pg ml1), chemical oxygen demand 
(COD: 1870 ± 98.5 pg ml1) and total dissolved solid (TDS: 850 ± 36.8 pg ml1). The 
value for dissolved oxygen (DO) was quite low (2.3 ± 0.015 pg ml1). Effluent used in the 
experiments contained 2.31± 0.40 pg ml1 Cr Tannery sludge had high pH values of 9.2 ± 
0.2 and contained 214 ± 18.05 mg kg 1 Cr. 

Figure 1 (a-c) shows chromium accumulation in the root, leaf and rhizome of Ai 
alba at different ambient chromium concentrations (0.1-5.0 pg ml1) and treatment durations. 
The maximum accumulation of chromium was in the root followed by rhizome, and leaf. 
During the first 48 h, the accumulation in the roots was significant, and it reached steady state 
conditions at 168 h (Figure la). The maximum accumulation of chromium (1207 pg gr1 dw) 
was shown by the roots at 5 pg ml 1 ambient chromium concentration after 168 h. 
Accumulation of chromium in the leaf ofN. alba was comparatively low, maximum being 
515 pg g-1 dw after 168 h at 5.0 pg ml*1 background Cr concentration (Figure lb). The 
accumulation of chromium in the rhizome oîN. alba was lowest (Figure lc). At the highest 
background concentration of chromium, maximum accumulation of80.06 pgg"1 dw was 
shown by the rhizome oîN. alba after 168 h. 

The young plants of B. monnieri, N. alba, S. lacustris and P. karka were treated 
with 100% tannery effluent for 1 and 2 weeks (Figure 2). The plants showed different levels 
of chromium accumulation during this period. A maximum accumulation of chromium was 
shown by the plants ofΡ karka (615 pgg*1 dw) followed by S lacustris (515 pgg_1dw), 
N . alba (465 pg g 1 dw) and B. monnieri (340 pg g 1 dw) after 2 weeks. 

Table 1 shows the results of experiments carried out with high chromium containing 
sludge collected from the tanneries. All of the three plants (P. karka, S lacustris and B. 
monnieri) showed duration dependent accumulation of chromium. The maximum 
accumulation was in the roots of P. karka (816 pg g1 dw) followed by S. lacustris (460 pg 
g"1 dw) and B. monnieri (310 pg gr1 dw) after 12 weeks. In comparison to B. monnieri and 
S. lacustris chromium concentrations were higher in the above ground parts of Ρ karka 
(llOpgg^dw). 
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Figure 1. (a-c). Chromium accumulation by Κ album different plant parts (a = root* b = 
leaf" c=rhizome) as a function of Cr concentration and exposure. All values are means of 
four replicates ± SD. Root, F-value (concentration)=49.91a; F-value (exposure)=6.92b. 
For leaf, F-value (concentration) = 101.4a; F-value (exposure) = 13.5. Forrhizome,F-
value (concentration) = 132.23a; F-value (exposure) = 8.50b; a = ρ < 0.01; b=p < 0.05. 
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Figure 1. Continued 

Figure 2. Accumulation of chromium from tannery effluent by different plants after 1 and 2 
weeks. All values are means of four replicates + SD. T-test (two tailed): a=ρ < 0.025 with 
comparisons made at 1 week. 
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Table 1. Chromium concentrations (pg g - 1 dw) in the plants treated with tannery sludge 

Plants Root + Rhizome 
4 Weeks 8 Weeks 12 Weeks 

S. lacustris 203 ± 19 363±26b 460 ±47 
P. Karka 645 ±75 752 ±64 816 ±69 
B. monnieri 133 ±12 207 ±14a 310±25c 

Shoot 

S. lacustris 36.6 ±4.2 60.3 ±7.5 75.2 ±8.8 
Ρ Karka 69.4 ± 6.8 82.4 ±9.2 110.3 ±12.5 
B. monnieri 53.4 ±3.9 74.6 ±7.8 94.6 ±8.2 

All values are means of four replicates + SD. T-tests (two tailed): a = ρ < 0.02 with 
comparisons made at 4 weeks; b = ρ < 0.01 with comparisons made at 4 weeks; c = ρ < 
0.02 with comparisons made at 8 weeks. 

Plants grown in tannery sludge showed an increase in biomass (Figure 3) at 12 
weeks, and it was in order of P. karka < S. lacustris < B. monnieri. The percent increases 
in biomass were 633%, 620% and 433% in P. karka, S. lacustris and B. monnieri, 
respectively. 

Biomass (g fw) 
2 5 0 ι 

B. monnieri 3. lacuatrla p. Kick* 
Plants 

Figure 3. The effect of chromium accumulation on biomass (g dw) in different plants treated 
with tannery sludge. All values are means of four replicates ± SD. T-test (two tailed): a = 
ρ < 0.05 with comparisons made at day 0, b = ρ < 0.05 with comparisons made at 8 
weeks. 
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Discussion 

The efficiency of aquatic macrophyte-based phytoremediation systems depends 
mainly on their design, and the nature of wastewater and soil. A plant species may be 
tolerant to one metal but may not be so with another one. Plant forms ( i.e., free-floating, 
submerged and emergent) also play a significant role in the removal of metals. Submerged 
species accumulate more metals than the floating and emergent ones (20,21). A rootless 
submerged species (Ceratophyllum demersum) has been found to possess the potential to 
accumulate substantial amounts of chromium (10) conforming with the earlier reports. 

Rooted aquatics with floating foliage are important constituents of aquatic ecosystems. 
The plants oîNymphaea are reported to be capable of accumulating metals from polluted 
waters (22). During the present study, N. alba also showed the potential to accumulate 
substantial amounts of chromium under laboratory conditions as well as in field experiments 
with tannery effluent The accumulation of chromium was higher in the root in comparision to 
leaf and rhizome. The lower concentration of chromium in the leaf is probably due to the 
slower mobility of Cr transport from root to the shoot. Trivalent chromium forms complex 
compounds with COOH groups that inhibit the translocation of metal from the root to the 
shoot (23). The ability of fine roots to accumulate high quantities of metal has also been 
reported (24). The tuft of fine roots ini?. monnieriand S. lacustris has also shown substantial 
accumulation of chromium and copper (19). 

Chromium accumulation from soil sludge depends upon the nature of plants and 
conversion of Cr (DI) into Cr (VI), the ions of which easily penetrate the cell membrane. To 
make chromium ions freely available to roots requires oxygen from the air for a few weeks to 
facilitate the oxidation of Cr QJS) into Cr (VI) (25). The selection of aquatic macrophytes is, 
therefore, of utmost importance as they are the only such species which are capable of 
transporting atmospheric oxygen into the rhizosphere zone through their leaves. This is 
important in reducing chromium concentrations in sludge soil. In the present study, roots of 
P. karka showed the potential to accumulate chromium from tannery sludge. This might 
have been caused by a large supply of oxygen to the rhizosphere zone through the huge 
foliage ofthe plants. Similarly, higher accumulation of chromium was shown by the plants of 
S. lacustris which possess long, cylindrical, hollow, tube-like leaves capable of transporting 
atmospheric oxygen to the rhizosphere zone. 

This study shows that chromium uptake performance of B. monnieri; S. lacustris, 
P. karka andN. alba plants from tannery effluent is promising. The chromium accumulation 
was significant in P. karka (615 pg gr1 dw) followed by S. lacustris (515 pg g"1 dw), and N. 
alba (465 pg g 1 dw) after 14 days. The accumulation for this period was lowest (340 pg g 
1 dw) inB. monnieri. In our earlier study (18), tannery effluent (containing 0.7 pg ml"1 Cr) 
treated with a combination of plants (Spirodela polyrrhiza, Hydrilla verticillata) showed 
maximum reduction in chromium concentration at 25% dilution of the effluent. 

The results of the present study are quite encouraging. Overall performance of 
plants in the removal of chromium from tannery sludge and effluent was quite satisfactory. 
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Plants showed high levels of tolerance to chromium. Though, there was a slight decrease in 
chlorophyll content inB. monnieri, and S. lacustris (19), plants showed no visible phytotoxic 
symptoms. The résulte indicate the suitability of these plants in phytoremediation of chromium 
in water and soil. 
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Chapter 21 

Phytoextraction of Lead from Contaminated Soils 

J. W. Huang1, J. Chen2, and S. D. Cunningham2 

1Phytotech Inc., 1 Deer Park Drive, Suite I, Monmouth Junction, NJ 08852 
2DuPont Central Research and Development, Environmental Biotechnology, 

GBC-301, P.O. Box 6101, Newark, DE 19714-6101 

Lead phytoextraction, the use of plants to extract Pb from 
contaminated soils, is an emerging technology. To develop this 
technology, we have conducted extensive research to study 
physiological and cellular mechanisms of Pb uptake, translocation, 
and accumulation in crops, weeds, and known metal 
hyperaccumulators. This paper will review current progress from our 
laboratories and several other laboratories in the development of Pb 
phytoextraction technology. We will focus on the following subjects: 
(1) physiological and cellular aspects of Pb transport in plants, (2) 
plant species/cultivars variation in Pb uptake and translocation, (3) 
role of plant genetic engineering in Pb phytoextraction, and (4) role 
of synthetic chelates in enchanting Pb phytoextraction from 
contaminated soils. With the addition of selected chelates to soils 
collected from Pb-contaminated sites, we are now able to increase 
shoot Pb concentration from less than 500 mg kg-1 to more than 
10000 mg kg-1, which is the value targeted for commercial Pb 
phytoextraction. Field testing of Pb phytoextraction technology is 
currently underway in a dozen sites in the United States. Current 
results indicate that this technology may provide an environmentally 
sound and cost-effective strategy for the clean-up of Pb
-contaminated soils. 

CONTENTS 

Physiological Aspects of Lead Transport in Plants 
Hydroponic Studies of Pb Transport in Plants 
Lead Uptake by Roots 
Lead Translocation from Roots to Shoots 
Species Variation in Pb Accumulation 
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Role of Plant Genetic Engineering in Pb Phytoextraction 
Lead Phytoextraction: from Greenhouse to the Field 

Exploring Potential Methods to Enhance Pb Phytoextraction 
Phosphorus Nutrition and Pb Phytoextraction 
Effects of Electroosmosis on Pb Accumulation in Plants 
Role of Synthetic Chelates in Enhancing Pb Accumulation in Plants 

Future Research Needs 

Heavy metal contamination of the environment poses serious problems to human 
and animal health as well as agricultural production. Lead is one of the most 
frequently encountered heavy metals of environmental concern and is the subject of 
extensive remediation research (7-2). Lead contamination of surface soils has 
resulted from industrial activities such as mining and smelting, production and 
disposal of lead-acid batteries, the use of paints, the disposal of municipal wastes 
and sewage enriched in Pb, and the use of certain pesticides (3-5). Excess Pb in the 
human and animal body may cause a variety of health disorders (6-7). The finding of 
Pb related human health problems and the recognition of widespread Pb 
contamination of urban soils have made Pb contamination an important public issue 
(5). The remediation of Pb-contaminated soils represents a significant expense to 
many industries and governmental agencies. Currently, soils with severe Pb 
contamination are remediated through a wide variety of engineering-based 
technologies (8-10). This process is expensive and frequently requires additional site 
restoration. 

In a search of cost-effective alternatives for the clean-up of cxmtaminated 
soils, Chaney (77) proposed the use of plants to remediate heavy metal 
contaminated soils. Over the last 10 years, there have been increasing interests in 
developing this plant-based technology (phytoremediation) to remediate Pb and 
other heavy metal contaminated soils (7-2, 11-12). Phytoremediation of Pb-
contaminated soils has two different strategies: phytostabilization and 
phytoextraction (8, 10). Phytostabilization is the use of plants and soil amendments 
to reduce Pb bioavailability in the contaminated soils, thus reducing the intrinsic 
hazard of the contaminated soil (8). Phytoextraction is the use of plants to extract 
Pb from contaminated soils. By continued cultivation of selected plant species on the 
contaminated sites, the soil could eventually be decontaminated. 

As a remediation technology, Pb phytoextraction is still in the developmental 
stage. The success of using plants to extract Pb from contaminated soils requires a 
better understanding of the mechanisms of Pb uptake, translocation and 
accumulation by plants. Lead is not a known essential nutrient for higher plants, 
however, there is circumstantial evidence indicating that various plant species have 
the ability to absorb Pb by roots and translocate Pb from roots to shoots (13-15). 
There is a small number of plant species endemic to metalliferous soils that can 
tolerate and accumulate high levels of Pb and other heavy metals. These plants are 
called metal hyperaccumulators and can accumulate more than 0.1% of Pb, Co, Cr, 
or more than 1% of Mn, Ni or Zn in any above-ground tissue when growing in their 
natural habitat (16). There are 400 known metal hyperaccumulators in the world. 
Among these, only five species are Pb hyperaccumulators (Table 1). However, all 
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Table 1. Lead concentrations (on a dry weight basis) in plant shoots of reported 
Pb hyperaccumulators growing on Pb-contaminated sites 

Plant Species Shoot Pb Concentration References 

mg kg'1 

Polycarpaea synandra 1040 (33) 
Minuartia vema 1400 (34) 
Armeria maritima 1600 (14) 
Thlaspi alpestre 2740 (34) 
Thlaspi rotundifolium 130-8200 (13) 

these reported Pb hyperaccumulators have a very slow growth rate and are not 
practically suited for phytoextraction of Pb from contaminated soils. For the last 
few years, our laboratories and several other laboratories have carried out extensive 
research to screen for Pb accumulating plants from high biomass species (75, 77). 
Results from these studies demonstrate that plant species differ significantly in Pb 
uptake and translocation, and that shoot Pb concentrations among plant species vary 
by more than 10 to 20 fold. However, even the best shoot Pb accumulating plants 
could hardly accumulate a shoot Pb concentration greater than 0.1% when they 
were grown on Pb contaminated soils without soil amendments. Recently, we have 
explored various potential methods to enhance Pb accumulation (15, Huang et al., 
Environ Sci. Technol., in press). We found that certain synthetic chelates could 
dramatically enhance Pb desorption from soil to soil solution and thus significantly 
increase Pb accumulation in plants. This paper will review recent research progress 
in the development of Pb phytoextraction technology. We will focus on the 
understanding of physiological and cellular mechanisms of Pb transport in plants, 
screening of Pb accumulating plant species with high biomass production, and 
exploring various potential methods to enhance both Pb desorption from soil to soil 
solution and Pb accumulation in plants. 

Physiological Aspects of Lead Transport in Plants 

Hydroponic Studies of Pb Transport in Plants. One of the difficulties in studying 
Pb transport in plants is the complexity of Pb solution chemistry. Lead is classified 
as soft Lewis acid which implies a strong covalent character to many ionic bonds 
which it forms in soils and plants. For Pb-contaminated soils, there are many factors 
(such as soil fertility, soil texture, pH, and possible other heavy metal contamination) 
affecting Pb uptake and translocation in plants. In order to simplify the system and 
to study Pb transport in plants under precisely controlled conditions, we used a 
hydroponic system to study the basic physiology of Pb uptake, translocation, and 
accumulation in plants (75). In traditional solution culture with a pH of 6.0-7.0 and 
a Ρ level of 0.1-2.0 mM, most of the Pb added to the solution is precipitated as Pb 
hydroxide and/or Pb phosphate. Researchers have attempted to avoid the Pb 
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precipitation problems by using simple salt solutions or complete nutrient solution 
without P. However, in order to mimic soil conditions, the use of a complete 
nutrient solution with similar composition as to the soil solution from Pb 
contaminated sites is preferred. In our hydroponic studies, we used complete 
nutrient solution with low Ρ concentrations (75). We used GEOCHEM-PC 
programs (18) to simulate the effects of pH and Ρ level on free Pb activity in the 
nutrient solution. Through the simulation, we found that at pH values of 4.5-5.0 and 
Ρ levels less than 10 pM, most of the added Pb in the range of 10-100 pM was in a 
soluble form. According to the calculation, we used Ρ concentrations ranging from 
2-10 μΜ depending on the experiments, and we maintained the solution pH at 4.5-
5.0. In order to maintain the selected Ρ levels and pH, we used a continuous flow of 
nutrient solution which was accomplished by using a microprocessor-controlled 
multichannel cartridge pump (75). The advantage of a hydroponic study is that the 
plant-growth media can be controlled precisely. This technique is useful in studying 
the mechanisms of Pb uptake and translocation as well as dissecting the factors 
affecting Pb uptake, translocation and accumulation. Such basic understanding of Pb 
transport is important for the development of Pb phytoextraction technology. 

Lead Uptake by Roots. Using the hydroponic system, we found that Pb is 
rapidly accumulated in the root-cell apoplasm and symplasm. For example, in short-
term (60 min) Pb transport experiments with 20 pM Pb in nutrient solution, intact 
corn roots accumulated 500 mg Pb kg"1 , while ragweed and sunflower roots 
accumulated 1500 mg Pb kg"1 (75). The Pb concentrations in the roots were more 
than 100-fold higher than that in the root growth medium. A 30-min desorption 
period following the 60-min Pb uptake removed 60% of the absorbed Pb from the 
roots. The difference in Pb uptake between corn and sunflower was independent of 
the desorption solution used. We also found that 40% of short-term absorbed Pb 
was not exchangeable, probably representing the symplasm-associated Pb pool. 
These results suggest that Pb is rapidly transported into the root cells. To further 
examine the cellular distribution of Pb in sunflower roots, we used Scanning 
Electron Microscopy with an ion microprobe to examine the Pb distribution within 
root cells via back-scattered electrons. Lead was localized in the cytoplasm of 
cortical cells and associated with cell walls in the developing vascular tissue. Using 
x-ray probe analysis, Qureshi et al. (19) reported that Pb was accumulated in both 
cell walls and cytoplasm of root tips excised from Pb-sensitive clone of 
Anthoxanthum odoratum. 

There is little information in the literature concerning the mechanisms of Pb 
transport into plant cells. Lead transported into root cells would have crossed the 
root-cell plasma membrane (PM). One possible transport pathway could be through 
PM cation channels, such as Ca2+-channels. Voltage-gated Ca 2 + channels in the PM 
of root cells have been identified in both corn and wheat roots (20-21). Using 
isolated root-cell plasma membrane vesicles, we have recendy found that Pb can 
significantly inhibit voltage-gated Ca 2 + channels (unpublished results). The inhibition 
of the Ca 2 + channel activity could result from Pb blockage of the channel, or Pb 
competing with Ca 2 + for the transport pathway (Ca2+ channel). These results parallel 
those found in animal systems where there is experimental evidence showing that 
Pb2 + is transported into cells via the Ca 2 + channels. For example, Tomsig and 
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Suszkiw (22) detected permeation of Pb2 + into isolated bovine chromatin cells 
through the Ca 2 + channels. These authors also found that voltage-gated Pb 2 + 

transport was blocked by Ca 2 + channel blocker (nifedipine) and enhanced by Ca 2 + 

channel agonist (BAY K8644). Audesirk (23) also reported that Pb2 + was highly 
permeable through voltage-sensitive Ca 2 + channels in animal cells. It is very likely 
that Pb2 + is transported into plant cells via divalent cation channels. 

Lead Translocation from Roots to Shoots. In contrast to root Pb 
accumulation, shoot Pb accumulation is much lower, and a major limiting step is Pb 
translocation from roots to shoots. For both monocots and dicots we have studied, 
only a small proportion of absorbed Pb is translocated from roots to shoots (75, 77, 
24). We have used a shoot to root Pb concentration ratio to estimate Pb 
translocation. Using this method, we found that there are 50-fold differences in Pb 
translocation among plant species tested (8). Plants with higher Pb translocation will 
yield a higher shoot Pb concentration. Therefore, it is important to select plant 
species with higher Pb translocation from roots to shoots because only the shoots 
are harvested in Pb phytoextraction. 

Because of the poor translocation of Pb from roots to shoots, roots have 
been considered to be the main barrier for Pb translocation. To test whether root 
removal would alter Pb translocation, we investigated Pb accumulation in excised 
shoots of corn, goldenrod, ragweed, and sunflower. In this experiment, plants were 
grown in nutrient solution in the absence of Pb, and the shoots were excised under 
the solution surface at the root-shoot junction. The excised shoots (30 cm in height) 
were transferred into nutrient solution with 5 cm of the shoots immersed in the 
aerated nutrient solution containing 20 pM Pb. Lead concentration in the portion of 
excised shoots immersed in the solution was several orders of magnitude higher than 
the portion of the shoots not in contact with the solution (Figure 1). For the portion 
of excised shoots immersed in solution, Pb concentration reached a value similar to 
that observed in intact roots (75). For intact plants, Pb translocation of this corn 
cultivar was the highest among the species/cultivars tested (8, 75). However, in 
excised shoots, Pb translocation was lower in corn than in ragweed and other plant 
species tested (Figure 1). For the same Pb level and Pb exposure period, Pb 
concentration in excised corn shoots was 35% of that in intact corn shoots. The 
results indicate that for intact plants, the higher Pb translocation in corn and low Pb 
translocation in ragweed are physiologically controlled by roots, and this control is 
lost when roots are removed. The physiological mechanisms involved are not 
known. 

Species Variation in Pb Accumulation. The success of using plants to 
extract Pb from contaminated soils requires the identification of Pb-accumulating 
high-biomass plant species. The existence of certain plants with remarkable metal 
accumulation capacities is well documented. For example, certain trees are able to 
accumulate Ni in their sap as high as 25% by dry weight (25). Thlaspi caerulescens 
can accumulate 3-5% of Zn in its shoots (26-27). Unlike other heavy metals, there 
are only a few Pb hyperaccumulators available (Table 1). However, none of these Pb 
hyperaccumulators are practically suited for Pb phytoextraction because of their 
slow growth rates. 
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Figure 1. Lead accumulation in excised shoots of corn, ragweed, goldenrod, 
and sunflower plants exposed for 14 days to nutrient solution containing 0 or 
20 pM Pb. Error bars represent ± SE (n=3). 
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Figure 2. Lead accumulation in the leaf and stem of a single-gene pea mutant 
(El07) and wild type pea (Sparkle) grown in complete nutrient solution (pH 
4.5) containing 20 pM Pb. The plants were grown in nutrient solutions in the 
absence of Pb for two weeks before exposure to solution containing 20 pM 
Pb. Plants were harvested after 14 days of the Pb exposure. 
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Using both Pb-contaminated soils and nutrient solutions set to mimic soil 
solutions from Pb-contaminated soils, we have screened crops, weeds, and known 
metal hyperaccumulators for Pb-accumulating plants. Our results demonstrate that 
plant species differ significantly in Pb uptake and translocation (75). For 50 
species/cultivars we have tested so far, shoot Pb concentrations differed among 
plant species by more than 10 fold when grown in nutrient solution containing 20 
pM Pb, and by more than 20 fold when grown in Pb contaminated soils with a soil 
solution Pb of 17 pM. Using hydroponics and sand culture, Kumar et al. (77) 
carried out an extensive screening for Pb accumulating plants from Brassicaceae 
family. These authors found that some cultivars of Brassica juncea showed a strong 
ability to accumulate Pb in shoots. We compared the Pb-phytoextraction potential of 
the three best shoot Pb accumulating cultivars (21100, 426308, 531268) and the 
three worst shoot Pb accumulating cultivars (175607, 180269, 184290) of Brasscia 
juncea reported by Kumar et al (77) with that of corn (cultivar Fiesta) using Pb-
contaminated soils and nutrient solutions. In solution culture, Pb concentration in 
shoots of corn was similar to that in shoots of the two best Pb accumulating 
cultivars (211000 and 426308) of Brassica juncea (Table 2). In the Pb-
contaminated soil, shoot Pb concentration in corn was significantiy higher than that 
of cultivars 211000 and 531268. Cultivar 426308 was extremely sensitive to 
severely Pb contaminated soil (total soil Pb, 2500 mg kg"1), and the plants died a few 
days after transplanting to the soil. The soil used in the experiment was severely 
contaminated with Pb during the manufacture of explosives over a period of 50 
years. For contaminated soils with a total soil Pb content less than 1000 mg kg"1, 
the B. juncea cultivar 426308 accumulated significantly higher shoot Pb 
concentration than did Fiesta (unpublished results). 

Role of Plant Genetic Engineering in Pb Phytoextraction. It is generally 
believed that metal tolerance and accumulation are genetically controlled (28). 
Molecular biology has provided a useful tool for identifying genes, and mutation 
techniques have traditionally provided the means for identifying and isolating 
specific genes (29). Isolation and characterization of mutations with specific mutant 
phenotypes provides good insight into specific gene functions. Using mutation 
techniques, researchers have succeeded in identifying a number of metal-
accumulating mutants. For example, a Fe hyperaccumulating pea mutant (E107) has 
been identified from the ethyl methanesulfonate (EMS) mutagenized pea (Sparkle) 
seeds (30). This pea mutant, resulted from a single gene mutation, accumulated 50-
100 fold higher shoot Fe concentration than the wild type pea, and the mutant also 
accumulated higher concentrations of Mn, Mg, and Ca (37). We investigated Pb 
accumulation by this pea mutant along with the pea wild type. In solution culture, 
this pea mutant accumulated significantly higher Pb concentration in both leaves and 
stems (Figure 2). However, root Pb concentrations were not significantly different 
between the mutant (1.26%) and wild type (1.25%). These results suggest that this 
single-gene pea mutant has a higher efficiency in Pb translocation than wild type 
pea. When transplanted to a Pb-contaminated soil (total soil Pb, 2500 mg kg'1), this 
pea mutant accumulated 20% more Pb in shoots than the wild type. The results 
suggest that Pb translocation from roots to shoots may be genetically controlled. 
The advantage of screening Pb-accumulating mutants from fast-growing plants is 
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Table 2. Lead concentrations1 in selected plant species grown in nutrient solution 
containing 20 μΜ Pb and in a Pb-contaminated soil (total soil Pb 2500 mg kg"1) 

Solution experiment Soil experiment 
Plant Species Shoots Roots Shoots Roots 

mg kg'1 

Zea mays (cv. Fiesta) 375 2280 225 1250 
Brassica juncea (211000) 347 14500 129 2390 
Brassica juncea (426308) 329 6650 ND 2 ND 
Brassica juncea (531268) 241 19500 97 3460 
Thlaspi rotundifolium 226 28700 79 6350 
Brassica juncea (175607) 176 18200 ND ND 
Triticum aestivum (cv. Scout 66) 139 5330 120 1890 
Ambrosia artemissifolia 95 4670 75 2050 
Brassica juncea Czern 65 9580 45 3580 
Thlaspi caerulescens 64 26200 58 5010 
Brassica juncea (180269) 59 4840 ND ND 
Brassica juncea (184290) 32 5260 30 2310 

adapted from Huang and Cunningham (15). 2ND denotes no data because these 
cultivars did not survive in the Pb-contaminated soil. 

that the created mutants can be used for Pb phytoextraction immediately. By using 
this approach, however, it is difficult to identify gene(s) involved because of the 
large genome and long life cycle. Therefore, we initiated a program to identify Pb 
accumulating mutants from Arabidopsis (Chen et al., in this book). In our 
preliminary studies with 74 Arabidopsis ecotypes, we found a significant 
intraspecific variation in Pb accumulation and tolerance. We also found that higher 
Pb-accumulating ecotypes could be found in both Pb-sensitive and Pb-tolerant 
ecotype groups. Although Pb hyperaccumulation does not necessary require Pb 
tolerance, it is desirable if Pb hyperaccumulating plants are also Pb tolerant because 
Pb-tolerant plants will easily establish the vegetation on Pb-contaminated sites. 
Based on this information, we decided to screen for Pb-accumulating mutants by 
first selecting putative Pb tolerant mutants. After screening one-half million EMS 
mutagenized Arabidopsis seedlings, we identified 250 putative Pb-tolerant mutants. 
Three Pb-accumulating mutants identified from these putative mutants accumulated 
2-3 fold higher shoot Pb concentration than their wild type. These results suggest 
that molecular biology could play an important role in creating Pb-
hyperaccumulating plants. 

Lead Phytoextraction: from Greenhouse to the Field. In our greenhouse 
studies, we found that the rank of shoot-Pb concentration observed in solution 
culture was similar to that in the pot experiments (Table 2). Now, the question was 
whether the results from pot experiments were positively correlated to those of field 
trials. Table 3 shows data from 1995 field trial and the data from pot experiments in 
the greenhouse at the same season. For the plant species tested, the rank of shoot-
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Table 3. Shoot Pb concentrations of plants grown on a Pb-contaminated soil in field 
experiment and greenhouse pot experiments1 

Shoot Pb concentration 
Plant species Field experiment Pot experiment 

Corn 
m g kg"1 -

340-490 280-320 
Sunflower 270-390 180-210 
Ragweed 
Goldenrod 

190-210 
130-190 

140-160 
130-150 

Bermudagrass 
Hemp dogbane 

80-100 
70-100 

90-100 
60-90 

JThe soil used in the pot experiments was collected from the same site where the 
field experiment was conducted. The soil was a sandy loam with total soil Pb of 
2500 mg kg"1. 

Pb concentration in the pot experiments was the same as that in the field experiment. 
This study suggests that under similar conditions, the results obtained in greenhouse 
pot experiments can be reproduced in the field. Field experiments are expensive, 
therefore, it is important to get enough information from pot experiments before the 
initiation of field trials for Pb contaminated sites. 

Exploring Potential Methods to Enhance Lead Phytoextraction 

Phosphorus Nutrition and Pb Phytoextraction. For most Pb-contaminated soils, 
Ρ bioavailability is very low due to Pb phosphate precipitation in the soil. Plants 
grown in Pb-contaminated soils with total soil Pb greater than 1000 mg kg"1 showed 
severe P-deficiency symptoms after 1 to 2 weeks from planting or transplanting, and 
further plant biomass increase was either very little or completely ceased if the Ρ 
deficiency symptom was not corrected (unpublished results). To correct Ρ deficiency 
problem, we tested foliar Ρ application, and we found that spraying 10 mM Ρ 
(KH2PO4, pH 6.0) solution on the shoots could correct Ρ deficiency within a few 
days for a number of plant species. In a pot experiment, foliar Ρ increased plant dry 
weight by more than 4 fold for both shoots and roots of goldenrod within a month 
after the foliar Ρ application (Table 4). Foliar Ρ decreased shoot-Pb concentration by 
55% and root-Pb concentration by 20%, however, the total Pb accumulation was 
increased by 115% in shoots and 300% in the roots because of the huge biomass 
increase which resulted from the foliar Ρ treatment (Table 4). We also investigated 
the effects of soil-applied Ρ with a range of Ρ levels (0, 50, 150, 300, 500 and 1000 
mg Ρ kg"1 soil as KH 2P0 4) on total Pb phytoextraction by corn plants. Shoot Pb 
concentration was significantly decreased at all Ρ levels tested. However, the shoot 
biomass increased dramatically with increasing Ρ levels up to 500 mg Ρ kg"1 soil, and 
then it became constant with further increases in Ρ levels. Total Pb phytoextraction 
is a function of a number of factors, and the two main parameters are shoot Pb 
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Table 4. Effects of foliar Ρ on biomass production and Pb phytoextraction by 
goldenrod plants1 grown on a Pb-contaminated soil (total soil Pb 3500 mg kg"1) 

Shoot Root 
Parameters Control +FoliarP Control +FoliarP 

Dry weight (g plant'1) 3.2 14.8 2.1 8.8 
Pb concentration (mg kg'1) 340 155 2260 1830 
Total Pb content (mg plant"1) 1.1 2.3 5.2 16.7 

JData are means of the treatment (n=3, unpublished results). 

concentration and total biomass. The addition of 500 mg kg"1 Ρ increased total 
shoot-Pb accumulation by more than 2 fold compared to the control (unpublished 
results). This result indicates that managing soil Ρ levels are necessary to produce 
maximum Pb removal by plant shoots. 

Effects of Electroosmosis on Pb Accumulation in Plants. Electroosmosis 
is the transport of charged particles in an electrical field. Reed et al. (32) evaluated 
the potential application of electroosmotic technologies for in situ remediation of Pb 
contaminated soils. These authors found that a significant amount of soil Pb could 
be transported through the soil, however, Pb was precipitated or reabsorbed onto 
the soil adjacent to the cathode (32). As a major limiting factor for Pb uptake by 
plant roots is the low Pb availability in soil solution, we have made an attempt to 
couple Pb phytoextraction to electroosmosis. The hypothesis was that 
electroosmosis could increase Pb mobility in the soil, thus increase Pb accumulation 
in plants. In this experiment, we applied direct electric currents (DC) across the soil 
by vertically inserting cathodes and anodes into the soil (unpublished results). Using 
corn and ragweed, we found that applied DC currents doubled shoot-Pb 
concentrations in both corn and ragweed, however, root-Pb concentration was not 
significantly affected by the treatment. The increased shoot-Pb concentration could 
be the result of increased Pb mobility in the soil and/or increased Pb translocation in 
the plants. 

Role of Synthetic Chelates in Enhancing Pb Phytoextraction. The goal 
of Pb phytoextraction is to reduce Pb levels in the contaminated soils to acceptable 
levels within a reasonable time frame (3 to 20 years). To achieve this goal, we need 
to use plants which are able to accumulate greater than 1% Pb in shoots and 
produce more than 20 metric tons of shoot biomass ha"1 year'1. From both pot 
experiments and field experiments, it is clear that shoot-Pb concentrations are far 
below the level targeted for Pb phytoextraction. From hydroponic studies, we know 
that shoot-Pb concentrations in plants increased dramatically as Pb levels in the 
nutrient solution increased (75). This leads us to speculate that a significant increase 
in Pb level in soil solution could yield a significantly higher shoot-Pb concentration. 
To test this hypothesis, we investigated the effects of adding synthetic chelates to 
Pb-contaminated soils on Pb desorption from soil to soil solution and Pb 
accumulation in plants. Within 24 h after the application of a chelate (HEDTA) to 
the soil, the Pb concentration in soil solution increased from 17 pM for the control 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 7

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
8,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
4.

ch
02

1

In Phytoremediation of Soil and Water Contaminants; Kruger, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



21. HUANG ETAL. Phytoextraction ofLeadfrom Contaminated Soils 293 

(without added HEDTA) tol9000 μΜ for the HEDTA (2 g kg"1) treatment (75). 
The surge of Pb concentration in soil solution was closely related to the surge of Pb 
concentrations in plants (Figure 3). One week after transplanting the plants into the 
Pb-contaminated soil, the shoot Pb concentrations increased from 40 mg kg"1 for 
plants grown on the Pb-contaminated soil without HEDTA to 10600 mg kg"1 for 
plants grown on the HEDTA treated Pb-contaminated soil (Figure 3). 

To search for an ideal chelate to enhance Pb phytoextraction from 
contaminated soils, we investigated the relative efficiency of five synthetic chelates 
(HEDTA, EDTA, EGTA, EDDHA, and DTP A) in enhancing both Pb desorption 
from soil to soil solution and Pb accumulation in plants. For the chelates tested, 
EDTA was the most efficient chelate in increasing soil-Pb desorption and shoot-Pb 
accumulations in plants (Huang et. al., Environ. Sci. Technol., in press). For the soil 
tested, the order of the effectiveness in increasing Pb desorption from soil to soil 
solution was EDTA > HEDTA > DTP A > EGTA > EDDHA. The effects of these 
chelates on enhancing Pb accumulation in plants paralleled the effects of these 
chelates on the soil-Pb desorption (Figure 4). We also examined the correlation 
between Pb concentrations in plants and Pb levels in soil solution. Lead 
concentrations in plant shoots increased linearly with increasing Pb levels in the soil 
solution, accomplished by applying chelates to the contaminated soils. Our results 
demonstrate that a key to Pb phytoextraction is to increase soil Pb desorption, and 
that synthetic chelates can play an important role in this process. 

In order to understand the mechanisms involved in chelate-triggered Pb 
hyperaccumulation in plants, we further investigated the effects of EDTA on Pb 
translocation from roots to shoots. Applying EDTA to Pb-contaminated soils 
significantly increased Pb transport into the xylem of plant shoots (Huang et al., 
Environ. Sci. Technol., in press). For example, 24 h after applying EDTA to corn 
plants grown on the contaminated soil, Pb concentration in the shoot xylem sap 
increased more than 100 fold for the treatment of 1.0 g EDTA kg'1 soil (Table 5). 

Table 5. Effects of adding EDTA to a Pb-contaminated soil1 (total soil Pb 2500 mg 
kg"1 ) on Pb transport in 21-d-old corn plants grown in the contaminated soil 

EDTA added to soil Pb concentration in xylem sap Pb translocation to shoots 

g kg 1 mgL"1 pg plant'1 day'1 

0.0 0.2 0.8 
0.5 6.9 28.0 
1.0 21.3 99.8 

ANOVA P>F 0.001 0.001 

adapted from Huang et al. (Environ. Sci. Technol., in press). EDTA treatment was 
initiated by adding the appropriate EDTA solution to the soil surface for each pots. 
Shoots were cut 1 cm above the root-shoot junction 24 h after applying the EDTA. 
Immediately following the harvest, xylem sap was collected for 8 h for each 
treatment. 
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12000 

Shoot Root 

Figure 3. Effects of adding a synthetic chelate (HEDTA) to a Pb-contaminated 
soil (total soil Pb 2500 mg kg*1 ) on Pb accumulation in corn plants. Corn 
seedlings (10-d-old) were transplanted to the Pb contaminated soil treated 
with HEDTA (0 or 2 g HEDTA kg"1 soil), and the plants were harvested 7 
days after transplanting to the contaminated soil. Error bars represent ± SE 
(n=3). (Redrawn from Huang and Cunningham, 1996). 
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Figure 4. Relative efficiency of four synthetic chelates in enhancing Pb 
accumulation in shoots of pea (A) grown on the chelate-treated Pb-
contaminated soil, and Pb desorption from soil to soil solution (B). Control 
denotes the Pb contaminated soil (total soil Pb 2500 mg kg'1) without added 
chelates. The level of each chelate used was 0.5 g kg"1 soil. Error bars 
represent ± SE (n=3). (Adapted from Huang et al., Environ. Sci. Technol., in 
press). 
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The increase of Pb concentration in xylem sap is positively correlated with the 
increase in Pb translocation from roots to shoots. Compared to the control, added 
EDTA (1.0 g kg"1) increased Pb translocation from roots to shoots by 120 fold 
within 24 h (Table 5). Our results suggest that chelates enhanced Pb desorption 
from soil to soil solution, facilitated Pb transport into the xylem, and increased Pb 
translocation from roots to shoots. 

Synthetic chelates can play a significant role in enchancing soil-Pb 
desorption, and Pb accumulation in plants. It is important to point out that the 
addition of chelates to a contaminated site has to be done in a carefully controlled 
manner so that there is no risk of contaminant movement from soil to groundwater. 
We are currently investigating the best management practices to accomplish this. An 
important factor which could affect Pb movement in the soil profile is soil water, 
from rainfall, irrigation, or groundwater. Certain irrigation techniques are under 
active consideration to control quantitatively water flux in plant root zones. With 
careful management, chelate-assisted Pb phytoextraction may provide a cost-
effective means for the clean-up of Pb-contaminated soils. 

Future Research Needs 

Significant progress has been made in the development of Pb phytoextraction 
technology. The success of Pb phytoextraction requires skills and techniques from 
soil science, agronomy, engineering, and plant biology. Additional research and 
development is needed in a number of areas. We need a better understanding of the 
physiology of Pb uptake, translocation, and accumulation in plants. This includes 
identifying the barrier of Pb translocation from roots to shoots, as well as identifying 
the form and the species of Pb translocated from cell to cell. We also need to 
understand the cellular mechanism of Pb transport in plants. For example, how is Pb 
transported across the root-cell plasma membrane and then distributed between 
different cell compartments? Further understanding of the mechanisms of chelate-
enchanced Pb accumulation in plants is needed. Is the chelate-Pb complex 
transported into plant cell and translocated from roots to shoots? It is also needed to 
search for Pb hyperaccumulators that produce more biomass than known Pb 
hyperaccumulators. Eventually, we want plants to do the entire job, and to limit the 
use of chelates or other soil amendments. Finally, we should take advantage of 
technologies in plant molecular biology. Screening Pb-accumulating mutants from 
Pb-tolerant and high-biomass plant species may yield ideal plants for Pb 
phytoextraction. To understand the molecular and genetic mechanisms of Pb 
accumulation, we need to screen Pb-accumulating mutants from Arabidopsis. 
Results from our Arabidopsis work (Chen et al., in this book) indicate that we may 
be able to identify Pb-hyperaccumulating mutants from mutagenized Arabidopsis 
populations. If this objective can be accomplished, we then have a greater chance to 
create transgenic Pb hyperaccumulators which are practically suited for 
phytoextraction of Pb from contaminated soils. 
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Chapter 22 

Phytoremediation and Reclamation of Soils 
Contaminated with Radionuclides 

James A. Entry1, Lidia S. Watrud2, Robin S. Manasse3, and Nan C. Vance4 

1Department of Agronomy and Soils, College of Agriculture, 202 Funchess Hall, 
Auburn University, Auburn, A L 36849-5412 

2Terrestrial Plant Ecology Branch and 3National Research Council, National 
Health and Environmental Effects Laboratory, U.S. Environmental Protection 

Agency, 200 Southwest 35th Street, Corvallis, OR 97333 
4Pacific Northwest Research Laboratory, Forest Service, U.S. Department 

of Agriculture, 3200 Jefferson Way, Corvallis, OR 97331 

As a result of nuclear testing and nuclear reactor accidents, large areas 
of land have become contaminated with low concentrations of 
radionuclides. Removal, transport and treatment of large volumes of soil 
may be logistically difficult and prohibitively costly. Using plants to 
remove low concentrations of radionuclides from soil in situ is expected 
to be less expensive than mechanical, physical or chemical methods, 
particularly for treatment of large areas. Phytoremediation is applicable 
to a wide range of terrestrial environments and plants can be selected for 
given soil and climatic conditions. Phytoremediation of contaminated 
sites should also leave treated sites amenable to subsequent reclamation 
efforts. The points to consider for initial phytoremediation and 
subsequent reclamation of contaminated soils include:enhancement of 
plant accumulation of radionuclides by addition of mycorrhizal or 
bacterial inocula, chelating agents or organic amendments, periodic 
harvests to recover or dispose of radionuclides in the ashed plant 
materials minimization of potential environmental effects on non-target 
organisms and replacement or augmentation of the initial remediating 
species with a complex plant community. 

Large areas of land have been contaminated by fission by-products resulting from 
nuclear bombs, (1) above ground nuclear testing (2-4), nuclear reactor operations (5, 6) 
and nuclear accidents (7). Unlike organic pollutants, radionuclides typically are elements 
which cannot be degraded. Radionuclides can be distributed to soil and plants in the 
contaminated area by physically and biologically mediated nutrient cycling processes (8 
-11). Radionuclides, especially 1 3 7Cs and ̂ Sr, can accumulate as they move up the food 
chain (12). Significant concentrations of radionuclides have been found in crops 
(4,13,14), livestock (14), fish (5, 15) and wildlife (16, 17). Human exposure to harmful 
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radionuclides can occur from inhalation following atmospheric releases, or by ingestion 
of food contaminated by atmospheric fallout or by accumulation through the food chain 
(18). Exposure may result in detrimental health effects, such as cancers and genetic 
mutations (9, 19, 20). This chapter provides an overview of the current progress in 
phytoremediation of radionuclides from soils and will propose a strategy for initial 
remediation, (ie. reduction of contaminant levels and subsequent reclamation or 
revegetation of impacted areas). 

Benefits of Phytoremediation 

Remediation of soil contaminated with low concentrations of radionuclides using present 
technology requires that soil be removed from the contaminated site and treated with 
various dispersing and chelating chemicals. Transport of soil requires heavy equipment, 
is time consuming and expensive; it may also result in additional dispersal of pollutants 
through possible spill and/or leaks. Therefore, few attempts have been made to 
remediate large areas of land contaminated with low concentrations of radionuclides. 
Furthermore, the cost to dispose of large liquid volumes of chemicals used to 
decontaminate soils polluted with radionuclides may be prohibitive; estimates of $200 
to $300 billion for radionuclide cleanup in the U. S. alone, are considered conservative 
(21). 

In addition to the logistical and cost limitations for treating soils with present 
technology, physical and chemical alteration of soils may inhibit reclamation ofthe site. 
The heavy equipment needed to remove or transport soil compacts the remaining soil, 
adversely affecting the porosity, bulk density and water holding capacity of soil. 
Changes in aeration and water availability can in turn negatively impact plant growth and 
nutrition. If the soil is returned to the site, use of dispersing compounds such as 
detergents and surfactants and chelating agents during soil washing procedures to extract 
pollutants from soil can promote the loss of soil nutrients and cofactors needed by plants, 
microbes and other soil biota. In large quantities, chelating compounds may also 
adversely affect soil physical characteristics such as cation exchange capacity. 
Surfactants and detergents may adversely affect the viability of prokaryotic and 
eukaryotic soil biota by causing membrane damage. The establishment of plants on 
physically, chemically and microbiologically compromised soils can therefore become 
problematic. 

In contrast, phytoremediation-based approaches, particularly those designed with 
planned, successive in situ harvests and simultaneous or sequential perimeter plantings 
of other species, may not only remediate a site, but may eventually reclaim it, by 
fostering the establishment of a plant community. The ensuing sections will (a) review 
plant species that have been evaluated for in situ phytoremediation of radionuclides in 
contaminated soils, (b) propose criteria for selecting and developing plant species to be 
used for phytoremediation, (c) suggest points to consider for minimizing non-target 
effects of plants and (d) highlight basic and applied research needed to help ensure 
environmental and human safety, as well as efficacy of phytoremediation. 
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Survey of Plants that Accumulate 1 3 7Cs and '"Sr 

Although the ability to accumulate radionuclides varies among a wide array of plant 
species occupying different habitats, many plants growing on contaminated soils have 
been shown to accumulate large amounts of radionuclides. Numerous reports have 
described plant accumulation of radionuclides, especially 1 3 7Cs and90Sr (14, 22-25). 
Laboratory experiments indicate that certain plants may be able to remove radionuclides, 
especially 1 3 7Cs and ̂ Sr from soil over a time period of 5 to 20 years. Nifontova et al. 
(6) found that plants accumulated between 530 and 1500 Bq of 1 3 7Cs and between 300 
and 1100 Bq of 90Sr over a 10 year period in 12 forest and 5 meadow plant communities 
in the vicinity of the Beloyarsk atomic power̂  station in the Urals pine mountain region 
of Russia. Wallace and Romney (22) found that a large number of plant species in the 
desert area near the Nevada Test Site, USA, accumulated substantial quantities of 
radionuclides from soils contaminated by above-ground nuclear testing. 

Trees can also accumulate substantial quantities of radionuclides. Pinder et al. 
(23) reported that Acer rubrum, Liquidambar stryaciflua and Liriodendron tulipifera 
accumulated significant quantities of 2 4 4Cm, 1 3 7Cs, 2 3 8Pu, 2 2 6Ra and90 Sr. Robison and 
Stone (4) found that Cocos nucifera accumulated substantial amounts of 137Cs from soils 
contaminated by nuclear weapons testing on Bikini Atoll. They also reported that 
additions of Κ and Ρ to the soil decreased the amount of 137Cs taken up by the trees. Entry 
et al (26) found that Pinus radiata and Pinus ponderosa seedlings accumulated 
substantial quantities of 137Cs and90 Sr. Entry and Emmingham (27) found that potted 
Eucalyptus tereticornis seedlings removed 31.0 % of the 1 3 7Cs and 11.3 % of the 90Sr in 
sphagnum peat soil after one month of exposure. 

Accumulation of 1 3 7Cs and ̂ Sr in grasses and other herbaceous plants has also 
been widely documented. Dahlman et al. (28) reported that Festuca arundinacea 
accumulated 42,143 kBq of 137Cs m"2 in 8 months, in an area where the total amount of 
137Cs above-ground runoff and sediment was less than 444 kBq of 1 3 7Cs. Salt et al. (14) 
reported that Lolium perenne, Festuca rubra, Trifolium repens and Cerastium fontanum 
accumulated from 28 to 1040 Bq 1 3 7Cs g1 of plant tissue in a re-seeded pasture in 
Scotland. Coughtery et al. (24) found that a Festuca / Agrostis plant community in the 
United Kingdom accumulated 4-19% of the 1 3 7Cs deposited by Chernobyl fallout. 
Accumulation of 137Cs was higher in Carex spp than in 9 species of grasses in an upland 
area in Great Britain (24). 

Radionuclides such as 90Sr and 137Cs often accumulate as they move up the food 
chain. Radionuclides are accumulated by zooplankton, aquatic plants, fungi and 
invertebrates such as earthworms. Penntilla et al (15) reported that 1 3 7Cs and90 Sr 
bioaccumulation in aquatic and terrestrial animals that consume plants eventually leads 
to incorporation into many foods consumed by humans. Haselwandter and Berreck (29) 
have recently reviewed accumulation of radionuclides by arbuscular mycorrhizal and 
ectomycorrhizal fungi and their bioaccumulation in the food chain. 
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Criteria and Approach for Selecting Candidate Phytoremediation Species 

Candidate plant species to remove radionuclides from contaminated soils can be selected 
and evaluated for efficacy and for environmental safety by using a multi-staged screening 
approach (30). The first step is to identify plant species or cultivars from the literature 
or from contaminated sites for their potential abilities to take up given radionuclides. 
Subsequent points to consider for revegetation of damaged terrestrial ecosystems include 
assessment of potential ecological effects, agronomic requirements and reproductive 
characteristics (31, 32). Specific examples of points to consider in selecting or 
developing plant species for remediation, reclamation or restoration purposes are 
summarized in Table I. For example, major ecological considerations should address (a) 
the risks and benefits of using native or exotic species (b) ability of the introduced plants 
to hybridize with other species, especially weeds, (c) whether the plants are insect or 
wind pollinated and (d) whether the species are annuals or perennials and (e) effects of 
concentrated radaionuclides on potential herbivores and pollinators. Agronomic 
considerations should take into account biomass production, water, nutrients and cultural 
requirements; ability to form beneficial associations with mycorrhizal fungi, nitrogen 
fixing or other plant growth promoting soil or rhizobacteria; tolerance to disease, insects 
and temperature; and to salt or pH extremes. Reproductive considerations should include 
seed and pollen production. Morphology of the root system and its ability to penetrate 
and spread in different soil types could be important both in maximizing uptake of 
radionuclides or other pollutants, and in stabilizing the soil to minimize aerial 
dissemination of contaminated soils. Some of these properties can be tested in the 
greenhouse using soils representative of contaminated sites. The effects of organic 
amendments and mycorrhizal or other microbial inoculants on efficacy can be evaluated 
initially in greenhouse tests and later in field tests. Similarly, effects on non-target 
organisms can be tested initially in greenhouse systems and later under field conditions. 

Minimizing Non-Target Ecological Effects of Phytoremediation Practices 

Ecological risk from weedy or invasive species can be minimized with precautions. For 
example, the potential for hybridization with weeds and for pollen and seed 
dissemination can be reduced by harvesting before flowering or seed set. In the future, 
using infertile hybrids or sterile males of selected species may be a viable option. 
Avoidance of insect pollinated plants can reduce exposure of accumulated toxics to 
insect pollinators such as bees, butterflies or other insects. Selecting plants that are less 
palatable to grazing by vertebrate or invertebrate herbivores, and wind-pollinated rather 
than insect-pollinated plants, reduces the potential for food-chain accumulation. Periodic 
harvests of the above-ground portion of plants may maximize continued uptake, reduce 
potential phytotoxicity associated with bioaccumulation and reduce exposure to potential 
pollinators, and to vertebrate and invertebrate herbivores. By reducing the potential for 
phytotoxicity to the accumulating species, the useful life of a given planting may be 
increased, thereby reducing the need for re-seeding or replanting. 
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Strategy for In Situ Phytoremediation of Radionuclide Contaminated Soils 

Soil Amendments The most desirable soil conditions are those that enhance plant uptake 
of radionuclides without increasing radionuclide mobility in the soil. Achieving this 
condition in soils in situ may be approached in two ways: 1) by improving the ability of 
the plant to take up radionuclides, (eg., via mycorrhizal associations) (29, 33) or by 
inoculation with plant-growth promoting rhizobacteria (34, 35), and /or 2) by altering 
the chemical form of the radionuclide in the soil to increase its availability to plants. 

Table I. Points to Consider in Selecting Plants for Phytoremediation Purposes 

A. Ecological Aspects • Native or exotic species 
• Invasiveness 
• Ability to hybridize with weed species 
• Wind or insect dissemination of pollen 
• Potential impacts on herbivores 
• Longevity 

B. Agronomic 
Considerations 

• Availability of seeds or transplants 
• Biomass production 
• Fertilizer requirements 
• Water requirements 
• Availability of harvesting methods 
• Suitability for multiple harvests 
• Disease and insect tolerance 
• Potential for symbiotic associations 
• Types of suitable soils and climates 
• Tolerance to environmental stresses 

C. Reproductive 
Characteristics 

• Seed production and viability 
• Pollen production 

D. Efficacy and Economics • Effective limits of remediation 
• Time required for adequate remediation 
• Harvest, recovery and disposal costs 
• Potential for recovery of pollutants 
• Costs for re-seeding or re-planting 

Inoculation of plants or soil with specific mycorrhizal fungi or other root 
associated microflora may additionally maximize plant uptake and accumulation of 
radionuclides (30). The availability of radionuclides to plants can be enhanced, while 
decreasing the mobility of these radionuclides in soil, by in situ addition of organic 
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amendments, and carefully managed concentrations of chelating agents and fertilizer 
(30). Chelators, such as diethylenetriamine-pentaacetic acid (DTPA), alter the 
radionuclide form so it is more biologically available to the plant but not increasing its 
mobility to the point where it is easily leach from the soil. Organic matter will complex 
with 1 3 7Cs and *°Sr to remove them from absorption sites on mineral solids and reduce 
soil pH and base saturation, thereby increasing radionuclide availability to plants. Many 
naturally occurring soil organic compounds as well as synthetic chelators, are bound by 
soil clays, oxides and mineral surfaces, preventing their downward movement in the soil. 
Mechanisms proposed for the binding include oxygen bonds, cation bridges and chelated 
metal bridges (36). If oxygen bonds or other cations are providing bonding to clay sites, 
then chelated radionuclides should be expected to be accessible for uptake into plants. 
Harvested plant materials would then be subjected to high temperature combustion or 
smelting to oxidize and concentrate radionuclides in ash for disposal or recovery. 

Strategy for Reclamation of the Phytoremediated Area In the long term, plants 
native to an area would be the most desirable from an ecological viewpoint. In non-
agricultural lands, if appropriate, the area surrounding the targeted remediation site can 
be planted with a mixture of seeds from native species. Perimeter plants serve several 
purposes. They (a) reduce erosion and dissemination of contaminated soil and (b) 
produce a source of propagules (roots, rhizomes, stolons, seeds, etc.), that can grow in 
the phytoremediated area and as suggested by Chambers and Mac Mahon (37), facilitate 
the growth and spread of indigenous or introduced mycorrhizal inocula. With 
appropriate species selection, one might anticipate that over a period of several years, the 
species in the phytoremediation area would gradually become replaced by native species. 
Planting of the perimeter areas could be achieved by mulching with plant canopies from 
adjacent areas (38). Conventional low cost methods such as tilling and broadcasting or 
drilling seed, or higher cost transplant methods (of seedlings or of plugs of soil with 
plants from adjacent plant communities) can also be considered, depending on the size 
of the area to be remediated. 

Research Needs 

Numerous research needs exist, ranging from maximization of efficacy in the field to 
ecological and health effects risk assessment studies. Genetic manipulation of candidate 
plant species and of associated rhizosphere microflora may be necessary to maximize 
efficacy while minimizing ecological risks. For example, molecular techniques are 
available (39), which permit the isolation and introduction of genes to enhance uptake, 
sequestration, bioaccumulation or biotransformation of given inorganic or organic 
pollutants (40-43). Plant breeding techniques may be developed that will localize the 
times or places of radionuclide accumulation in plants to specific plant parts so that 
environmental exposure to non-target species can be minimized. Cultural and harvest 
practices aimed at reducing pollen or seed spread, and selection or development of lines 
with reduced fertility, seed production or seed bank viability may also be useful in 
minimizing dissemination, persistence and invasion of introduced species. Data are also 
needed on non-target effects to plant symbionts such as mycorrhizal fungi and nitrogen 
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fixing bacteria and on soil foodweb components such as bacteria, fungi, nematodes and 
protozoans. Research is also needed on toxicity to invertebrate and vertebrate herbivores 
of above ground and below ground plant parts. Depending on the specific radiological 
characteristics of given radionuclides, effects on the mutagenicity of the concentrated 
radionuclides to target and non-target plants, microbes, invertebrates and vertebrates may 
also need to be addressed. 
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phytoremediation, 9 
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toxicity of xenobiotics toward duckweed, 
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277,280-281 
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Chrysene, grass remediation, 191-193 
Clay soil, grass remediation, 186-198 
Cocos nucifera, radionuclide 

accumulation, 301 
Commercial meal, biostimulation for 

enhancement of dissipation of aged 
herbicide residues in land-farmed waste, 
77-90 

Common buffalo grass, polycyclic aromatic 
hydrocarbon contaminated clay soil 
remediation, 194-197 

Com 
biostimulation for enhancement of 

dissipation of aged herbicide 
residues in land-farmed waste, 77-90 

use for phytoremediation of 
chloroacetamides in soil, 92-103 

Cyanazine, remediation using plants, 65-74 
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Darey's equation, 123 
Degradation 
atrazine, 54-63 
benzene in soils planted with alfalfa, 

223-235 
effect of rhizosphere, 254—261 
persistent herbicides 

in riparian wetlands, 127-129 
in soil, 114-127 

Dehydroascorbic acid, biomarker of 
oxidative stress, 106-107 

Deicing agents 
aviation function, 162 
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reduction, 162-174 
Dibenz[a,/ï]anthracene, grass remediation, 

191-193 
4-(Dichloroacetyl)-3,4-dihydro-3-methyl-

2//-l,4-benzoxazine, See Benoxacor 
2,5-Dichlorobenzoate, role of 

rhizosphere in degradation, 31 
4,4'-Dichlorobiphenyl, role of 

rhizosphere in degradation, 30i,31-32 
(2,4-Dichlorophenoxy)acetic acid degrading 

organisms, ecology, 21,23 
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N^-Dime%l-AT-[(trifluoromethyl)phenyl]-
urea, See Fluometuron 

1,1 -Dimethyl-3-(a,a,a-trifluoro-/n-tolyl)-
urea, See Fluometuron 

Duckweed, chlorinated phenol 
metabolism, 238-252 

Ε 

Ectomycorrhizal fungi, exogeneously 
provided atrazine metabolism, 152-160 

Effluent, chromium bioremediation from 
water and soil, 274-282 

Electroosmosis, role in lead 
accumulation, 292 

Elodea canadensis, phytoremediation of 
herbicide-contaminated surface water, 
133-149 

Enzyme activity, role in herbicide-
contaminated soil remediation, 73,74f 

Ethylene glycol, vegetation for 
environmental impact reduction, 
162-174 

Eucalyptus tereticornis, radionuclide 
accumulation, 301 

Exogenously provided atrazine metabolism 
by Hebeloma crustuliniforme and Pinus 
ponderosa 

atrazine mineralization, 157,158/,160 
experimental procedure, 153-158 
radioactivity recovery in C0 2 , 157,159f 

F 

Festuca arundinacea 
radionuclide accumulation, 301 
role in environmental impact reduction 

of deicing agents, 174 
Festuca rubra, radionuclide 

accumulation, 301 
Fluometuron 
degradation 

in riparian wetlands, 127-129 
in soil, 116-117,120,125-126 

migration, 122 
remediation using plants, 65-74 

Fluoranthene, grass remediation, 191-193 
Fluorene, grass remediation, 191-193 
Freundlich equation, 122-123 
Fungi, exogenously provided atrazine 

metabolism, 152-160 

G 

Gautieria crispa, atrazine 
degradation, 152 

Genetic engineering, role in lead 
phytoextraction, 288/,289-290 

Geobotanical prospecting, 7 
Grass(es), role in environmental impact 

reduction of deicing agents, 174 
Grass remediation for polycyclic aromatic 

hydrocarbon contaminated clay soil 
acenaphthene, 191,192i 
anthracene, 191-193 
bioconcentration in plants, 197-198 
buffalo grass root development, 193-194 
experimental procedure, 188-190 
fluoranthene, 191-193 
fluorene, 191-193 
identification of component grass 

species, 194-197 
naphthalene, 190-193 
phenanthrene, 191-193 

Ground seed, biostimulation for 
enhancement of dissipation of aged 
herbicide residues in land-farmed waste, 
77-90 

Groundwater 
contamination, 65 
remediation using plants, 66-74 

H 

Hairy vetch, use for herbicide-
contaminated soil remediation, 65-74 

Heavy metal(s) 
contamination of environment, 284-285 
remediation, 6-7 

Hebeloma crustuliniforme, metabolism of 
exogenously provided atrazine, 152-160 
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Herbicide 
biostimulation for enhancement of 

dissipation in land-farmed waste, 
77-90 

degradation 
in riparian wetlands, 127-129 
in soil, 114-127 

fate in environment, 115-116 
Herbicide-contaminated soils, remediation 

using plants, 65-74 
Herbicide-contaminated surface water with 

aquatic plants, phytoremediation, 
133-149 

Herbicide stress, ascorbate as biomarker, 
106-112 

Hexachlorobiphenyl, biodegradability, 
200-201 

Hexachlorobiphenyl-contaminated soil 
phytoremediation 

experimental procedure, 201-207 
microbial enumeration, 218-219 
mineralization, 208,211-213 
percent mass balance for microcosms, 

208,209/ 
plant growth and incorporation, 217-218 
soil-bound radiolabeled carbon, 213-217 
solvent-extractable radiolabeled carbon, 

213-217 
volatilization, 208,210/ 

Hydrophobic bonding, definition, 118 
Hyperaccumulation, inducement, 8-9 
Hyperaccumulators, use in 

phytoremediation, 8 

Indeno[l,2,3-c,*/]pyrene, grass remediation, 
191-193 

Indirect plant effects, plant-microbe 
interactions, 12-14 

Inorganic contamination, phytoremediation, 
5-10 

Κ 

Kentucky bluegrass, environmental impact 
reduction of deicing agents, 162-174 

King Ranch bluestem, polycyclic aromatic 
hydrocarbon contaminated clay soil 
remediation, 194-197 

Klein grass, remediation for polycyclic 
aromatic hydrocarbon contaminated 
soil, 186-198 

Kochia scoparia plants, role in 
degradation of aged residues, 62-63 

Land-farmed waste, biostimulation for 
enhancement of dissipation of aged 
herbicide residues, 77-90 

Land-farming, amendment effect 
on aged contaminants, 78-79 

Lead accumulation and tolerance in plants 
using Arabidopsis thaliana 

advantages as model system, 266,267r 
culture media, 266-268 
ecotypes vs. lead accumulation and 

tolerance, 268-269,270/ 
identification of mutants in lead 

accumulation from mutagenized M 2 

populations, 269,271-272 
Lead phytoextraction from contaminated 

soils 
enhancement methods 
electroosmosis, 292 
phosphorus nutrition, 291 
synthetic chelate, 292-296 

hydroponic studies of physiology 
greenhouse vs. field studies, 290-291 
lead translocation from roots to 

shoots, 287,288/ 
lead uptake by roots, 286-287 
role of plant genetic engineering, 

288/289-290 
species variation in lead 

accumulation, 287-289,290i 
system, 285-286 

Legumes, role in environmental impact 
reduction of deicing agents, 174 

Lemna minor, phytoremediation of 
herbicide-contaminated surface water, 
133-149 
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Liquidambar stryaciflua, radionuclide 
accumulation, 301 

Liriodendron tulipifera, radionuclide 
accumulation, 301 

Lolium perenne 
radionuclide accumulation, 301 
role in environmental impact reduction 

of deicing agents, 174 
Lotus comiculatus, role in environmental 

impact reduction of deicing agents, 174 

M 

Meal, biostimulation for enhancement of 
dissipation of aged herbicide residues 
in land-farmed waste, 77-90 

Medicago sativa, environmental impact 
reduction of deicing agents, 162-174 

Metolachlor 
agricultural contamination, 92-93 
phytoremediation of contaminated surface 

water with aquatic plants, 133-149 
structure, 93-94 

Microbial distribution, heterogeneity of 
plant rhizosphere, 25,26/,28 

Microbial enumeration, benzo[a]pyrene-
and hexachlorobiphenyl-contaminated 
soil, 218-219 

Microbial population, role in herbicide-
contaminated soil remediation, 73,74f 

Microorganisms, rhizosphere ecology, 
20-34 

Mineralization 
atrazine, 59-60,61/ 
benzo[a]pyrene- and hexachlorobiphenyl-

contaminated soil, 208,211-213 
Mycorrhizal fungi, exogenously provided 

atrazine metabolism, 152-160 

Ν 

Nitroaromatic compounds, environmental 
concern, 8 

Nitrophenols, degradation, 39 
Nitroreduction, acifluorfen in soils, 

rhizospheres, and pure cultures of 
rhizobacteria, 38-52 

Nymphaea alba, chromium bioremediation 
from water and soil, 274-282 

Ο 

Oidiodendron griseum, (2,4-dichloro-
phenoxy)acetic acid, degradation, 152 

Organic compounds, factors affecting root 
uptake, 10-11 

Ρ 

Panicum coloratum var. Verde, remediation 
for polycyclic aromatic hydrocarbon 
contaminated soil, 186-198 

Persistent herbicide degradation 
in riparian wetlands, 127-129 
in soil 
degradation, 116-121,123-127 
migration, 118,123-122 
photolysis, 123 
volatilization, 118 

Pesticide-contaminated soils 
atrazine degradation, 54-63 
chemicals in enhanced degradation, 55 
other pesticides, 54-55 

Petrochemical manufacturing sites, 
contamination of soil by polycyclic 
aromatic hydrocarbons, 186 

Phenanthrene, grass remediation, 191-193 
Phenols 
applications, 238 
chlorinated, See Chlorinated phenol 
metabolism by duckweed 

Phragmites karka, chromium 
bioremediation from water and soil, 
274-282 

Phytoextraction 
lead from contaminated soils, 283-296 
soils, 6-7 
water, 6 

Phytoremediation 
atrazine, 54—63 
benzo[a]pyrene- and hexachloro-

biphenyl-contaminated soil, 200-219 
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Phytoremediation—Continued 
chloroacetamides in soil 
chloroacetamide catabolism by 

Pseudomonas fluorescens, 96-97 
experimental procedure, 95-96 
factors affecting com growth 
benoxacor, 97-99, lOOf 
herbicide concentration, 97-99, lOOf 
inoculation, 97-99,100* 

herbicide persistence-degradation, 
100-103/ 

root colonization by Pseudomonas 
fluorescens, 99-100 

description, 4 
herbicide-contaminated surface water with 

aquatic plants 
atrazine vs. metolachlor, 145,147-148 
Ceratophyllum demersum vs. Elodea 

canadensis vs. Lemna minor, 147-148 
degradation in water and plant tissues, 

141-146i 
experimental procedure, 135-137 
occurrence of herbicides, 133-134 
plant uptake of 1 4 C , 137,140-141 
reduction in water of vegetated 

incubation systems, 137,138/,139i 
industrial chemicals, 162-261 
inorganic contamination, 5-10 
organic contaminants, 10-15 
radionuclide-contaminated soil, 299-305 
soil contaminated with petroleum 

hydrocarbons, 224 
trichloroethylene with hybrid poplars, 

178-184/ 
Phytostabilization, 4 
Pinus ponderosa 
exogenously provided atrazine 

metabolism, 152-160 
radionuclide accumulation, 301 

Pinus radiata, radionuclide 
accumulation, 301 

Plant(s) 
ascorbate as biomarker of herbicides 

stress, 106-112 
chromium bioremediation from water and 

soil, 274-282 

Plant(s)—Continued 
lead accumulation and tolerance using 

Arabidopsis thaliana, 264-272 
phytoremediation of herbicide-

contaminated surface water, 133-149 
radionuclide accumulation, 301 
use for herbicide-contaminated soil 

remediation, 67-74i 
Plant-microbe interactions, indirect plant 

effects, 12-14 
Plant-microbial systems for 

bioremediation, 20-22/ 
Plant residues, biostimulation for 

enhancement of dissipation of aged 
herbicide residues in land-farmed waste, 
77-90 

Plant species, role in environmental 
impact reduction of deicing 
agents, 174 

Poa pratensis, environmental impact 
reduction of deicing agents, 162-174 

Polycyclic aromatic hydrocarbon(s) 
degradation, 187-188 
factors affecting fate and transport 

in soil, 254-255 
grass remediation of contaminated 

clay soil, 186-198 
Poplars, phytoremediation of 

trichloroethylene phytoremediation, 
177-184 

Populus tnchocarpa x Populus 
deltoïdes, phytoremediation of 
trichloroethylene, 177-184 

Prairie buffalo grass, remediation for 
polycyclic aromatic hydrocarbon 
contaminated soil, 186-198 

Pseudomonas fluorescens, use for 
phytoremediation of chloroacetamides 
in soil, 92-103 

Pyrene 
degradation in soil, 254-261 
grass remediation, 191-193 

R 

Radionuclide(s), 299-300 
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Radionuclide-contaminated soil 
minimization of nontarget ecological 

effects, 302 
plants that accumulate cesium-137 and 

strontium-90, 301 
reclamation of phytoremediated 

area, 304 
soil amendments, 303-304 
species selection, 302,303i 

Reductive dechlorination, chlorinated 
phenols, 249-252 

Remediation 
agriculture practices, 3-4 
costs, 3 
market for technology, 5 
polycyclic aromatic hydrocarbon 

contaminated clay soil, 186-198 
use of plants for herbicide-contaminated 

soils, 65-74 
Rhizobacteria cultures, acifluorfen 

aromatic nitroreduction, 38-52 
Rhizosphere 
acifluorfen aromatic nitroreduction, 

38-52 
description, 255 
ecology of xenobiotic-degrading 

microorganisms, 21,23 
xenobiotic degradation, 20-34 

Rhizosphere soil 
atrazine degradation, 54-63 
environmental impact reduction of deicing 

agents, 162-174 
Rice, use for herbicide-contaminated soil 

remediation, 65-74 
Riparian wetlands 
conversion to agricultural use, 115 
persistent herbicide degradation, 

127-129 
Ryegrass, use for herbicide-contaminated 

soil remediation, 65-74 

S 

Safeners, description, 93 
Scirpus lacustris, chromium bioremediation 

from water and soil, 274-282 

Seashore paspalum, polycyclic aromatic 
hydrocarbon contaminated clay soil 
remediation, 194-197 

Sludge, chromium bioremediation from 
water and soil, 274-282 

Soil(s) 
acifluorfen aromatic nitroreduction, 38-52 
at agrochemical facilities, 65-74 
atrazine degradation, 54-63 
chromium bioremediation by vascular 

aquatic plants, 274-282 
effect of rhizosphere on pyrene 

and anthracene degradation, 254-261 
fate of benzene, 223-235 
grass remediation, 186-198 
lead phytoextraction, 283-296 
persistent herbicide degradation, 114-127 
phytoextraction of inorganic 

contaminants, 6-7 
phytoremediation 
chloroacetamides, 92-103 
radionuclides, 299-305 

use of plants for remediation, 65-74 
Soil amendments, stimulation of 

bioremediation, 67 
Soil-bound radiolabeled carbon, 

benzo[û]pyrene- and 
hexachlorobiphenyl-contaminated 
soil, 213-217 

Soil temperature, role in environmental 
impact reduction of deicing agents 
using vegetation, 173-174 

Solvent-extractable radiolabeled carbon, 
benzo[a]pyrene- and 
hexachlorobiphenyl-contaminated 
soU, 213-217 

Soybean, biostimulation for enhancement 
of dissipation of aged herbicide residues 
in land-farmed waste, 77-90 

St. Augustine grass, polycyclic aromatic 
hydrocarbon contaminated clay soil 
remediation, 194-197 

Strontium-90, accumulation in plants, 301 
Substrate concentration, role in 

environmental impact reduction of 
deicing agents using vegetation, 173 
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Surface water contaminated with 
herbicides, phytoremediation, 133-149 

Switch grass, polycyclic aromatic 
hydrocarbon contaminated clay soil 
remediation, 194-197 

Synthetic chelates, role in lead 
phytoextraction, 292-296 

Τ 

Tannery effluent and sludge, chromium 
bioremediation from water and soil, 
274-282 

Texas bluebonnet, polycyclic aromatic 
hydrocarbon contaminated clay soil 
remediation, 194-197 

Trichloroethylene 
cleanup efforts, 177-178 
phytoremediation with hybrid poplars, 

177-184 
Trifluralin 
degradation 

in riparian wetlands, 127-129 
in soil, 39,117-118,121,126-127 

migration, 122-123 
Trifolium repens, radionuclide 

accumulation, 301 

V 

Vascular aquatic plants, chromium 
bioremediation from water and soil, 
274-282 

Volatilization 
benzene in soils planted with alfalfa, 

223-235 
benzo[a]pyrene- and 

hexachlorobiphenyl-contaminated 
soil, 208,210/ 

W 

Waste, biostimulation for enhancement of 
dissipation of aged herbicide 
residues, 77-90 

Wastewater from rinsing of spray tanks, 
soil contamination, 77 

Water 
chromium bioremediation by vascular 

aquatic plants, 274-282 
contaminated with herbicides, 133-149 
phytoextraction of inorganic 

contaminants, 6 
Weeping love grass, polycyclic aromatic 

hydrocarbon contaminated clay soil 
remediation, 194-197 

Wetiand(s) 
persistent herbicide degradation, 127-129 
types, 115 

Wetland plants, ascorbate as biomarker of 
herbicide stress, 106-112 

Winecup, polycyclic aromatic hydrocarbon 
contaminated clay soil remediation, 
194-197 

X 

Xenobiotic degradation, role of 
rhizosphere, 20-34 

Xenobiotic-dègrading microorganisms, 
rhizosphere ecology, 20-34 

Ζ 

Zea mays L., See Corn 
Zoysia grass, polycyclic aromatic 

hydrocarbon contaminated clay soil 
remediation, 194-197 
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