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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 neces
sary 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 organiz
er^) of the symposium, who become the editor(s) of the book. 
The authors then revise their papers according to the recom
mendations 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 re
view papers are included in the volumes. Verbatim reproduc
tions of previously published papers are not accepted. 

M. Joan Comstock 
Series Editor  S

ep
te

m
be

r 
4,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

2,
 1

99
4 

| d
oi

: 1
0.

10
21

/b
k-

19
94

-0
56

3.
fw

00
1

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



Preface 

I H E U S E O F M I C R O O R G A N I S M S to remediate environments contam
inated by hazardous substances is an innovative technology and an area of 
intense interest. Although biological technology has been used for 
decades in wastewater treatment, recent examination of the cost-
effectiveness of this technology has led to its application to hazardous 
chemicals at waste sites. Successes obtained by using the natural meta
bolic capabilities of bacteria and fungi to clean up soil, sediment, and 
water have encouraged continued interest and research in bioremediation. 

Microbial degradation of toxicants can be hindered, when, for exam
ple, the population or activity of microorganisms capable of degrading the 
toxicants is limited by the environmental conditions. In such cases, 
environmental conditions must be altered to effectuate remediation. The 
use of vegetation to facilitate microbial degradation of toxicants may be a 
viable method for remediating contaminated environments in situ. The 
plant root zone, or rhizosphere, provides a habitat conducive to the proli
feration of microbial growth and activity. Previous research indicated 
decreased persistence of pesticides in rhizosphere soils. Recent investiga
tions revealed similar results with industrial chemicals such as surfactants, 
oil residues, polycyclic aromatic hydrocarbons (PAHs), pentachloro-
phenol, and trichloroethylene. 

Although numerous texts deal with the rhizosphere, this is the first 
book on the potential use of the rhizosphere for bioremediation. The 
book is divided into four sections. Overviews of bioremediation and 
rhizosphere microbiology are provided in the first section. The interac
tions between microorganisms, plants, and chemicals in the rhizosphere 
are presented in six chapters contained in the second section. The degra
dation of industrial chemicals in the rhizosphere, including PAHs and 
chlorinated phenols, is presented in the third section. Finally, the section 
on microbial degradation of pesticides in the rhizosphere contains 
chapters on herbicides as well as applications to pesticide-contaminated 
sites. Overall, we believe the book provides the lay reader with valuable 
review information that puts in context the potential role of the rhizo
sphere in bioremediation. In addition, the book provides those active in 
this area of research with a document that summarizes the current state 
of the science. 

xi 
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Chapter 1 

Role of Microorganisms in Soil 
Bioremediation 

Jean-Marc Bollag, Tawna Mertz, and Lewis Otjen 

Laboratory of Soil Biochemistry, Center for Bioremediation 
and Detoxification, Environmental Resources Research Institute, 

Pennsylvania State University, University Park, PA 16802 

It has long been recognized that microorganisms have distinct and 
unique roles in the detoxification of polluted soil environments and, 
in recent years, this process has been termed bioremediation or 
bioreclamation. The role of microorganisms and their limitations 
for bioremediation must be better understood so they can be more 
efficiently utilized. Application of the principles of microbial 
ecology will improve methodology. The enhancement of microbial 
degradation as a means of bringing about the in situ clean-up of 
contaminated soils has spurred much research. The rhizosphere, in 
particular, is an area of increased microbial activity that may 
enhance transformation and degradation of pollutants. The most 
common methods to stimulate degradation rates include supplying 
inorganic nutrients and oxygen, but the addition of degradative 
microbial inocula or enzymes as well as the use of plants 
(phytoremediation) should also be considered. 

Although "soil bioremediation" is a relatively new term, it describes a 
phenomenon that has existed since the beginning of life. A wide variety of 
naturally occurring toxic and recalcitrant organic compounds exist on earth, and 
many are naturally mineralized The formation of most organic matter begins with 
plants capable of harnessing the energy of sunlight. This organic matter serves as 
an important energy source for entire food chains. In a terrestrial ecosystem, the 
wastes produced by this food chain end up in the soil. Soil organic matter is 
recycled by a diverse array of soil organisms including bacteria, fungi, 
actinomycetes, protozoa, earthworms, and insects. Microorganisms are 
ultimately responsible for mineralizing most organic matter to carbon dioxide. 
Residual organic matter that is not readily mineralized can be incorporated into 

0097-6156/94/0563-0002$08.00/0 
© 1994 American Chemical Society 
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1. BOLLAG ET AL. Role of Microorganisms in Soil Bioremediation 3 

humus. By studying these naturally occurring systems of soil bioremediation, 
researchers should be better able to apply these systems to the clean-up of man-
made pollutants. 

The use of biological systems to bring about the timely remediation or 
detoxification of man-made pollutants is the goal of soil bioremediation. The 
successful implementation of soil bioremediation requires interdisciplinary 
cooperation among soil biology, soil chemistry, and engineering experts. 
Although bioremediation is a multidisciplinary undertaking, its central thrust 
depends on a thorough understanding and utilization of principles of microbial 
ecology. 

Biological treatments of man-made waste have been successfully 
implemented for decades. Municipal and industrial wastewaters and agricultural 
wastes are treated in bioreactors as activated sludges, in waste ponds or lagoons, 
in fixed media reactors using trickling filters, or in fluidized bed reactors 
containing an active biofilm of microorganisms (i) . Bioremediation utilizes the 
natural role of microorganisms in transformation, mineralization, or complexation 
by directing those capabilities toward organic and inorganic environmental 
pollutants. 

The United States generates more hazardous waste than any other 
industrialized nation. Nearly 300 million metric tons annually, or over 1.25 
metric tons per person, are produced (original Conservation Foundation 
estimates). In addition, there are over 1200 Superfiind sites, which will incur 
estimated clean-up costs of $30 billion. Some 40 million citizens who live within 
four miles of these Superfund sites are at risk. As many as 50,000 additional sites 
are thought to be contaminated with hazardous compounds and restoration costs 
for these areas are estimated at $1.7 trillion (2). Contaminated environments 
include surface and subsurface soils and surface and ground waters. Various 
man-made materials have been dumped at contaminated sites. As a result, many 
sites contain a complex mixture of contaminants, including petroleum products, 
organic solvents, metals, acids, bases, brines, and radionuclides. Over a very 
long period of time, natural degradation activities would eventually destroy some 
of these contaminants. New affordable technologies are needed to speed up 
natural remediation processes, thus reducing health risks and restoring natural 
balances. The repertoire of treatments currently used to remove or destroy 
contaminants spans physical, chemical, and biological technologies. The use of 
bioremediation techniques in soils, however, may have some significant 
advantages over other treatment methods in that cleanup costs may be reduced and 
site disruption may be kept to a minimum (5). 

The primary technique that has been used in bioremediation to enhance 
natural detoxification of contaminated environments is stimulation of the activity 
of indigenous microorganisms by the addition of nutrients, regulation of redox 
conditions, and optimization of pH conditions, etc. Other approaches that are still 
in early stages of testing include (a) inoculation of the sites with microorganisms 
of specific biotransforming abilities; (b) application of immobilized enzymes; and 
(c) use of plants to contain or transform pollutants (phytoremediation). 
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4 BIOREMEDIATION THROUGH RHIZOSPHERE TECHNOLOGY 

Microbial Activity in Soil 

Microorganisms are ubiquitous, inhabiting even the most hostile environments. 
Their ability to transform virtually all forms of organic material (natural or 
synthetic) makes them attractive agents of bioremediation. Microbial activity, 
however, has certain requirements. There are many reasons why organic 
pollutants may not be quickly degraded when dumped into a soil environment— 
high concentrations of pollutants, limited amounts of electron acceptors, 
inadequate supply of nutrients, and unfavorable environmental conditions such as 
moisture, temperature, pH, ionic strength, or redox status. 

In nature, most organic matter is aerobically mineralized, using oxygen as 
the final electron acceptor. This degradation is usually a stepwise process 
involving different microorganisms in concert, or in succession, to bring about the 
mineralization of organic matter. The same is often true for the mineralization of 
xenobiotics. Slater and Lovatt (4) showed that mixed communities of 
microorganisms may be more efficient at mineralizing some pollutants, such as 
chlorinated aromatic hydrocarbons and alkylbenzene sulfonates, than individual 
species. Sometimes pollutants cannot be directly assimilated by the microbes that 
oxidize them (co-metabolism), but may instead be further transformed by other 
populations. These commensal relationships can significantly enhance the 
mineralization of recalcitrant pollutants and prevent the accumulation of toxic 
intermediates. 

In contrast to the oxygen-dependent metabolism characteristic of aerated 
portions of soil, other electron acceptors are involved in microbial degradation in 
anaerobic environments. These reduced environments provide optimal conditions 
for denitrifying, methanogenic, or sulfate-reducing microorganisms. Although 
longer incubation times are often required, the ability of anaerobic 
microorganisms to remove chlorine from environmentally persistent chemicals, 
such as PCBs (polychlorinated biphenyls), PCE (perchloroethylene), and DDT, 
may be particularly useful for in situ bioremediation of groundwater. Some 
compounds, like benzene and related compounds, can be completely mineralized 
to carbon dioxide or transformed to cell mass under anaerobic conditions (5). 

The ability of microorganisms to mineralize pollutants can also be 
increased through genetic alterations (6). Gene transfer in bacteria occurs 
naturally through conjugation, transduction, or transformation. Plasmid transfer 
enables bacteria to adapt quickly to changes in their environment by disseminating 
the genetic information for the synthesis of the enzymes necessary for degrading 
new substrates. This characteristic enables bacteria to degrade xenobiotics and is 
one reason these organisms are useful for controlling the quality of the 
environment. Experiments have been conducted where in vitro manipulation 
results in bacterial strains with new metabolic capabilities (7). For instance, 
pathways have evolved by natural gene tranfer by selection for growth on 
chloronitrophenols and chlorobiphenyls. Through the use of genetic transfer 
techniques, it may be possible to introduce the desired plasmids into more suitable 
hosts for the commercial production of enzymes or inocula. 
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1. BOLLAG ET AL. Role of Microorganisms in Soil Bioremediation 5 

Soil bioremediation research has, for the most part, focused on the role of 
microorganisms. It has been shown, however, that plants may also play an 
important role in the direct and indirect removal of pollutants (8,9). Plants can 
physically remove pollutants from soil by absorbing or translocating them into 
plant tissue. There, metabolic processes may transform or mineralize pollutants. 
Plants can also concentrate organic or inorganic pollutants in harvestable portions 
of the plant; pollutants are then removed by removing the plants. Symbiotic 
relationships with mycorrhizal fungi may aid in these processes (10) . Plants can 
also indirectly remove pollutants by increasing the biological activity in soil 
through: (a) rhizosphere interactions; (b) relationships with nitrogen-fixing 
bacteria; (c) the contribution of dead plant material (leaf litter, etc.); and (d) the 
provision of suitable habitat for the many other organisms that inhabit the soil. 

Humification, the formation of a structureless organic polymer consisting 
largely of persistent organic substrates, occurs during the microbial decomposition 
of organic material in soil. In natural soils, humification can be initiated by free 
radicals, reactive products which are generated by specific microbial enzymes or 
inorganic catalysts (11). The process of humus formation is very complex, 
because the reactions caused by free radicals occur randomly. It has been found 
that toxic pollutants can be rendered inert and, thus, be detoxified by their 
covalent binding to humus (12). Therefore, it appears feasible to effectively 
detoxify pollutants on a large scale by enhancing natural humification processes or 
by increasing free radical reactions through the use of oxidoreductive enzymes. 

It is important to remember that many other organisms (plants, nematodes, 
earthworms, insects, etc.) exist in soil, but relatively little is known about their 
contribution to the transformation or mineralization of organic waste (13). More 
information is needed about their relationships with bacteria and fungi so that 
complete ecosystems can be restored. 

Treatment Technologies 

Two types of bioremediation techniques utilize microbes to clean up polluted 
environments: extraction-treatment techniques and in situ treatments. A 
combined approach using both of these techniques is also possible. Extraction-
treatment techniques require removing contaminated soils or groundwater and 
treating them in a bioreactor or via surface treatments. In situ bioremediation 
techniques generally involve the enhancement of indigenous microbial activity, or 
inoculation of cultivated microbes into the contaminated environment (14). 

Extraction-treatment techniques generally require the use of a containment 
vessel or bioreactor. With a bioreactor, engineers can create optimal conditions 
for the growth of microorganisms, increase contact between microorganisms and 
contaminants, utilize specific microbial cultures or enzymes, and manipulate 
acclimation time for faster biodegradation rates. Bioreactors share the following 
characteristics: (a) a nutrient delivery system; (b) a blower diffuser system for 
providing oxygen and mixing; (c) influent and effluent pumps; and (d) the use of 
water to create an aqueous matrix (15). Bioreactors tend to produce gaseous by-
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6 BIOREMEDIATION THROUGH RHIZOSPHERE TECHNOLOGY 

products, such as carbon dioxide, hydrogen, methane, or nitrogen. These 
reactors are commonly used to clean up municipal and industrial wastewaters. 

In situ bioremediation techniques generally involve enhancing microbial 
activity in contaminated soil by providing the necessary nutrients, electron 
acceptors, moisture, etc. The use of microbial inocula, cell-free enzymes, and 
plants for in situ bioremediation is still mostly experimental. To date, most in 
situ applications have been performed by the petroleum industry to clean up 
hydrocarbon spills and gasoline tank leaks. However, in the last few years the 
possibility of cleaning up regions contaminated with chlorinated hydrocarbons, 
nitriles, nitrobenzenes, anilines, plasticizers, and others has also been 
investigated. 

Landfarming may be applied if only the upper 0.5 m of the soil profile is 
contaminated. In landfarming, biodegradation is enhanced by supplementing the 
soil with nutrients and oxygen, then tilling and irrigating to create an optimal 
environment for microbial activity and to increase contaminant/microorganism 
contact. Composting is another surface treatment that has been successfully used 
to remove pollutants. Composting involves excavating surface soil, mixing the 
soil with fertilizer and bulking agents, and watering as necessary. Through 
landfarming and composting activities, contaminants can often be reduced to 
acceptable levels. 

Sites contaminated with recalcitrant xenobiotics or environments hostile to 
indigenous microorganisms are potential candidates for inoculation methods. 
Through the use of classic enrichment techniques or gene transfer technology, 
large populations of xenobiotic-degrading bacteria may be produced, then 
inoculated into the contaminated media. Introducing and dispersing inocula into 
subsurface soils can be much more difficult than their introduction into surface 
soils. Microorganisms introduced to the field must compete for resources with 
native species; they must also elude natural hazards such as microbial toxins and 
predation. For this reason, inoculum treatments appear best suited for extreme 
conditions where competitors and predators are virtually non-existent (16), or for 
bioreactors where conditions can be optimized for the inoculant (77). 
Arthrobacter sp., Pseudomonas cepacia, and Flavobacterium sp. have been tried 
in the field with mixed success. Repeated inoculations were usually needed to 
maintain biodegradative activity (13). 

In recent years, there has also been much interest in the use of white rot 
fungi as a soil inoculum (18). In nature, these fungi are able to decompose wood. 
Their ability to degrade lignin, one of nature's most persistent organic polymers, 
led researchers to investigate their ability to mineralize other recalcitrant 
pollutants. Indeed, these organisms were capable of degrading a wide variety of 
persistent pollutants in the laboratory . Although some success was achieved with 
field inoculations (19), the problem of predation by and competition with 
indigenous microflora existed. It is important to note that these fungi are 
primarily of the higher orders of basidiomycetes and ascomycetes and have 
evolved to occupy a rather specific niche as wood-inhabiting and -degrading 
species. To expect these organisms to survive, grow, and produce lignin-
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1. BOLLAG ET AL. Role of Microorganisms in Soil Bioremediation 7 

degrading enzymes in soil without the benefit of their natural environment (wood) 
is perhaps overly optimistic. 

Phytoremediation, the use of plants to detoxify organic or inorganic 
pollutants, is a promising new area of research (8). Plants may be particularly 
useful for in situ cleanup of soils with shallow contamination (less than two 
meters deep). The ability of plants to absorb and metabolize pollutants is a well 
documented phenomenon in the field of weed science. In addition to providing a 
microbially active rhizosphere, plants can accumulate various pollutants in their 
vegetative parts, making it possible to harvest the plants and dispose of them 
through the use of other treatment technologies (9). The ability of plants to 
accumulate metals is well known, but the use of plants to detoxify contaminated 
soils is relatively new (6). The influence of the rhizosphere on the degradation of 
pesticides can be seen when pesticides degrade in agricultural soils. Walton and 
Anderson (17) documented several indices of microbial activity, showing that 
trichloroethylene (TCE) in the soil was being degraded by plant root-associated 
microorganisms. Research on the association between plant roots and 
microorganisms in the rhizosphere is being actively pursued by scientist interested 
in applying it to remediation. Plants have been used successfully for wastewater 
treatment, but their ability to remove xenobiotics has only recently been attributed 
to the microorganisms associated with their roots . 

The use of cell-free enzymes may offer bioremediation specialists an 
alternative to introducing species of bacteria and fungi into environments that are 
adverse to microbial growth. The use of microbial enzymes has an advantage 
over the use of organisms, because enzymes may function under a wider range of 
conditions than is possible for the growth of organisms. Cell-free enzymes have 
been used in industry to degrade carbohydrates and proteins and have great 
potential for in situ treatment of environmental contaminants (21). Horseradish 
peroxidase has also been successfully used to dephenolize coal-conversion 
wastewaters (22). Problems encountered with the use of enzymes include the 
difficulty and expense of their extraction and purification, as well as their limited 
storage life and activity due to the instability of the purified proteins. The 
stability of enzymes in the environment can be increased by immobilizing them on 
a solid support. Immobilization of enzymes on fixed-film substrates has been 
successfully used for wastewater and gas stream treatment. The use of 
immobilized enzymes offers specificity and rapid reaction times. In the 
detoxification of wastewaters, water-soluble chemicals can be enzymatically 
converted to water-insoluble polymers that can be removed via filtration or 
sedimentation, and the immobilized enzymes may then be subsequently reused. 

Aromatic compounds containing hydroxy- or amino-groups are readily 
bound to soil organic matter (23). Non-specific oxidative reactions catalyzed by 
enzymes or abiotic agents generate phenoxy radicals or quinonoid structures that 
are highly reactive and readily form covalent bonds to humic substances. This 
irreversible binding of chemicals fulfills a beneficial function by detoxifying these 
compounds. Future studies should concentrate on attempts to enhance 
detoxification of xenobiotic pollutants in soil by stimulating oxidative binding 
processes (12). 
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8 BIOREMEDIATION THROUGH RHIZOSPHERE TECHNOLOGY 

Advantages and Disadvantages of Bioremediation 

A principal reason for the heightened interest in bioremediation is its potential for 
significantly reducing hazardous waste site cleanup costs. Costs as low as $75 to 
$200 per cubic yard are reported, compared with conventional technology costs 
for incineration or secured landfilling of $200 to $800 per cubic yard (3). In situ 
bioremediation offers the added benefit of minimal site disruption, thus reducing 
public concern. Another important consideration is the relative simplicity of the 
technology, compared with many other on-site treatment technologies. 
Operational requirements may be lower than on-site incineration, 
solidification/stabilization, vitrification, or soil washing systems, possibly 
resulting in fewer mechanical problems and lower costs. 

Despite the potential benefits and relative simplicity of bioremediation 
systems, a number of pitfalls exist (3,24). The most notable problem areas and 
issues to consider are: (a) regulatory barriers; (b) scale-up from bench/pilot level 
to the field; (c) failure of regulatory agencies to consider the full range of 
remediation options or configurations; (d) liability for failure to achieve goals; 
and (e) development time and costs. Attempts at bioremediation can also be 
hampered if the project team does not utilize appropriate and diverse expertise. 

It should be noted that regulatory barriers exist at both state and federal 
levels. The Environmental Protection Agency recognizes, and is taking 
significant steps to promote, the use of bioremediation through a number of 
demonstration sites and sponsored programs (25). Nevertheless, projects often 
run into difficulty when they move from bench-scale to pilot-scale studies, then 
on to full-scale operation. An understanding of site-specific and chemical-specific 
limiting factors is critical to successful scale-up. In addition, bioremediation may 
be very effective in achieving a high percentage reduction of contamination in soil 
and groundwater, yet still fail to meet stringent clean-up goals that would be more 
applicable to a technology like incineration. Biological systems tend to slow 
down as substrate levels diminish, with the microorganisms switching to an 
alternate energy source. In some cases, microbial degradation may cease when 
contaminant levels are still above the established goals. At this point, liability 
becomes an issue (3). Liability disputes may be avoided when site owners and 
regulators are well versed as to the risks and benefits of using innovative, yet 
unproven, technology. 

Future Considerations 

The application of bioremediation technology to decontaminate polluted 
sites is still a developing science. The mechanisms driving microbial activity and 
the degradation pathways of specific pollutants need to be further elucidated 
before successful and better controlled site-specific treatments can occur. Recent 
advances in biotechnology are capable of modifying organisms at the molecular 
level for improved degradative performance. This approach has already 
contributed new tools for analysis and monitoring of complex environmental 
processes. Other techniques, such as phytoremediation and application of 
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1. BOLIAG ET AL. Role of Microorganisms in Soil Bioremediation 9 

immobilized cells and enzymes, represent novel approaches that may help in 
treatment of hazardous wastes. A multidisciplinary research approach involving 
scientists and engineers is needed to provide new strategies for refining available 
bioremediation techniques. With the cooperation of soil biologists, chemists, and 
engineers, it should be possible to reduce pollutant concentrations at contaminated 
sites safely, economically, and efficiently . 
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Chapter 2 

Toxicant Degradation in the Rhizosphere 

Barbara T. Walton1, Elizabeth A. Guthrie2, and Anne M . Hoylman3 

1Environmental Sciences Division, Oak Ridge National Laboratory, 
P.O. Box 2008, Oak Ridge, TN 37831-6038 

2Department of Environmental Sciences and Engineering, 
School of Public Health, University of North Carolina, 

Chapel Hill, NC 27599-7400 
3Graduate Program in Ecology, University of Tennessee, 

Knoxville, TN 36996-1191 
The rhizosphere provides a complex and dynamic microenvironment 
where bacteria and fungi, in association with roots, form unique 
communities that have considerable potential for detoxication of 
hazardous organic compounds. Detoxication may result from 
degradation, mineralization, or polymerization of the toxicant in the 
rhizosphere. These detoxication processes are influenced not only 
by the rhizosphere microbiota, but also by unique properties of the 
host plant, soil properties, and environmental conditions. 
Understanding the interactions among plants, rhizosphere microbial 
communities, and organic toxicants will facilitate the successful use 
of vegetation to remediate chemically contaminated soils. 

A central theme characterizes studies of the degradation of organic toxicants in the plant 
rhizosphere. This theme is often expressed in the following way: Persistent toxicants in 
soils constitute a widespread environmental problem, soil microorganisms have a well-
recognized ability to detoxicate many organic compounds, and microorganisms abound in 
the rhizosphere. The presence of plants is known to affect soils and microorganisms in 
ways that are conducive to natural detoxication (degradation and immobilization) 
processes. Moreover, existing technologies are inadequate to address the range of 
environmental problems associated with hazardous waste compounds in soils. These 
premises lead to the conclusion that vegetation, in conjunction with its associated 
microbial communities in the root zone, may provide a low-cost, effective strategy for 
remediation of chemically contaminated soils (7). 

Despite the ease with which these general tenents of plant-microbe-toxicant 
studies are formulated, bioremediation in the rhizosphere is a nascent area of investigation 
in which neither theoretical nor applied aspects are held in general agreement. The 
potential for vegetation to be used to cleanup soil remains largely a matter of optimistic 
conjecture. The vast majority of organic toxicants that are candidates for bioremediation 
have not been studied to determine their degradation rates in the rhizosphere. For those 
compounds that have been examined in plant-microbe systems, the results may differ 
from plant to plant, soil to soil, and laboratory to laboratory. Satisfactory explanations 
for these differences are lacking. Yet the benefits to be realized from using vegetation to 
support microbial degradation of toxicants in soils are considerable and bioremediation in 
the rhizosphere warrants critical examination. By investigating plant-microbial 
associations to better remediate chemically contaminated soils, we may also improve our 

0097-6156/94A)563-0011$08.00A) 
© 1994 American Chemical Society 
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12 BIOREMEDIATION THROUGH RHIZOSPHERE TECHNOLOGY 

fundamental understanding of symbiotic relationships in the rhizosphere and the 
coevolution of plant-microbe-toxicant interactions. 

This symposium on "The Rhizosphere and Applications to Bioremediation 
Technology" is one of the first organized efforts to bring together scientists engaged in 
research on the degradation of toxicants in the rhizosphere. The syposium, which was 
held at the 206th Annual Meeting of the American Chemical Society, Chicago IL, August 
22-27, 1993, was co-sponsored by the Division of Agrochemicals and the Division of 
Environmental Chemistry. This overview presents general information about rhizosphere 
microbiota as it relates to the symposium theme. The influence of plant roots on soil 
microbiota, the types of bacteria and fungi associated with roots, and the general 
metabolic degradative capabilities of soil bacteria and fungi are reviewed. Reference is 
made as appropriate to other chapters of this book for additional information on plant-
microbe-toxicant interactions in the rhizosphere. 

The Rhizosphere 

The "rhizosphere" as described by Hiltner in 1904 is a zone of unique and dynamic 
interaction between plant roots and soil microorganisms (2). This specialized region is 
characterized by enhanced microbial biomass and activity. The rhizosphere community 
consists of microbiota (bacteria, fungi, and algae) and micro- and mesofauna (protozoa, 
nematodes, mites, and insects) (2). The importance of micro- and mesofauna in 
decomposition processes in ecosystems (3) suggests that they may also contribute 
significantly to catabolism of hazardous substances in the rhizosphere, but data on this 
are scant. Thus, bacteria and fungi in the rhizosphere and their role in catabolism of 
organic substrates are emphasized in this chapter. 

The physical dimensions and microbial activity in the rhizosphere depend on 
many plant- and site-specific factors. These include the species, age, and vigor of the 
rooted plant, soil properties, and climatic conditions. The abundance of microorganisms 
in the rhizosphere is commonly 5 to 20 times, and may be as high as 100 or more times 
greater than that of no i-vegetated soil (4,5) Although bacterial numbers show the 
greatest augmentation in the rhizosphere, fungal populations may also be increased (2). 
Site-specific soil parameters, such as temperature, aeration, salinity, texture, and nutrient 
availability will affect the microbial community in the rhizosphere. Moisture, 
temperature, and oxygenation are especially critical factors that influence the microbial 
community and the metabolic pathways that occur in the rhizosphere. For example, 
anoxic conditions provide favorable microhabitats for denitrification, nitrate 
ammonification, and mdthanogenesis (6). The presence of plants may change conditions 
of soil pH, phosphate aiid calcium availability, oxygen, C0 2 , redox potential, and soil 
moisture in the rhizosphere (7). The symposium contribution by Sato addresses the role 
of selected nutrients on pentachlorophenol degradation in soil. These findings may be 
relevant to toxicant degradation in the rhizosphere, because nutrient concentrations may 
be higher in the rhizosphere than in nonrhizosphere soil. 

Because so many parameters, including the physical dimensions, microbial 
associations, and soil properties, are affected by the host plant, live plants are an essential 
component of studies to determine the effect of the rhizosphere on toxicant degradation. 
Soils removed from the roots cannot be expected to retain rhizosphere properties for 
extended periods of time. 

Plant Roots. Roots provide plants with anchorage and the means to acquire water, 
nutrients, and other growth substances from soil. In addition, roots provide rhizosphere 
microorganisms with highly favorable growth conditions. Properties that enable roots to 
meet the fundamental needs of the plant may also affect the rhizosphere microbial 
community and the fate of toxicants. 
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2. WALTON ET AL. Toxicant Degradation in the Rhizosphere 13 

Root morphology contributes to the impact of vegetation on its soil substrate. 
Features such as root diameter, depth, surface-to-volume ratio, total biomass and surface 
area vary between and within plant species. Monocotyledons, such as grasses, are more 
likely to have finely branched terminal roots (less than 100 |im diameter); whereas, 
coarse terminal roots (between 0.5 to 1.0 mm diameter) are more characteristic of 
dicotyledons, including most trees. The fibrous root system of monocotyledons is more 
likely to cover a larger surface area than tap root systems of trees and shrubs. Wheat 
roots with a mean diameter of 0.1mm, for example, can cover a mean surface area in 
excess of 6 m 2 (5). Plants with fine roots may do well under low nutrient soils, whereas 
plants with coarse roots may do better in compacted soils (8). The roots of perennial 
species persist much longer than the fine roots characteristic of annual species. Those 
species that have rapid root turnover may increase the availability of growth substrates to 
rhizosphere microbiota. Shann and Boyle observe in their symposium contribution that 
2,4-D and 2,4,5-T degradation rates were enhanced to a greater extent in soil collected 
from monocotyledons than from dicotyledons. 

In addition to supplying structure for microbial colonization, roots establish and 
support microbial communities through inputs of photosynthate to the rhizosphere. 
Sloughed dead cells and plant exudates enrich the habitat of microbiota in the 
rhizosphere. Organic compounds released from roots include amino acids, vitamins, 
sugars, tannins, keto acids, and mucigel (9). Other secretions are mucilages, enzymes 
(e.g., peroxidases and lysases), growth regulators, C0 2 , and ethylene (10,11). These 
root exudations are an important cause of the greater microbial biomass present in the 
rhizosphere compared to nonrhizosphere soil (12.). 

The ability of plants to release photosynthate to soil through exudation and 
sloughing of dead cells increases soil organic matter. This greater organic content of the 
rhizosphere soil may alter toxicant sorption, bioavailability, and teachability. For 
example, rhizosphere microorganisms may facilitate copolymerization of toxicants with 
humic substances through biogenic polymerization reactions that occur in the formation 
of humics (13,14). Data presented in this symposium by Dec and Bollag on 
chlorophenols and on PAHs by Walton and coauthers indicate that associations of both 
groups of compounds with soil organic fractions may be influenced either directly or 
indirectly by microbiota in the rhizosphere. 

The effects of plants and plant roots on bioremediation processes are specifically 
addressed in recent reviews (1, 15, 16) and in symposium presentations by Shann and 
Boyle; Qui, et al.; Knaebel and Vestal; Watkins, et al.; Davis, et al.; and Anderson, et al. 

Plant Microbial Interactions. The species of plant host is a critical factor in the 
development of a rhizosphere community (Table I). Bacteria in the rhizosphere are 
typically gram negative, non-sporulating bacilli plus a low proportion of gram positive 
bacilli, cocci, pleomorphic rod forms and aerobic non-spore forming bacteria (Table II). 
Motile bacteria capable of rapid growth, such as Pseudomonas, are common in 
rhizosphere soils. Pseudomonads appear to be well adapted to high root exudate levels 
and readily utilize organic substances released by the host plant. Other species, such as 
Arthrobacter, are abundant at low root exudation levels. Agrobacterium, Achromobacter, 
ammonifying, denitrifying, sugar-fermenting, and cellulose-decomposing bacteria are 
also present in the rhizosphere in higher numbers than in nonrhizosphere soils (22,25, 
24). 

Perhaps, the best characterized bacterial associations with plant roots are those of 
nitrogen-fixing bacteria (rhizobia) and leguminous plants (e.g., peas, soybean, alfalfa). 
These symbiotic associations are unique for both their nutrient contribution to soils and 
the biochemical/physiological relationship between bacteria and host plant The bacteria 
invade the root tissues, which respond by formation of nodules that become the site 
where bacteria fix atmospheric nitrogen. The formation of nitrogen-fixing nodules 
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16 BIOREMEDIATION THROUGH RHIZOSPHERE TECHNOLOGY 

results from chemotactic communication between plants and microbial populations. 
Release of chemoattractants such as flavenoid compounds attract rhizobia to the root 
surface where they bind to susceptible root hairs with the aid of lectins (plant proteins). 
Tryptophan is released, then oxidized by rhizobia to initiate root hair curling for nodule 
formation (5). Although nitrogen-fixing bacteria are not the most numerous members of 
the rhizosphere microbial community, their role in nitrogen availability to the plant is 
clearly important (25). 

Fungi are the second most prevalent group of microorganisms in soil and, 
occasionally, fungal biomass exceeds bacterial biomass. Plant benefits from these fungal 
associations include enhanced water and mineral uptake, increased resistance to 
pathogens, and tolerance to many environmental stresses (26). Non-mutualistic fungi 
(e.g., Fusarium spp.) also occur in the rhizosphere and rhizoplane (5). 

There are three major types of soil fungi: (1) pathogenic root-infecting fungi, (2) 
saprophytic, and (3) mycorrhizal fungi. Mycorrhizal fungi form mutualist associations 
that integrate plant roots with fungal mycelia to form unified operational cell entities 
(Table HI). Mycorrhizal fungi that enter root cells (endomycorrhizae) are distinquished 
from mycorrhizal fungi that only surround roots and extend into intercellular spaces 
(ectomycorrhizae) (72). Mycorrhizal fungi are especially important because they are 
associated with the rhizospheres of a wide range of herbaceous and woody plants (Table 
III) and may improve plant success under nutrient- or water-limited conditions (27). In 
addition, Mycorrhizal communities may protect plants from protentially toxic substances 
in soils via the physical barrier created to the root or by means of fungal secretions 
(organic acids, antibiotics) and detoxication enzymes. Donnelly and Fletcher provide an 
excellent review of mycorrhizal fungi, their degradative capabilities, and their potential 
use in bioremediation. 

Rhizosphere Microbiota and Toxicant Interactions 

Plants are exposed to naturally occurring toxicants, including phenols, terpenes, and 
nitrogen-containing alkaloid compounds (32) and potentially toxic anthropogenic 
compounds in soils. Plants may be protected by pectins and lignins that may exclude or 
sorb high molecular weight, lipophilic compounds (32,33), thus preventing their entry 
into the root. In addition, plants secrete organic compounds (e.g., phenols, 
phytoalexins) that are bacteriocidal, fungistatic, or inhibitory (alleopathic) to other 
species. Microbiota in the rhizosphere are able to degrade many of these naturally 
occurring allelopathic compounds and anthropogenic organic substances (7). In another 
chapter of this book, Walton and coauthors propose, that plants may be protected against 
potentially toxic compounds in soils by the metabolic detoxication capabilities of the 
rhizosphere microbial community. They propose that the exchange of nutritional benefits 
from the host plant to the rhizosphere microbial community for the rapid, versatile 
detoxication capability of the microbial community may constitute the basis of a mutually 
beneficial, dynamic relationship between the host plant and its rhizosphere microbial 
community. 

The rhizosphere provides microhabitats for aerobic and anaerobic 
microorganisms. Although most plants grow under the aerobic conditions of unsaturated 
soils, which permit roots to utilize oxygen in the soil for respiration, plants can also 
withstand transient anaerobic conditions that may occur during periods of high rainfall or 
flooding. Anoxic states may exist for more prolonged periods in anaerobic centers of 
aggregated soil particles or under wetland conditions, where wetland plant species have 
physiological mechanisms to meet the oxygen demands of the roots. 

The oxygen status of the rhizosphere is likely to be an important determinant of 
the microbial composition of the rhizosphere. Because both aerobic and anaerobic 
microorganisms can be expected to be present in the rhizosphere, microbial degradation 
of toxicants by both catabolic pathways is relevant (Table IV). In their symposium 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
00

2

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



T
ab

le
 I

II
. 

A
ss

oc
ia

tio
ns

 B
et

w
ee

n
 M

yc
or

rh
iz

ae
 a

nd
 V

as
cu

la
r 

P
la

nt
s 

Fu
ng

us
 

V
as

cu
la

r 
Pl

an
t 

Fa
m

ily
/G

en
us

 
O

rd
er

 
Fa

m
ily

 
G

en
er

al
 D

es
cr

ip
tio

n 

E
ct

om
yc

or
rh

iz
ae

 
A

sc
om

yc
et

es
 

A
ng

io
sp

er
m

ae
 

Fu
ng

ii 
Im

pe
rf

ec
tii

 
Z

yg
om

yc
et

es
 

B
as

id
io

m
yc

et
es

 

G
ym

no
sp

er
m

ae
 

E
nd

om
yc

or
rh

iz
ae

 
V

es
icu

la
r-

ar
bu

sc
ul

ar
 (V

A
) 

En
do

go
na

ce
ae

 
A

ng
io

sp
er

m
ae

 

N
on

-v
es

icu
la

r 
G

ym
no

sp
er

m
ae

 

E
ric

al
es

 

D
ip

ter
oc

ar
pa

ce
ae

 
Fa

ga
ce

ae
 

M
yr

ica
ce

ae
 

Sa
lic

ac
ea

e 
B

et
ul

ac
ea

e 
L

eg
um

in
os

ae
 

Pi
na

ce
ae

 

L
eg

um
in

os
ae

 
R

os
ac

ea
e 

So
la

na
ce

ae
 

Pi
na

ce
ae

 

Er
ica

ce
ae

 

Em
pe

tra
ce

ae
 

tr
op

ica
l t

im
be

r 
tr

ee
s 

be
ec

he
s,

 o
ak

s, 
ch

es
tn

ut
s 

tr
ee

s 
m

yr
tle

 a
nd

 e
uc

al
yp

tu
s 

tr
ee

 
w

ill
ow

 tr
ee

s 
al

de
rs

, b
ir

ch
es

, i
ro

n w
oo

d 
tr

ee
s 

cl
ov

er
, a

lfa
lfa

, l
oc

us
t 

an
d 

ac
ac

ia
 tr

ee
s,

 
co

w
 p

ea
s 

sp
ru

ce
, p

in
es

, h
em

lo
ck

s t
re

es
 

be
an

s 
ap

pl
e 

tr
ee

 
po

ta
to

e 
pi

ne
s, 

sp
ru

ce
 tr

ee
 

he
at

h,
 a

rb
ut

us
, a

za
le

a,
 r

ho
do

de
nd

ro
n,

 
la

ur
el

 
ro

se
m

ar
y,

 cr
ow

be
rr

y 
sh

ru
bs

 

C
om

pi
le

d 
fr

om
 re

f. 
19

,2
7,

28
,2

9,
30

,3
1.

 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
00

2

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



T
ab

le
 I

V
. 

Su
bs

tr
at

es
 D

eg
ra

de
d 

by
 B

ac
te

ri
a 

in
 t

he
 R

hi
zo

sp
he

re
 

G
en

u
s 

Su
bs

tr
at

e 
A

er
ob

ic
 d

eg
ra

da
tio

n 
A

na
er

ob
ic

 d
eg

ra
da

tio
n 

A
ch

ro
m

ob
ac

te
r 

A
ci

n
et

ob
ac

te
r 

A
gr

ob
ac

te
ri

um
-R

hi
zo

bi
um

ai
om

at
ic

 
A

lc
al

ig
en

es
 

A
zo

to
ba

ct
er

 
F

la
vo

ba
ct

er
iu

m
 

M
et

ha
no

ba
ct

er
iu

m
 

M
yc

ob
ac

te
ri

um
 

N
it

ro
so

m
on

as
 

N
oc

ar
di

a 
P

se
u

do
m

on
as

 
R

h
od

op
se

u
do

m
on

as
 

X
an

th
ob

ac
te

r 

hy
dr

oc
ar

bo
ns

 
hy

dr
oc

ar
bo

ns
 

hy
dr

oc
ar

bo
ns

; h
al

og
en

at
ed

 ar
om

at
ics

 
ar

om
at

ic
 h

yd
ro

ca
rb

on
s;

 h
al

og
en

at
ed

 a
ro

m
at

ics
; 

hy
dr

oc
ar

bo
ns

 
ar

om
at

ic
 h

yd
ro

ca
rb

on
s;

 h
al

og
en

at
ed

 ar
om

at
ics

 
hy

dr
oc

ar
bo

ns
 

ha
log

en
at

ed
 a

lip
ha

tic
s 

ha
log

en
at

ed
 al

ip
ha

tic
s 

ar
om

at
ic

 h
yd

ro
ca

rb
on

s;
 h

al
og

en
at

ed
 a

ro
m

at
ics

; 
hy

dr
oc

ar
bo

ns
 

ar
om

at
ic

 h
yd

ro
ca

rb
on

s;
 h

al
og

en
at

ed
 a

ro
m

at
ics

; 
hy

dr
oc

ar
bo

ns
 

ha
log

en
at

ed
 al

ip
ha

tic
s 

ha
lo

ge
na

te
d 

ar
om

at
ics

 

ha
lo

ge
na

te
d 

al
ip

ha
tic

s 

ha
lo

ge
na

te
d 

ar
om

at
ics

 
ha

lo
ge

na
te

d 
ar

om
at

ics
 

C
om

pi
le

d 
fr

om
 re

f. 
27

,3
4,

35
,3

6.
 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
00

2

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



2. WALTON ET AL. Toxicant Degradation in the Rhizosphere 19 

presentation, Barkovskii and coauthors provide evidence that polyphenols substances are 
transformed by Azospirillum lipoferum, found in the rhizosphere of rice, and propose 
that polyphenols may be alternative electron acceptors. 

Biologically degradable waste chemicals released during the production and use 
of fossil fuels as well as many organic solvents, including chlorinated aliphatics, are 
excellent candidates for bioremediation in the rhizosphere. Some agrochemicals may also 
degrade in the rhizosphere; however, herbicides may have a low potential for 
bioremediation in the rhizosphere because these compounds were chosen for commercial 
development specifically because of their toxic properties to plant life. The efficacy of 
these herbicides may derive in part from their recalcitrance to degradation in the 
rhizosphere. That is, the inability of a microbial community to effectively detoxicate a 
herbicide in the rhizosphere, in some instances, may contribute to the selection of the 
compound for commercial development. Conversely, benzene, toluene, xylenes, 
chlorinated solvents and some polycyclic aromatic hydrocarbons (PAHs) are good 
candidates for bioremediation in the rhizosphere. Gibson (37) provides an excellent 
introduction to microbial degradation of organic compounds in soil and water and, in so 
doing, provides a framework for considering the range of degradation pathways that may 
occur in the rhizosphere. Some observations on fungal and bacterial degradation of 
organic compounds are presented below. 

Fungi possess a wide range of enzymes that decompose plant material, including 
lignin and cellulose. Examples include cellulase, lignase, hydrolytic acid protease, 
peroxidase, lipase, polyphenol oxidase, and cytochrome P-450 monooxygenase (38). 
Fungal enzymes have been shown to degrade numerous anthropogenic pollutants such as 
polycyclic aromatic hydrocarbons (PAHs), phenols, polychlorinated biphenyls, 
nitroaromatics, cyanide, chlorinated dibenzodioxins, herbicides, and chlorinated 
pesticides (35, 38, 39,40). Cunninghamella elegans, Rhizoctonia solani, and 
Phanerochaete chrysosporium metabolize PAHs (Fig. 1) via multiple enzymes. Although 
there are fundamental differences between degradation of aromatic compounds by 
eukaryotes and prokaryotes, oxidation of the PAH phenanthrene by P. chrysosporium 
yields metabolites similar to phenanthrene metabolites produced by bacteria (35), 
indicating that several enzymatic pathways may exist for fungal metabolism of PAHs. 

Prokaryotes typically degrade PAHs and other aromatic hydrocarbons aerobically 
by incorporating two oxygen atoms into the ring structure via dioxygenase, whereas, 
eukaryotes more commonly incorporate a single oxygen atom via monooxygenases (34). 
The difference between these two catabolic pathways are most evident at the dihydrodiol 
step in metabolism (Fig. 1). Bacteria oxidize aromatic compounds to a ds-dihydrodiol 
(or catechol), whereas eukaryotes (e.g., fungi) hydroxy late die aromatic ring to a trans-
dihydrodiol. Further bacterial metabolism of the aromatic ring requires the presence of 
two hydroxyl groups in the ortho or para positions (35). Biodegradation of PAHs is the 
primary route by which di- and tri-cyclic PAHs are removed from soil systems. 
However, in general, higher molecular weight PAHs are resistant to microbial 
degradation in the absence of alternative carbon sources (35). In a symposium 
presentation by Watkins and coauthors, mineralization of naphthalene was shown to 
decrease in vegetated microcosms compared with microcosms without vegetation. 
Watkins and coauthors also found that naphthalene volatilization was promoted by grass. 
In studies using alfalfa and toluene, however, Davis and coauthors found the presence of 
plants promoted biodegration and reduced volatilization of naphthalene. 

Halogenated compounds undergo both aerobic and anaerobic degradation by 
bacteria and fungi of several different genera (41). Recent publications provide 
comprehensive overviews of degradative pathways under many environmental conditions 
(41,42,43,44,45). In general, microbial metabolism of halogenated compounds, such 
as chlorinated insecticides and halogenated alkanes and alkenes, is highly dependent upon 
both the quantity and position of the halogen substituent(s), as well as the presence of 
specific microbial growth substrates (43,46,47). Degradation of halogenated organic 
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compounds occurs in pure cultures or consortia of microorganisms that utilize the 
compound for energy, as well as in cultures of microorganisms that cometabolize the 
substance through nonspecific enzymes (e.g., methane monooxygenase, toluene 
dioxygenase) (43,48, 49). Cometabolism occurs without either incorporation of carbon 
into microbial biomass or energy utilization from the substrate; the compound is degraded 
but not used for growth or energy (5,50). Degradation of trichloroethylene (TCE) has 
been observed in microorganisms from diverse aquatic and soil environments, including 
rhizosphere soils (51). Aerobic microbial degradation of TCE has been demonstrated in 
cultures of methanotrophic organisms that utilize methane for energy and in microbial 
cultures that grow on aromatic compounds such as phenol or toluene (52,53). 

A diverse group of bacteria participate in the anaerobic degradation of organic 
compounds (Table 1) and many of these may also be present in the rhizosphere. Nitrate-
and sulfate-reducing bacteria, acetagens, and methanogenic consortia are examples of 
bacteria capable of anaerobic degradation of various hazardous chemicals (54). Nitrate-
reducing microorganisms have been isolated that degrade substituted aromatic 
compounds such as benzoate (Fig. 2). Other microorganisms have been isolated that 
carry out reductive dehalogenation, the only known biodegradation mechanism for some 
highly chlorinated compounds such as tetrachloroethylene (PCE) (Fig. 3) (44). 
However, degradation of PCE under anaerobic conditions can result in the accumulation 
of vinyl chloride, which is of greater toxicological concern than PCE. Because vinyl 
chloride is mineralized aerobically, the complete mineralization of PCE may be 
accomplished by the sequential actions of anaerobic and aerobic microorganisms 
Whether such conditions are met in the rhizosphere as a result of the sequential wetting 
and drying that occurs as a result of rain events followed by evaporation, runoff, and 
water usage by plants has not been examined, but provides another interesting possibility 
for bioremediation in the rhizosphere. 

Summary 

Studies of the interactions between plant roots and their associated microbiota 
have provided the basis for many insights in the areas of plant pathology and agronomy. 
These insights, in turn, led to improvements in preventing plant disease and increasing 
plant productivity. Furthermore, the unraveling of bacterial and fungal associations with 
plant roots has enhanced understanding in fundamental areas of biology and ecology, 
including symbiosis, gene transfer, coevolution, nitrogen fixation, energy flow, and 
nutrient cycling. In recent years, the possibility that plant roots may enhance microbial 
degradation of organic chemicals in soils provides a new approach to solving 
environmental problems related to waste chemicals in soils any may also provide an 
avenue for further understanding of fundamental biological processes. 

The use of vegetation to accelerate mineralization of waste chemicals in soils 
offers the advantages of a solar-powered treatment system that is aesthetically pleasing 
and can end legal liability for chemical wastes when mineralization is achieved. Thus, the 
use of vegetation for remediation of soils offers distinct advantages over existing 
approaches to remediation technologies that merely transfer the waste, as well as legal 
liability for that waste, from one site to another. Tlie use of vegetation for remediation 
and reclamation has the added attraction of a higher potential for public acceptance than 
many existing technologies, such as incineration, excavation, and long-term storage. 

The papers presented at this symposium on "The Rhizosphere and Applications to 
Bioremediation Technology" provide impressive testimony to the variety of experimental 
approaches, possible limitations, and intriguing possibilities for bioremediation in the 
rhizosphere. 
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Chapter 3 

Polyphenolic Compounds Respired by Bacteria 

Andrei L. Barkovskii1, Marie-Louise Boullant, 
and Jacques Balandreau 

Laboratoire d'Ecologie Microbienne du Sol, Unité de Recherche Associée, 
1450 Centre National de la Recherche Scientifique, Université Claude 
Bernard-Lyon 1, Boulevard du 11 Novembre 1918, 69622 Villeurbanne 

Cedex, France 

The effects of 6 phenolics were studied on 2 rice rhizosphere strains of 
Azospirillum lipoferum. No effect was observed with strain 4B. 
Under 5 kPa O2, growth of strain 4T was stimulated by phenolics, 
especially caffeic (CAF) acid, from which lipophilic compounds were 
formed. Under nitrogen-fixing (ARA) and electron acceptor-limiting 
conditions, strain 4T could reduce acetylene only in the presence of 
both CAF and a reoxidizing agent (N2O); cell-free extracts showed a 
simultaneous hypsochrome shift in the UV spectrum. It is suggested 
that strain 4T possesses the unique ability to use polyphenols as 
alternative terminal respiratory electron acceptors under low oxygen. 
Such respiratory transformations of phenolics could significantly 
contribute to the fate of xenobiotics in the environment 

Rapid degradation of xenobiotics in the rhizosphere of plants (1-4) provides a possible 
opportunity to apply these processes to the use of specific plant-bacteria systems for 
soil remediation. Symbiotic and rhizospheric bacteria are good candidates for this 
purpose. 

Phenolic compounds are part of root exudates and intermediary products in the 
metabolism of molecules containing aromatic rings (lignin, tannins, many pesticides) 
(5). Phenolic compounds can enter the soil environment from other sources, such as 
die generation of wastes by petroleum-related (6) and aniline-related (7) industries. 

The genera Rhizobiwn and Bradyrhizobium are probably the most studied 
symbiotic N 2 fixers. The ability of rhizobia to degrade aromatic compounds is well-
known (8-10\ and their ability to degrade some haloaromatic compounds has also 
been demonstrated (11). 

Azospirillum spp. is probably the most studied non-symbiotic N 2 fixer because 
of its well-known property of root-growth promotion demonstrated on a very broad 
range of plant species. These bacteria efficiently colonize the elongation and root-hair 
zones of wild plants as well as cereals, tomato, pepper, cotton, soybean, and 
sunflower plants (12-14). Azospirillum could present numerous advantages for a 
successfull introduction for soils decontamination. In particular, they already fulfill 
1Current address: Department of Civil and Environmental Engineering, University 
of Michigan, 219 Environmental and Water Resource Engineering Building, 
Ann Arbor, MI 48109-2125 

0097-6156/94/0563-0028$08.00/0 
© 1994 American Chemical Society 
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industrial, commercial, and legal requirements for their utilization in agriculture (75). 
In our previous work (77), we studied the catabolism of phenolics by the genus 
Azospirillum. It was observed that about 40% of tested Azospirillum strains were able 
to degrade benzoate or phenol in the presence of a co-substrate under a wide range of 
aeration conditions. In contrast, most studies on the aerobic degradation of phenolics 
by bacteria (Pseudomonas, Alcaligenes, Acinetobacter) demonstrated that phenolic 
consumption is strongly dependent on aeration and can occur in the absence of a co-
substrate (76-79). 

Azospirillum strains need special oxygen conditions to express nitrogenase 
activity. It has been demonstrated (20) that maximum nitrogen fixation (ARA) occurs 
under 0 2 concentrations close to 1%, and that Azospirillum nitrogenase was inhibited 
when 0 2 concentration reached 8%. Such conditions may be encountered in the 
rhizosphere of many crops (27,22) where nitrogen-fixing microorganisms find both a 
suitable supply of oxidizable compounds (e.g. carbohydrates) (23) and the terminal 
respiratory electron acceptors required to efficiently produce die energy necessary to 
sustain growth and ATP demanding nitrogen-fixing activity (24). When 0 2 becomes 
limiting, other terminal respiratory electron acceptors such as N03~ are often used. 

The easy oxidation-reduction changes of polyphenolic compounds have been 
shown by many studies to be involved in biochemical reactions, especially with 
quinone coenzymes (25,26). Soil phenolic compounds are also chemically involved 
in electron transfer to metals (27,28) or to organic compounds (29,30) and are 
transformed during those reactions. In every case, they exhibit typical reversible 
reactions linked to electron transfers (57). 

All these facts prompted us to undertake a study of the comparative effects of a 
series of simple phenolic compounds on the metabolism of motile (4B) and non-motile 
(4T) Azospirillum lipoferwn strains. The interaction between Azospirillum lipoferum 
strains and phenolic compounds was investigated under various levels of 0 2 to 
elucidate the possible involvement of these compounds in electron transfers in the root 
environment and their possible transformations by bacterial respiration. An advantage 
of using a nitrogen-fixing aerobic bacterium is that nitrogenase activity requires a high 
supply of energy and thus relies mostly on ATP generated through the respiratory 
electron transfer chain. Moreover, it can be measured (through ARA, Acetylene 
Reduction Activity) with tremendous sensitivity, making acetylene reduction a more 
sensitive method than growth measurements to monitor metabolic activities of In
fixing bacteria. If metabolic activities of the bacteria are limited by the concentration of 
a terminal electron acceptor, ARA depends only upon its concentration. 

In the experiments reported here, possible electron acceptors are 0 2 or nitrous 
oxide (N20). Nevertheless, under our conditions, N 2 0 is unable to accept electrons 
from bacterial N 2 0 reductase because this enzyme is inhibited by acetylene 
concentrations well below the 10% acetylene used for nitrogenase activity 
measurements (32). 

In the course of this study, we also tested the hypothesis that a combination of 
a phenolic compound with a reoxidizing agent such as N 2 0 would generate oxidized 
compounds usable as terminal respiratory electron acceptors. The presence of 
acetylene prevented the transfer of electrons to N 2 0. 

Material and Methods 

Phenolic Molecules. Six phenolic compounds with increasing sidechain length 
were assayed: Catechol (CAT); 4-Hydroxybenzoic acid (4-HBA); 3,4-
Dihydroxybenzoic acid (3, 4-DHBA); 3-Methoxy-4-Hydroxybenzoic acid (Vanillic 
acid, VAN); 2-Hydroxyphenylacetic acid (2-HPAA), and 3,4-Dihydroxycinnamic acid 
(Caffeic acid, CAF). CAT, 3,4-DHBA and CAF rings carry ortho hydroxyl groups, 
whereas 4-HBA, 2-HPAA and VAN rings carry only one hydroxyl group in the ortho 
or para position relative to the acidic side chain. 
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Bacterial Strains. Azospirillum lipoferwn 4B and 4T strains were isolated from the 
rhizosphere of rice (33). The two strains differ by morphologic, genetic, and 
biochemical characters: 4T strain is a non-motile rod-shaped bacterium, with laccase 
activity (34) and slightiy different plasmid profile from 4B strain (35), which is a 
motile, short, rod-shaped bacterium without laccase activity. Moreover, aged colonies 
of 4T strain have been shown to produce melanin-like compounds (36). Controls on 
strains were performed by microscopic examination and syringaldazide tests (34). 

Cultures of both strains were grown in 5 ml Luria Broth. Tubes were shaken 
overnight at 28 °C. Bacterial cells were pelleted by centrifugation (15', 5000g), 
washed three times with sterile 0.7% NaCl solution, then resuspended in 2ml of sterile 
0.7% NaCl solution for further assays. 

Growth Medium. The effect of various electron acceptors on strain growth was 
investigated using a specific medium, supplemented or not by phenolic compounds. 
Solution 1: NH4C1: 1 g; K 2 HP0 4 : 3 g; KH 2 P0 4 :2 g; malic acid: 5 g; deionized water: 
948 ml; pH (by 1 M KOH) 6.8. Solution 2: MgS0 4, 7H 20: 200 mg; CaCl 2, 2H 20: 
26 mg; NaCl: 100 mg ; Na 2 Mo0 4 , 2H 20: 2 mg; MnCl 2 , 4H 20: 7 mg; deionized 
water: 50 ml. Solution 3: FeS04, 7H 20: 631 mg; EDTA, 2H 20: 529 mg; deionized 
water: 50 ml. All solutions were autoclaved separately at 120 °C for 20 min. Solution 
1 and Solution 2 were mixed and then supplemented by 1 ml of Solution 3. One ml of 
a filter sterilized solution of biotin (0.1 g/1) was added to the mixture to obtain a final 
concentration of 10 5 g/1. Filter sterilized phenolic compound solutions (10 mM) were 
added when desirable in growth flasks to a final concentration of O.lmM. 

Culture Conditions. For growth experiments, 5 x 10-2 ml of NaCl cell suspension 
were introduced in 150-ml incubation flasks filled with 30 ml of the media (see 
above). Two oxygen levels were used: atmospheric conditions, i . e. around 21% 0 2 

(21 kPa partial pressure 0 2) in flasks capped with cotton plugs or 5% 0 2 (5 kPa partial 
pressure 0 2 ) in flasks capped with rubber stoppers. To obtain the low 0 2 partial 
pressure, flasks filled with media were evacuated three times and filled with helium 
(high grade). Then 5% of the atmosphere was replaced by 0 2 . Finally, cell 
suspension and, if necessary, phenolic solutions were added. Cultivation under 
atmospheric conditions was performed for 48h in the dark at 28 °C under agitation. 
One ml subsamples of the culture medium were taken after Oh, 18h, 24h, 39h, 44h, 
and 48h of incubation. Cultivation under low 0 2 conditions was performed in the 
sealed flask for 88h in the dark at 28 °C under agitation. One ml subsamples of the 
culture medium were taken after Oh, 22h, 44h, 48h, 64h, 69h, and 88h of incubation. 
Each incubation was performed in triplicate. Control incubations were conducted 
without phenolic compounds added. Bacterial growth was measured by optical 
density of cell suspensions at 540 nm. 

Acetylene Reduction Activity (ARA). Plasma flasks (150 ml) were filled with 
30 ml of N-free medium (growth medium described above, without NH4C1) and then 
evacuated three times and rilled by helium complemented with 10% C 2 H 2 . The final 
concentration of 0 2 , measured by gas chromatography (catharometer) was less than 
0.1%. Aliquots (1 ml) of cell suspension were introduced and flasks were incubated 
at 28 °C in the dark, without shaking for 120h. At this time various treatments were 
applied. Control: 0.3 ml of 0.7% NaCl sterile solution; CAF: 0.3 ml of 10 mM 
solution of CAF; 0 2 : 0.5% 0 2 introduced in flasks; N 2 0 : 1.3% N 2 0 introduced in 
flasks; CAF + 0 2 : combination of above CAF and 0 2 treatments; CAF + N 2 0 : 
combination of above CAF and N 2 0 treatments. Treatments were applied in triplicate. 
ARA was assayed at Oh, 18h, 22h, 36h, 66h, 88h, lOOh, 120h, 144h, 188h, 200h, 
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220h, 280h, 310h, and 324h. Ethylene in flasks was measured by gas 
chromatography (FID). 

Redox Potential. Determination of redox potential (Eh) was performed by a 
platinum electrode (Ingold Messtechnik, AG Industrie) on a mV meter (CG 837, 
SOLEA, Lyon, France). The electrode was placed into the culture medium 
immediately after opening. Redox potential changed from high values soon after 
electrode placement, to lower values when equilibrated, and then to higher values 
again, when atmospheric 0 2 diffused into the liquid medium. The values at the lowest 
point of the curve were considered as reflecting the redox potential of the medium. 

Caffeic Acid Metabolite Extraction and Characterization. Thin layer (TLC) 
and high performance liquid (HPLC) chromatography were used for an approximate 
characterization of caffeic acid and its metabolites. Metabolites of CAF were extracted 
from the medium with ethyl acetate after a 88h incubation. The extracts were 
concentrated under vacuum in a rotavapor and dissolved in 0.1 ml of high grade 
methanol. TLC was performed on aluminium sheets coated with silica gel F254 
(Merck). CAF and its metabolites were separated by migration in toluene:acetic acid 
(5:1). TLC plates were read at 254 and 360 nm and revealed by the diazotized 
benzidin reagent. HPLC was performed on a Waters 625L liquid chromatograph with 
a Microbondapak CI8 column. First elution in gradient condition was done with a 
mixture of H 20+ 2% acetic acid (A) and acetonitrile (B) (Eluent 1: flow rate 1.5 
ml/min, 0-40 min A = 100%, 40-45 min A/B = 60/40, 45-50 min A = 100%). A 
further elution was done under isocratic conditions with pure acetonitrile (Eluent 2: 
flow rate 1.5 ml/min). Eluted compounds were detected by a Waters 991 photodiode 
array detector (Millipore). 

Enzymatic Activity Measurement. Culture of 4T strain was grown in 100 ml of 
growth medium amended with caffeic acid (O.l mM) at 5 kPa 0 2 during one week. 
Bacterial cells were pelleted by centrifugation (15', 5000g), washed three times with 
sterile potassium phosphate buffer (50 mM, pH 7.2), then resuspended in 10 ml of the 
identical sterile buffer amended with caffeic acid up to a concentration of 0.1 mM. 
Cells were incubated at 28 °C in the dark for 4 hours. One ml subsamples of the 
culture medium were taken every hour, and bacterial cells were pelleted by 
centrifugation (15*,5000g). The UV-spectrum of the supernatant of each sample was 
scanned in a 10 mm wide cuvette. After 4 h of incubation, bacterial cells were 
pelleted, washed three times, and then disrupted in 50 mM phosphate buffer at pH 7.2 
by an ultrasonic treatment (Vibracell, Bioblock) at 4 °C. The cell debris was removed 
by centrifugation (20000g, 15', 4 °C) and supernatant was used as intracellular 
enzyme extract The protein concentration of the extract was determined according to 
Bradford (57). The UV spectra of the products were obtained in a 10 mm wide 
cuvette containing 700 Jul of phosphate buffer (amended with a polyphenolic 
compound to a final concentration of 0.1 mM), 100 pi of enzyme extract, and when 
desirable, 20 [il of 10 mM NADPH 2 solution in the phosphate buffer. 

Results 

Growth of A. lipoferum Strains in the Presence of Phenolic Molecules. 
The influence of the six phenolic compounds was investigated on the growth of strains 
4B and 4T of A. lipoferum. Under atmospheric conditions, growth of strain 4T was 
inhibited by CAT and slightly lowered by 3,4-DHBA (Figure 1), while other 
phenolics did not influence its growth (data not shown). Under 5 kPa 0 2 , strain 4T 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
00

3

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



32 BIOREMEDIATION THROUGH RHIZOSPHERE TECHNOLOGY 

1.2 n 

0 20 40 60 80 100 
Time (hours) 

Figure 2. Influence of phenolics on Azospirillum lipoferum 4 T strain growth 
under 5 kPa O2. Al l standard errors of means were < 5%. 

growth was stimulated by three of the six tested compounds: 3,4-DHBA > CAF > 2-
HPAA and not inhibited by CAT (Figure 2). V A N and 4-HBA either slightly 
stimulated, or did not influence 4T strain growth (data not shown). The growth of 4 B 
strain was not influenced by the presence of the tested phenolics under both 20 and 5 
kPa partial pressure 0 2 conditions (data not shown). 

Caffeic Acid Metabolites and Byproducts. TLC analysis indicated (Table I) 
that the ethyl acetate/methanol extracts of non-incubated, sterile, fresh caffeic acid 
solution was eluted as two spots (two isomers) exhibiting bright blue fluorescence. 
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Extracts from caffeic acid incubated under sterile conditions under both 20 and 5 kPa 
0 2 were eluted as two spots with higher Rf values showing a much more lipophilic 
character than components from the fresh caffeic acid solution (degradation products). 
Incubation under atmospheric 0 2 with both strains resulted in a one spot 
chromatogram with another Rf value. This spot exhibited a weaker blue/yellow 
fluorescence when compared to the higher Rf spot of fresh caffeic acid. Under 5 kPa 
0 2 conditions, contrasting results were obtained from incubation of caffeic acid with 
strains 4B and 4T. Under these conditions, methanol extracts of caffeic acid incubated 
with 4B strain resulted in one spot with the lowest Rf of all the TLC runs. With 4T 
strain, three spots were obtained: the compound with the less lipophilic nature (lower 
Rf) and a bright blue fluorescence was close to the more lipophilic component of fresh 
caffeic acid but it did not persist after 24h; the component with the more lipophilic Rf 
was close to the more lipophilic component from sterile caffeic acid incubation under 
limited 5 kPa 0 2 ; and a new spot appeared in the intermediate zone of Rf. 

High Perfomance Liquid Chromatography. HPLC confirmed and refined 
most of the TLC results. Results from HPLC analyses are summarized in Table II. 
Fresh caffeic acid HPLC resulted in two peaks (two spots in TLC) eluted at 16.75 and 
17.80 min. respectively, with equivalent O.D. at 237 and 323 nm. No peak eluted in 
acetonitrile. Products of caffeic acid incubation in sterile conditions either under 
atmospheric conditions or under 5 kPa 0 2 were eluted by acetonitrile only as one peak 
after 1.4 min. and 3.4 min. respectively, when traces of less lipophilic components 

Table I. Thin layer chromatography of the products resulting from the 
incubation of strains 4T and 4B of A. lipoferum with caffeic acid 

Treatment Spots number 100 Rf Color of 
fluorescence 

Stability 

CAF (fresh 1 5 bright blue stable 
solution) 2 20 bright blue stable 

CAF 1 89 blue stable 
arm. condit. 2 72 blue stable 

CAF 1 87 blue stable 
(5kPa02) 2 70 blue stable 

4B + CAF 1 17 weak stable 
atm. condit. blue/yellow 

4T + CAF 1 17 weak stable 
atm. condit. blue/yellow 

4B + CAF 1 4 blue/brown stable 
(5kPa02) 

4T + CAF 1 22 bright blue unstable 
(5kPa02) 2 57 blue stable (5kPa02) 

3 87 blue stable 
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Table II. HPLC of major products resulting from the incubation of strains 
4T and 4B of A. lipoferum with caffeic acid 

Treatment Elution by Eluent 1 Elution by Eluent 2 

Peak 
nb hnax (OD.) Retention 

time (min) 
Peak 
nb hnax (OD.) Retention 

time (min) 

CAF (fresh 
solution) 

1 

2 

237 (0.18) 
323 (0.30) 
237 (0.21) 
323 (0.35) 

16.75 

17.80 

none 

none 

4B + CAF 
(20kPa02) 

1 234 (0.41) 
323 (0.64) 

18.16 none 

4T + CAF 
(20kPa02) 

1 237 (0.11) 
323 (0.18) 

17.96 none 

4B + CAF 
(5 kPa02) 

1 

2 

225 (0.14) 
345 (0.11) 
234 (traces) 
327 (traces) 

17.35 

17.96 

none 

none 

4T + CAF 
(5kPa02) 

1 

2 

236 (0.11) 
323 (0.18) 
230(0.18) 

17.92 

22.82 

1 

2 
3 

247 (0.6) 
334 (0.35) 
281 (0.1) 
280 (0.1) 

2.12 

2.4 
3.4 

CAF 
(20kPa02) 

none 1 272 (0.18) 1.4 

CAF none 1 280 (0.24) 3.4 
(5kPa02) 

were eluted in isocratic conditions. Incubation of caffeic acid with strain 4B under 
atmospheric conditions resulted in one peak eluted at 18.16 min (i.e. 20 sec later than 
the second peak of fresh solution of CAF) with O. D. maxima at 234 and 323 nm, 
each representing the sum of the optical densities of the corresponding two peaks of 
the fresh caffeic acid solution. Identical incubation conditions with strain 4T resulted 
in the same elution time (17.96 min) with O. D. maxima at 237 and 323 nm, 
consistently lower than with strain 4B. 

Under low 0 2 conditions, strains 4B and 4T gave completely different HPLC 
patterns of caffeic acid biotransformation. Strain 4B products were represented by 
only traces of the 234-327 nm absorbing substance at 17.96 min and by a main peak 
absorbing at 225 and 345 nm which eluted at 17.35 min, i.e. a weakly lipophilic 
product (as in TLC run). Strain 4T products were partly eluted during the isocratic 
phase of HPLC with two main peaks at 17.92 min with maximum O. D. at 236 and 
323 nm (i.e. very close to the more lipophilic product from caffeic acid fresh solution) 
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and at 22.82 min with a maximum absorbance at 230 nm. This last peak corresponded 
to a new compound unrelated to any other caffeic acid product (the intermediate Rf 
spot in TLC assay). Three other products eluted in pure acetonitrile. The main new 
component was recovered after 2.12 min and strongly absorbed at 247 and 334 nm. 
The third component exibited similar HPLC properties as the product of sterile caffeic 
acid incubated in 5 kPa 0 2 . 

Nitrogenase Activity and Redox Potential. Nitrogenase activity was assayed 
through Acetylene Reduction Activity (ARA). Strain 4T of A. lipoferum only will be 
considered because of its specific reaction when polyphenolics were added, and 
because ARA of strain 4B was not influenced by the addition of caffeic acid in any 
combinations (data not shown). As described in Material and Methods, ARA of strain 
4T was first assayed in the N-free growth medium without electron acceptor added 
during 120h. After a lag phase (Figure 3), C 2 H 4 production increased up to 27 nmol 
per hour in all flasks, continued until day 3, and then stopped completely, due to 
oxygen depletion. 

At 120h, the introduction of electron acceptors in treated samples or of NaCl 
solution in control flasks, slightly stimulated ARA. The amount of C 2 H 4 produced 
ranged from 50 to 107 nmole per flask, i.e. approximately 2 to 4 nmole per hour per 
flask. During the following hours no additional ARA was detected. Forty-four hours 
after introduction (i.e. at 164 after the experiment began), ARA started again in 0 2 , 
0 2 + CAF (Figure 4), and N 2 0 + CAF treatments (Figure 3) and continued during the 
following 86h until day 10. ARA in control flasks, N 2 0 , and CAF treaments 
remained at a basic low level (Figure 3). At 300h, ARA had ceased in all samples. 

During the first 120 hours, the redox potential decreased from 255 mV to 94 
mV (Figure 5). The introduction of 0 2 or 0 2 + CAF increased redox potential of the 
medium to 120 mV (Figure 4). Redox potential of the samples treated with other 
electron acceptors was unchanged (A mV = 4 to 6 mV). In subsequent measurements, 
the redox potential of control samples was further decreasing. At the same time, the 

SOOOn 

0 + 
0 

i 
100 200 

Time (hours) 
300 400 

Figure 3. Acetylene Reducing Activity of strain 4T of A. lipoferum under 
electron acceptor-limiting conditions. Caffeic acid and N2O were added to the media at 

time 120. Standard errors of means were < 4% in all cases. 
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Time (hours) 

Figure 4. Acetylene Reducing Activity (open symbols) and redox potential after 
addition of O 2 and CAF+O2 (at time 120) to strain 4T of A. lipoferum. Standard errors 

of means were < 4% in all cases. 

OH 1 1 1 1 

0 100 200 300 400 
Time (hours) 

Figure 5. Redox potential of the medium when strain 4T of A. lipoferum 
was grown under electron acceptor-limiting conditions. Caffeic acid and N 2 O were 

added to the media at time 120. 

redox potential of N 2 0 + CAF remained unchanged up to 250h and then slowly 
decreased (Figure 5). The difference between N 2 0 + CAF and control samples at the 
end of the experiment was around 20 mV. Redox potential of the medium 
supplemented by CAF was only slightly higher than the control during 44h and then 
rapidly decreased to a level lower than the control. In 0 2 and 0 2 + CAF treatments, 
0 2 diffusion was apparently slow; maximum redox potential was not reached 2 days 
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after addition of 0 2 . Maximum recorded values were 140 (O2) and 160 (0 2 + CAF) 
mV respectively at time 250h (Figure 4). 

Enzymatic Activity of Cells and Cell-free Extracts of A. lipoferum 4T. 
No spontaneous changes in UV spectra of CAF, 3,4-DHBA, and CAT were ever 
observed when these compounds were incubated in potassium buffer only (Table HI). 
No changes in UV-spectra of CAT were observed in any treatment: fresh solution, 
CAT + 4T cell-free extract, and CAT + 4T cell-free extract + NADPH 2 . During 
incubation of 4T cells with caffeic acid in potassium phosphate buffer, the absorbance 
peak of the supernatant shifted from 285 nm to 269 nm after 4h of incubation. 4T cell-
free extract (1 mg/ml of proteins) gave a comparable shift under 5 kPa 0 2 only when 
NADPH 2 was provided along with caffeic acid. This shift of the absorbance peak was 
7 nm (from 285 to 278) after 35 min of incubation. At the same time, we observed a 
50% decrease in the optical densities at 285 and 310 nm (data notshown), i.e. a 50% 
decrease in caffeic acid concentration within 35 min. In the absence of NADPH 2 , the 

Table III. Changes in UV-spectra of phenolics after reaction with 
A .lipoferum 4T cells or cell-free extract 

Treatment Compound 

Fresh solution 

4T strain, cells 

4T strain, extract 

4T strain, extract 
+NADPH2 

NADPH 2 

Fresh solution 

Fresh solution 

4T strain, extract 

4T strain, extract 
+ N A D P H 2 

NADPH 2 

Fresh solution 

Fresh solution 

4T strain, extract 

4T strain, extract 
+NADPH2 

CAF 

CAF 

CAF 

CAF 

CAF 

CAF 

3,4-DHBA 

3,4-DHBA 

3,4-DHBA 

3,4-DHBA 

3,4-DHBA 

CAT 

CAT 

CAT 

Reaction time (min.) 

240 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

h max. 

285; 310 

269; 310 

285 

278 

285; 310 

285; 310 

244; 286 

244; 286 

241; 278 

244; 286 

244; 286 

279 

279 

279 
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decrease in concentration of caffeic acid was more pronounced, but no shift of major 
peaks was registered. A solution of CAF receiving only NADPH 2 was 
indistinguishable from a fresh solution fo CAF alone. 

The wavelength shift of the absorbance peak, due to 35 min incubation of the 
cell-free extract of 4T with 3,4-DHBA was nearly the same as that for caffeic acid. 
There was no decrease in 3,4-DHBA absorbance, regardless of the presence or the 
absence of NADPH 2 in the mixture. 

Discussion 

Motile vs Non-Motile Azospirillum. The role of phenolic compounds on 
growth and nitrogenase activity was investigated in Azospirillum lipoferum, a common 
rhizosphere inhabitant. Strains 4B and 4T have been isolated from the rhizosphere 
dominant nitrogen fixing flora of field grown rice and are thus supposed to represent 
bacteria well adapted to the presence of a grass host plant They were selected for their 
contrasting properties under low oxygen partial pressures, and their seemingly peculiar 
phenolic metabolism. In previous studies, it had been shown that only the non-motile 
4T strain could exibit a high level of nitrogenase activity without growth under 1 kPa 
0 2 partial pressure (20). Furthermore, it was later shown that this non-motile strain 
possessed a unique laccase activity (34) and was able to produce melanin through 
polyphenol condensative oxidation (36). 

Phenolics. The phenolics studied here were chosen as representatives of the various 
molecular structures of polyphenolic compounds likely to be encountered in 
rhizospheric environments, either because they are part of root exudates or because 
they are intermediates in the biodegradation of molecules containing aromatic rings 
(lignin, tanins of plant origin, xenobiotics from agricultural sources) (38,5). Al l these 
phenolic compounds are able to undergo redox transformation: they can exist as free 
radicals with an unpaired electron and thus can donate or accept electrons. 

Effects on Growth. Under high oxygen partial pressure, the addition of 0.1 mM 
phenolics to the growth medium of strain 4B produced no measurable effects. The 
carbon added represented only 0.1% of the carbon provided by malate in the growth 
medium. Nevertheless, such low concentrations of phenolics had a measurable effect 
on strain 4T: a slight decrease in growth rate for 3,4-DHBA, and a strong growth 
inhibition with catechol. Orthoquinone is well known for its interaction with amino 
acids (29), and subsequent inhibition of enzymatic activities (39), but the reason for a 
strain 4T specific inhibitory effect of catechol on growth remains unclear. Under 5 
kPa 0 2 , 4T growth was strongly stimulated by 3,4-DHBA and CAF, slightly 
increased by 2-HPAA, and unaffected by CAT. The contrasting effect of 3,4-DHBA, 
CAF, and CAT on the growth of strain 4T under 5 kPa 0 2 and 21 kPa 0 2 , with the 
concomitant appearance of new lipophilic products under low 0 2 , raised the 
hypothesis of a relationship between respiration and the transformation of phenolics. 
Under the conditions of our experiment, each polyphenolic compound had at least one 
site where an electron could be transferred. The fact that 3,4-DHBA and CAF 
similarly affected strain 4T growth supported the opinion that the ethylenic group of 
the side chain of caffeic acid was not involved in electron transfer. Catechol toxicity 
probably balanced the possible beneficial electron acceptor role of the oxidized 
counterpart (orthoquinone) of this molecule. 

Metabolites. The pattern of byproducts observed by TLC and HPLC illustrates the 
complexity of CAF metabolism. TLC and HPLC data revealed that strain 4B limited 
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the transformation of CAF to the most probable dimer under atmospheric conditions, 
and to a lesser extent, an unknown hydrophilic byproduct under low 0 2 . On the 
contrary, the non-motile strain 4T strongly reacted with caffeic acid under both p0 2 . 
Under atmospheric conditions, strain 4T probably utilized caffeic acid as an additional 
source of carbon and energy, because HPLC revealed only 1/4 of the initial 
absorbance of caffeic acid without the appearance of other compounds. Under 5 kPa 
0 2 , highly lipophilic byproducts (Table 1) appeared, as well as an unstable 
intermediate phenolic compound. 

Acetylene Reduction. The hypothesis about a relationship between respiration and 
transformation of phenolics suggested the study of acetylene reduction instead of 
growth since nitrogenase activity (ARA) requires large amounts of ATP and since ATP 
in Azospirillum is essentially generated by the electron respiratory transfer chain. It 
was thus easy to obtain conditions under which the amount of ethylene evolved was 
directly correlated to the amount of terminal electron acceptors available. These 
electron acceptor-limiting conditions were obtained when available oxygen had been 
consumed in the closed vials, i.e. between 36 and 66 hours (Figure 3). At that stage, 
the addition of 0 2 (Figure 4) triggered a new phase of ARA in the 0 2 and 0 2 + CAF 
treatments, confirming that the amount of electron acceptor was the limiting factor of 
nitrogenaese activity and that enough carbon and energy had been supplied by malate 
in the medium. 

It is likely that the slight increase of ARA following the addition of NaCl (in 
control) and N 2 0 or CAF in the other assays at 120h was due to the concomitant 
introduction of traces of 0 2 . The corresponding ethylene evolution (1 micromole per 
flask) was quite low compared to the 4 micromoles obtained when 0.5 kPa partial 
pressure of oxygen was present. In contrast, the co-introduction of 0 2 or caffeic acid 
plus re-oxydizing agents (N 20) resulted in maximal ARA stimulation. In this 
treatment, the concentration of CAF was too low, compared to malate, to play any role 
as a source of carbon. Moreover, the only possible role for N 2 0 was to oxidize 
caffeic acid: it could not be used as a respiratory terminal electron acceptor due to the 
presence of acetylene. It is thus suggested that an oxidized derivative of CAF was able 
to accept the electrons from Azospirillum metabolism. 

The stimulation of ARA by the addition of CAF in the presence of 0.5 kPa 0 2 

was around 25% more than stimulation by 0.5 kPa 0 2 alone (Figure 4). This suggests 
that the electron acceptor for ARA was predominantly 0 2 and secondarily the oxidized 
derivative of caffeic acid. 

An unclear point is the actual reoxidizing agent: is N 2 0 oxidizing CAF directly 
through the oxidation of another intermediary compound, such as Fe + 2 (28). This 
question is currently under investigation. 

Redox Potential Changes. The low increase in redox potential of the medium 
immediately after the addition of CAF alone was probably due to the existence of a 
partly oxidized form in the solution at the time of introduction (Figure 5). The redox 
potential of the medium supplied N 2 0 + CAF was unchanged up to 250h of 
incubation, and the difference of redox values between this treatment and the control 
was around 20 mV at the end of the experiment. The maximal increase of redox 
potential was observed in 0 2 +CAF treatment and the maximal difference between this 
treatment and treatment by 0 2 only was around 20 mV as well (Figure 4.). Therefore, 
a 20 mV increase in redox potential resulted from the presence of caffeic acid, which is 
consistent with the results obtained earlier (40) and would demonstrate the presence of 
an oxidized form of the phenolic molecule. 
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The Electron Acceptor. The interaction of the cells and the cell-free extract of 
strain 4T with polyphenolics showed a significant shift of maximal absorbance for 
CAF and 3,4-DHBA. The same type of shift can be seen during the formation of the 
reduced configuration of polyphenolic molecule from the oxidized form by electron 
transfer (31). The absence of this shift in the absence of cells or cell-free extracts 
indicates that the transfer of electrons to the oxidized conformation of polyphenolic 
compounds is a biological process brought about by strain 4T. In cell-free extract, 
NADPH 2 could serve as a suitable electron donor. This phenomenon is somewhat 
substrate specific as no interaction was observed with CAT. The actual electron 
acceptor should be one of the oxidized derivatives of polyphenolics, either the 
semiquinone or the free radical with an unpaired electron, or products of quinone self-
condensation. This hypothesis needs further work to be elucidated. Currently we are 
studying the structures of the unstable intermediate and of the lipophilic compound 
produced by strain 4T from CAF. 

Conclusion 

The microbial degradation of phenolics through their utilization as a source of carbon 
is well documented. The capacity of humic acids and phenolic compounds to act 
chemically as electron donors or acceptors has been recognized for a long time (41, 
42), as well as the electron-transfer properties of phenolics which interfere with the 
functioning of enzymes (9). The ability of phenolics to stimulate the respiration of soil 
microorganisms has also been reported (43-45), as well as the ability of phenoxy acid 
herbicides to stimulate the nitrogenase activity of root-associated Azospirillum (46). 
Nevertheless, to our knowledge, it has never been suggested that this stimulation 
could proceed through an enzymatic electron transfer system, allowing the 
microaerophilic bacterium, in the absence of oxygen or under low oxygen, to use 
phenolic compounds as a respiratory terminal electron acceptor. 

This hypothesis about the capacity of polyphenolics to be used as an electron 
acceptor by a non-motile Azospirillum lipoferum strain is coincidental with the 
discovery that such strains also have the capacity to achieve the oxidative 
transformation of phenolic compounds (34). This suggests that the adaptation of 
Azospirillum to the rice rhizosphere, could involve the use of phenolic redox couples 
to refine the tuning of the bacterial environment to a redox value optimal for the 
functioning of its nitrogenase. 

Such transformations of phenolics are likely to be accompanied by changes in 
their degee of polymerization, solubility, lipophilicity, and could thus significantly 
contribute to their fate in soils, especially in the rhizosphere. Soil organic matter 
turnover along the roots could thus eventually differ largely from bulk soil due to the 
activity of some specialized bacteria comparable to strain 4T. Xenobiotic compounds 
(including haloaromatics) could be processed along the same lines in soils, provided 
they share enough homology with naturally occuring aromatic compounds. This could 
constitute the basic rationale for the use of active rhizospheres to harness the 
transformation of some xenobiotics in soils. 
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Chapter 4 

Effect of Nutrients on Interaction 
Between Pesticide Pentachlorophenol 

and Microorganisms in Soil 

Kyo Sato 

Institute of Genetic Ecology, Tohoku University, 2-1-1, Katahir, 
Aoba-ku, Sendai, 980 Japan 

An investigation was conducted on the interation between the pesticide 
PCP (pentachlorophenol) and bacteria in soil supplemented with amino 
acids and carbohydrates in light of the fact that nutrient concentrations 
for microorganisms are greater in rhizosphere soil than in non
rhizosphere soil. PCP did not markedly delay the start of degradation 
of the amino acids and glucose, and the numbers of bacteria also 
increased in connection with the degradation. Bacterial flora established 
by PCP application were modified by the addition of amino acids. 
Degradation of PCP, and the increase in the number of PCP-
degrader(s) were delayed in the presence of amino acids and glucose, 
but not in the presence of cellulose. These results suggest that, in 
general, the interaction between pesticides and microorganisms in 
rhizosphere soil is different than that in non-rhizosphere soil. 

Pentachlorophenol (PCP) has been used as both a herbicide and a fungicide. In Japan, 
its application to paddy rice fields as a herbicide is prohibited because of its toxicity to 
organisms living in the water. However, PCP is still used as a fungicide for upland 
crops or timber. 

Many pesticides introduced into soil environments affect soil microorganisms, 
although most pesticides are known to be degraded by microorganisms in soil. 
Therefore, many studies have been conducted on the interrelationships between 
pesticides and microorganisms in soil. 

The behavior of microorganisms in soil is influenced by the presence of 
microbial nutrients, and thus, the composition of soil microflora is regulated by the 
types and amounts of nutrients. The nutrients may also be easily utilized by pesticide-
degrading microorganisms in soil, as many of the pesticide-degrading microorganisms 
isolated so far are common species not nutritionally fastidious (7,2). Therefore, it is 
very important to know how microbial nutrients modify the composition of the 
microflora established by the impact of pesticide application, or how the behaviors of 
pesticide-degrading microorganisms are affected by the nutrients. This situation is 
especially relevant to the rhizosphere because plant roots exude various kinds of 
microbial nutrients. 

In this report, the effects of some microbial nutrients added to soil on both soil 
bacterial flora established by PCP, and microbial degradation of PCP are presented. 

0097-6156/94/0563-0043$08.00/0 
© 1994 American Chemical Society 
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44 BIOREMEDIATION THROUGH RHIZOSPHERE TECHNOLOGY 

Materials and Methods 

Percolated Soils. Methods of soil-percolation, counting the numbrs of bacteria in 
the percolated soils, as well as chemical analysis of PCP and several nitrogen 
compounds in the percolates were previously reported (5,4). Isolation of bacteria 
from the percolated soils and identification of the isolated bacteria were also reported 
(5). 

PCP-Tolerant and/or Degrading Bacteria. Ten grams of soil suspended in 200 
ml mineral salts solution containing ammonium nitrate was incubated in a reciprocal 
shaker at 22 °C in the dark. PCP was added to the suspended soil at several 
concentrations. Samples of the suspended soil were withdrawn at appropriate 
intervals and submitted to bacterial enumeration and chemical analyses. PCP-tolerant 
bacteria were enumerated by the dilution agar plate method using albumin agar medium 
treated with 100 ppm PCP. Populations of PCP-degading bacteria was estimated by 
the most probable number (MPN) technique. Basal medium (7) was supplemeted with 
0.01% yeast extract and 5 ppm POP. Five tubes were inoculated per serial dilution of 
the samples. After 5 weeks incubation at 22 °C, the presence of PCP in the tubes was 
checked by an absorption peak near 320nm. If the absorption peak disappeared, the 
test tube was considered positive for growth of PCP-degrading bacteria. PCP in soil 
suspensions was analyzed similarly to that in the percolate. 

Effect of Nutrients on Degradation of PCP. A shaking soil suspension 
containing several concentrations of amino acids, glucose, or cellulose (powder) was 
treated with 10 ppm PCP. PCP-degrading bacteria were enumerated by the same 
procedure as described above. Amino acids and glucose were analyzed 
colorimetrically using ninhydrin and anthrone, respectively. Carbon dioxide evolved 
from soil was absorbed in 0.5 N NaOH. Periodically, titrations were carried out for 
the unneutralized NaOH with 0.5 N HCI. 

Results and Discussion 

Effect of PCP on Soil Bacterial Flora in Percolated Soils 

Changes in Population of Bacteria in Soil Treated with Glycine. Total 
viable counts increased with the length of incubation in all plots, although the increase 
was retarded slightly in the plot treated with PCP. The numbers attained were similar 
in the plots with and without PCP, while those in the plot without the addition of 
glycine were smaller to those in plots with glycine (Figure 1) (3). PCP in the plot did 
not dissipate during the experimental period (3). These results indicate that the bacteria 
were not substantially influenced by the presence of the pesticide. The pattern of the 
changes in total viable counts was very simlar to that of gram-negative bacteria (3), 
whose populations were present at very low levels at the initial time of incubation and 
increased dramatically soon after incubation. This suggests that the predominant 
bacteria in the plots treated with glycine are gram-negative. 

The effect of PCP on populations of bacteria was also tested at different PCP 
concentrations (Figure 2) (6). The maximum number of viable bacteria attained in the 
respective plots was quite similar regardless of the difference in the amount of PCP, 
although some modifications were observed in the pattern of population changes 
among the plots: 200 ppm PCP delayed the initial increase, and after a short period at 
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SATO Pesticide Pentachlorophenol and Microorganisms in Soil 

Duration of percolation(days) 

Figure 1. Changes in the population of total viable bacteria in the percolated 
soils(5). 

Figure 2. Changes in the population of total viable bacteria in percolated soils 
treated with different concentrations of PCP(6). 
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46 BIOREMEDIATION THROUGH RHIZOSPHERE TECHNOLOGY 

the maximum level, the numbers decreased slowly in the soils amended with PCP, 
while they decreased soon after reaching maximum numbers in the soil without the 
addition of PCP. This suggested that the larger the amount of PCP applied, the longer 
the maximum level was maintained and the more slowly the counts decreased. PCP 
did not dissipate in this case, and the population changes of the total viable count were 
also very similar to the gram-negative counts (6). These results indicate that PCP did 
not affect the changes in the population of bacteria in the soil. 

Changes in Populations of Bacteria in Soil Treated with Amino Acids 
other than Glycine. For generalizing the effect of PCP on the bacterial population, 
the pattern of changes in the population was followed in soil treated with amino acids 
other than glycine. Glutamate, leucine, or phenylalanine was added to the soil. For all 
amino acids tested, the total numbers in the respective soils increased very similarly 
between the plots with and without the addition of PCP, although the initial increase 
started more slowly and the maximum numbers attained persisted longer in the plots 
with PCP than in the plots without PCP (Figure 3) (4). The changes in numbers of 
total viable bacteria progressed very similarly to the numbers of gram-negative 
bacteria. This phenomenon was similar to results of glycine addition. Amino acids in 
soil decreased with time of incubation irrespective of PCP application (4). PCP did 
not dissipate in soils during the experiment period. These results also show that the 
bacterial population in soil is apparently not affected by the application of PCP under 
different nutrient conditions. 

In all cases, the populations attained decreased more slowly in the soils treated 
with PCP than in those without PCP. PCP is biocidal and may kill some 
microorganisms in soil. The direct correlation between the persistence of the 
maximum bacterial numbers and the amount of PCP added can be partly explained by 
"the partial sterilization effect", as reported for fumigation or solvent treatment of soil 
(7). However, other factors may also be involved, as maximum numbers were quite 
similar regardless of the presence or absence of PCP. 

Microbiological Processes in Soil Treated with Glycine. In the preceeding 
sections the populations of several bacterial groups were observed to be unaffected by 
PCP application under several conditions. In all experiments mentioned above, the 
amino acids applied were degaded. In general, amino acids may be transformed to 
nitrate via ammonium and nitrite under the aerobic conditions adopted in these 
experiments. All of these processes are known to be carried out microbially, and 
different microorganisms are involved in the respective reaction steps. The 
degradation of glycine as affected by the addition of PCP is shown in Figure 4 (3). 
PCP appears to retard the decomposition of glycine, and this retardation was enhanced 
by the soluble form of PCP, Na-PCP. This probably indiactes that the soluble form 
affected all microorganisms, being distributed evenly into the soil, while the unsoluble 
form of PCP was not so easily distributed into all parts of the soil as to affect all 
microorganisms. At any rate, glycine disappeared rapidly after incubation, and this 
disappearance contributed to the proliferation of bacteria in both the presence and the 
absence of PCP, and also to ammonium production. 

Nitrification, on the other hand, was greatly inhibited by PCP: ammoniification 
was successively followed by nitrification in the soil with the addition of only glycine, 
while nitrification started after a long lag in the soil treated with PCP. Complete 
inhibition was observed in the case of Na-PCP addition, indicating a good distribution 
of Na-PCP into the soil. 

Based on the results observed, it is concluded that PCP does not greatly affect 
heterotrophic processes such as ammonification of glycine. The total viable counts of 
bacteria, which increased similarly regardless of PCP application in the soil treated 
with glycine, may be primarily responsible for the heterotrophic process. 
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• : + P C P 

Duration of percolation (days) 

Figure 3. Changes in the population of total viable bacteria in percolated soils 
with the addition of different amino acids(4). 

O: Glycine, •: Gly+PCP, 9\Gly+PCP-Na 

0 10 20 0 10 20 
Duration of percolation (days) 

Figure 4. Changes in the amounts of glycine, ammonium, nitrite, and nitrate in 
the leachates(J). 
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Bacterial Flora in Soil Treated with Glycine. Studies on the affect of 
pesticides on soil microorganisms have been carried out, from the perspective of soil 
biochemistry, measuring microbial activities such as C 0 2 evolution, ammonification, 
and nitrification (5,9). Some research has been reported on the quantitative microbial 
changes at one time after the addition of peticides (10,77), but there are few studies on 
successive quantitative microbial changes (72), and follow-up surveys of specific 
microbial groups at the genetic level are very scarce (73). In the preceeding section, 
the same pattern of glycine degradation, accompanied by a successive increase in 
numbers of bacteria, was reported in glycine-percolated soil whether PCP was added 
or not. This seems to indicate that PCP does not affect either bacteria or the 
degradation of glycine in the soil. The present section describes the confirmation of 
the effect of PCP on bacterial flora in the glycine-percolated soils. For this purpose, 
the bacterial strains isolated from several plots of the percolated soil were assorted 
taxonomically. 

Since a great majority of the isolated strains were gram-negative, a 
differentiation was focussed on the gram-negative bacteria. Figure 5 indicates that the 
bacterial flora varies among the different percolated soils (5). Many strains isolated 
from the percolated soils with the treatment of PCP died within 15 days after the 
purified cultures were stored. Thus, these strains could not be bacteriologically 
characterized. Bacterial flora differed markedly between glycine- and water-percolated 
soils. One group predominated in the former soil (group Vile, over 50%), while 
various groups were equally isolated from the latter soil. A similar pattern of bacterial 
flora in the percolated soils was also observed in a previous study (14). 

The surviving bacterial groups isolated from the percolated soils treated with 
PCP varied with the soils. They also differed from those in both glycine- and water-
percolated soil without PCP treatment. One group (VUd), which predominated in the 
glycine-percolated soil with PCP treatment differed from one group (Vile) which 
predominated in the glycine-percolated soil without PCP treatment The bacterial flora 
in the PCP-percolated soil with glycine was more diverse compared with that in the 
PCP-percolated soil without glycine. 

These results suggest that the composition of bacterial flora in the glycine-
percolated soil was modified by the addition of PCP even though the population 
appeared not to be affected. Furthermore, PCP modified the bacterial community such 
that only a few specific groups of bacteria were able to grow. This modification was 
affected by soil conditions such as nutrients available for microorganisms. 

The bacterial group predominating in the PCP-percolated soil without glycine 
had the highest PCP-tolerance. The addition of glycine modified the bacterial flora by 
weakening the tolerance of the bacteria (75). This may relate to the restriction of 
growth of various groups of bacteria in this soil. The restriction was alleviated by the 
addition of nutrients, suggesting neutralization of the impact of pesticide application by 
microbial nutrients. The above results indicate that qualitative analysis of 
microorganisms is important for environmental assessment of pesticide application. 

Increase in Numbers of PCP-Tolerant and/or Degrading Bacteria in Soil 

PCP-Tolerant Bacteria. Although the bacterial populations increased with time of 
incubation regardless of the addition of PCP, the pattern of the increase differed 
among the soils treated with different amounts of PCP. The initial increase was 
slowed in the plots treated with larger amounts of PCP compared with those treated 
with smaller amounts of PCP. However, the population in the former attained a 
higher level than the latter after a few weeks of incubation. This suggests that the 
increased population in the plots treated with the higher amount of PCP is composed 
of the bacterial cells selected by PCP (i.e. cells highly tolerant to PCP). Figure 6 
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Figure 5. A schematic depiction of soil bacterial flora and predominance of 
respective bacterial groups(J). 

Numbers in parentheses after each group indicate the number of strains of 
the group in both live and dead strains. 1) five day's percolation, 2) fifteen day's 
percolation, and 3) strains that died after purification. 

Genera subsumed in each group: I, Flavobacterium; II, Acinetobacter; in , 
Achromobacter; IV, not subsumed; V, not subsumed VI, Pseudomonas; VII, 
Pseudomonas groups other than that of group VI; Vila, Vllb, VIIc, VIIc', Vlld, 
and Vlld' denote different types of Pseudomonas within group VII. 

Incubation time (days) 

Figure 6. Viable counts of bacteria tolerant to 100 ppm PCP in soil suspensions 
treated with different concentrations of PCP. 
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shows the changes in the numbers of bacterial cells tolerant to 100 ppm PCP. The 
larger the amount of PCP applied, the greater the increase in the numbers of cells, 
suggesting that the increased proportion of bacterial cells highly tolerant to the 
pesticide indicates the degree of the impact of the pesticide on the environment. When 
some microbial nutrients were added together with PCP, the increase in the number of 
highly tolerant cells was depressed, suggesting that the impact is moderated by the 
addition of substrates. This coincides also with the pattern of the bacterial flora 
established in the soils treated with PCP and PCP plus glycine as mentioned in the 
preceeding section. It is noted that, although the increase is very low, the number of 
cells tolerant to 100 ppm PCP also increased in the soil without the addition of PCP. 
Some portion of the tolerant cells may proliferate without the stimulation of pesticide, 
but the proliferation is very limited. The enrichment of the pesticide-tolerant microbial 
cells may be adopted as an index suggesting the degree of impact of the pesticide on 
the soil environment 

PCP-Degrading Bacteria. It is a well known phenomenon that pesticide-
degrading microorganisms increase in soil treated repeatedly with a pesticide. This 
suggests that pesticide-degrading microorganisms are enriched by the addition of the 
pesticide. Figure 7 shows that there is an optimum PCP concentration for effective 
proliferation of PCP-degrading microorganisms. Although an increase in the amount 
of PCP applied stimulates the proliferation, concentrations above 5 to 10 ppm 
depressed the stimulation. PCP was also degraded in proportion to the proliferation of 
PCP-degrader(s) in soil. Our previous research revealed that bacteria highly tolerant to 
PCP did not degrade PCP, but those moderately tolerant to the pesticide did, 
suggesting that the degrading microorganisms differed from the highly tolerant ones 
(16). The character of the degrader(s) relates to conditions such as pesticide 
concentration. 

The degradation of PCP was also influenced by the addition of microbial 
nutrients. PCP-degrading bacteria did not proliferate upon addition of nutrient broth 
even under optimum PCP concentrations. 

The above results suggest that some different processes may operate for 
proliferating pesticide-degrading microorganisms and pesticide-tolerant ones. 
Furthermore, the processes are modified by the presence of some microbial nutrients. 

Effect of Nutrients on Degradation of PCP in Soil 

Adopting the optimum concentration of PCP, the behaviors of, and degradation of 
PCP by, the PCP-degrading microorganisms were investigated under several 
nutritional conditions. 

Effect of Nutrient Type. Total viable counts increased rapidly after incubation in 
all experimental plots, and the counts attained were higher in plots treated with the 
nutrients than plots without nutrients (Figure 8). The nutrients dissipated with time of 
incubation, indicating that the bacteria proliferated and utilized the added nutrients. 
The pattern of increase was also very similar to that of the gram-negative 
microorganisms described above. On the contrary, proliferation of PCP-degrading 
microorganisms was depressed by the presence of the nutrients (Figure 9). PCP 
dissipated completely in soil without nutrient addition, indicating that the dissipation 
was controlled by the proliferating pesticide-degrading microorganisms (Figure 10). 
PCP also dissipated in plots treated with the nutrients, though the dissipation was 
incomplete. As the pesticide-degrading microorganisms did not proliferate at all in 
these plots, chemical degradation might have played a significant role. 
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Figure 7. Numbers of PCP-degrading microorganisms in soil suspensions 
treated with different concentrations of PCP. 

T ime (weeks) 

Figure 8. Changes in the numbers of total viable bacteria in soil suspensions 
containing 10 ppm PCP supplemented with different kinds of nutrients. 
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Time (weeks) 

Figure 9. Changes in the numbers of PCP-degrading microorganisms in soil 
suspensions containing 10 ppm PCP supplemented with different kinds of 
nutrients. 

O 1 1 1 ' ' 1 

0 I 2 3 4 5 
T i m e (weeks) 

Figure 10. Changes in the amount of PCP in soil suspensions treated with 
different kinds of nutrients. 
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Effect of Nutrient Concentration. It is conceivable that the degradation is also 
influenced by differences in concentration of the nutrients. This view is important 
for cosidering the degradation of pesticides in natural environments because 
availability of organic compounds which may be utilized as microbial nutrients varies 
depending on location. Growth of PCP-degrading microorganisms was retarded by 
the addition of a large amount of glucose compared with smaller amounts (Figure 11). 
Initially, total viable counts increased with increasing amounts of glucose added. The 
delayed increase in the numbers of the PCP-degrading microorganisms in soils 
amended with glucose began approximately at the time when the rate of C 0 2 evolution 
from the soils became similar to that from the unamended soil. This suggests 
exhaustion of the added glucose, and also inhibition of growth of pesticide-degrading 
microorganisms by the presence of microbial nutrients. 

Effect of Nutrient Degradability. The effect of differences in nutritional 
characteristics was compared using glucose and cellulose. The pattern of increase in 
the number of the PCP-degrading microorganisms was somewhat complex, but a 
trend was observed. In general, larger populations were observed in the plots without 
the addition of nutrient or with the addition of cellulose rather than glucose prior to 
week 3 of incubation (Figure 12). The total viable counts and C0 2 evolution rate were 
highest in the plot treated with glucose. C0 2 evolution in the plots treated with 
cellulose, however, was quite similar to that in the plots without nutrients until 4 
weeks, when C0 2 evolution markedly increased in the plots treated with cellulose. 
These results suggest that cellulose was not metabolized soon after the addition, and, 
therefore was inert in influencing the behavior of pesticide-degrading microorganisms. 

Some studies have proposed that the degradation of pesticides in soil was 
influenced by the organic content of the soil (77). The results of the present study 
coincide with this proposition. However, the present results indicate that the influence 
of the organic compounds may be related to utilizability, especially to pesticide-
degrading microorganisms. Therefore, insight into the nature of the organic 
compounds is important in deciding their effect on degradation of pesticides in soil. 
The influence may not be limited to the inhibition of the degradation, but also should 
be extended to stimulation because cometabolism of pesticides is a well known 
phenomenon (18). 

Conclusions 

Many studies have been conducted on the modification of soil microflora or the 
degradation of pesticides for the assessment of pesticide application to soil 
environments. The present study, however, revealed the soil microflora and pesticide 
degradation are modified differently by pesticides in the presence of some microbial 
nutrients than by the addition of only the pesticide. This should be regarded as 
important to the study of the influence of pesticides on microorganisms in cultivated 
soil. In many cases the pesticide is appplied to growing plants for protection against 
pests. As plants exude many kinds of organic materials which may be utilized by 
microorganisms in rhizosphere soil, consideration of microbial nutrients should be 
regarded in the study of the relationships between pesticides and soil microorganisms. 
Further studies should be undertaken to establish a general relationships between the 
patterns of the microflora and the type of nutrient in the presence of the pesticide. 
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Figure 11. Changes in the numbers of PCP-degrading microorganisms in soil 
suspensions with different treatments. 

T i m e (weeks) 

Figure 12. Changes in the numbers of PCP-degrading microorganisms in soil 
suspensions treated with cellulose or glucose. 
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Chapter 5 

Intact Rhizosphere Microbial Communities 
Used To Study Microbial Biodegradation 

in Agricultural and Natural Soils 
Influence of Soil Organic Matter on Mineralization Kinetics 

David B. Knaebel1 and J. Robie Vestal2 , 3 

1Department of Bacteriology and Biochemistry, University of Idaho, 
Moscow, ID 83843 

2Department of Biological Sciences, University of Cincinnati, 
Cincinnati, OH 45221-0006 

The rhizosphere has been shown to have a higher and more active 
microbial biomass than surrounding bulk soil. In agricultural and 
natural soils that harbor plants, this zone may affect the fate of 
organic chemicals in the soil. In this study, corn and soybeans were 
grown in an agricultural soil and a woodlot soil; the experimental 
chambers were designed to contain the soil and roots, but exclude the 
above-ground plant biomass. Controls contained soils without 
plants. The biodegradation of several chemicals (anionic, cationic, 
and nonionic surfactants) was measured. The rhizosphere generally 
increased initial rates of mineralization, but the total amounts 
mineralized were not significantly different from controls. This 
implies that rhizosphere microbial communities metabolize foreign 
chemicals at greater rates than those in the bulk soil. Since the total 
amounts mineralized were the same as the controls, however, 
biodegradation of these chemicals in soils may be limited by other 
soil - chemical interactions. 

The fate of man-made chemicals in surface soils is of unique importance, due to the 
high potential for these chemicals to interact with humans or other organisms. Soils 
used for agricultural purposes, industrially-impacted soils, and natural soils are the 
major categories of surface soils that may be contaminated by a pollutant chemicals. 
These soils are generally treated with, or exposed to wide ranges and concentrations 
of chemicals from various sources. In this paper, we address the influence that plants 
may have on the microbial biodegradation of these chemicals in different types of 
soils. 

Agricultural soils are generally treated with substantial amounts of pesticides 
and fertilizers which may indirectly affect human health through leaching or 
transport into aquifer systems. Agricultural soils may also be treated with sewage 

3Deceased 

0097-6156/94/0563-0056$08.00/0 
© 1994 American Chemical Society 
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5. KNAEBEL & VESTAL Intact Rhizosphere Microbial Communities 57 

sludges to increase organic matter content and soil fertility. These sludges may 
contain considerable amounts of organic contaminants, notably surfactants, as a result 
of incomplete biodegradation during the sewage treatment process (7). Industrially -
impacted soils can be contaminated with a wide range of chemicals due to 
manufacturing, refinement, or other processes. The soils may also be corrupted by 
spills and unregulated disposal practices. Natural soils, defined as soils not 
maintained for agricultural, private, or commercial use, can also be impacted by man-
made chemicals by accidental or illegal dumping, or by irregular management 
practices. 

It has been found that the fate of chemical contaminants in soils is a function 
of abiotic and biotic processes, including photo-degradation, leaching, 
immobilization, and biodegradation. The biodegradation of chemicals in soils usually 
depends upon the chemical, physical, microbial, and climatic characteristics of the 
particular soil. In order to understand the microbial metabolism of chemical 
contaminants, myriad research efforts have studied these processes under wide ranges 
of conditions. Biodegradation experiments have usually been conducted with only 
consideration of soil microbiota in the presence (or absence) of the soil matrix. 
However, to fully address the environmental fate of chemicals in soils that contain 
plants (i.e., agricultural soils, natural soils), biodegradation experiments must include 
plants to understand the effects that these organisms might have on the 
biodegradation process. In agricultural situations, the chemicals will likely interact 
with the crop plants in the area known as the rhizosphere, which is the area of the soil 
that surrounds the root tissues. This zone commonly has higher microbial biomass, 
microbial activity, and higher levels of oxygen and organic carbon than the 
surrounding bulk soil (2, 3, 4, 5). Due to these characteristics, the rhizosphere will 
likely influence the metabolism of soil contaminants differently than the bulk soil. 

The best experimental design for rhizosphere studies should maintain the 
spatial and temporal association between the soil microbiota and plant root tissues. 
This is because the removal of soils from the area near the viable plant tissues 
disrupts the spatial and temporal influences of the roots on the soil chemistry. In 
addition, even gentle removal of plant tissues from soils likely changes the oxygen 
content of the soil and results in the fragmentation of fine root tissues and root hairs 
[for example, small disturbances of sediments prior to sampling have been shown to 
have effects on the microbial community ((J)]. An atypical supply of oxygen and 
carbon would modify the microbial community activity and structure. Furthermore, 
the loss of the viable plant tissue would cause a cessation in a viable rhizosphere 
effect, which would diminish the ability to make comparisons to in situ processes. 
Therefore, the influence of the rhizosphere's effect on biodegradation processes is 
best studied in experiments that maintain the integrity of the rhizosphere during the 
course of the measurements. Use of ̂ C-substrates allows biodegradation to be 
studied by measuring the formation of ^C02, or by collection of ̂ C-metabolites. 
This requires a closed microcosm that permits the monitoring of biodegradation 
products, plant growth, and mass balances. One such microcosm that we developed is 
shown in Figure 1. This microcosm contains a known amount of soil, a closed 
atmosphere for the sampling of ^C02 , and only a small amount of above-ground 
plant biomass. This system can easily be modified to permit the monitoring of 
biodegradation in the presence of the rhizosphere created by a variety of plants. The 
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only constraint on this type of microcosm is that the majority of the plant tissue be 
outside of the soil atmosphere containment system, such that plant uptake of 
microbially-generated ^ C 0 2 is minimized or prevented. 

In agricultural soils, these microcosm chambers should ideally contain plants 
from the particular crop of interest. For natural soils, the major ground cover, or the 
plant with the highest community importance should be used, since it likely has the 
greatest influence on the soil processes. When several plant species are considered to 
have equivalent importance, then they would ideally be studied in combination 
chambers, as well as individually. These chambers allow for representative 
rhizosphere microbial communities to develop that are based on the indigenous soil 
microbiota (when the seed surfaces are presterilized). Inoculated seeds can also be 
used to study the effects of exogenous microbes on the development of the 
rhizosphere and on biodegradation kinetics. 

Since plant roots also produce several types of exudates, these should be 
considered in determining vegetation effects on the fate of the chemicals of interest. 
These exudates are generally neutral sugars or amino acids or complex carbohydrates 
(5,7) which provide additional carbon to the microbial community. The exudates 
contribute to the formation of humic and fulvic acids, which act as sinks for 
adsorbing other organic compounds (8). Therefore, the primary exudates (or their 
modified products) may act as sinks into which the chemical contaminants may 
partition. The fate of these chemicals would then be a function of the degradability of 
this matrix, as well as a function of the desorption kinetics of the chemical out of the 
matrix. 

Materials and Methods 

The materials and methods used in the rhizosphere experiments have been reported 
elsewhere (9). The details of the experiments that examined the influence of types of 
soil organic matter on biodegradation are to be published separately (Knaebel et al. in 
press). For clarity's sake, the methods are summarized below. 

Soils. Two soils were used: a woodlot soil (Bonnell) and an agricultural soil 
(Rossmoyne), both collected in southwestern Ohio. The agricultural soil had received 
annual sludge amendments of approximately 4600 kg ha"* for five years. Samples 
were collected aseptically, partially dried under a stream of sterile air, and sieved 
(< 2 mm). Experimental volumes of soil were based upon oven-dried weights 
(GDW). 

* 4 C Chemicals. The ^ C chemicals were different types of surfactants that may be 
present in sewage sludges that are added to agricultural soils (Figure 2). 
[U-l^C-ethoxy] Ci2-linear alcohol ethoxylate (LAE) (specific activity of 5.4 juiCi 
mg"1) was purchased from Amersham (Arlington Hts, 111.). [U-14C-ring] Ci2-linear 
alkylbenzene sulfonate (LAS) [specific activity of 67.8 \iCi mg"l] was purchased 
from New England Nuclear (Wilmington, Del.). [U-^C] sodium stearate (specific 
activity of 196.8 |iCi mg'*) was purchased from Amersham. [1-^C] Ci2-trimethyl 
ammonium chloride (TMAC) (specific activity of 95 ^Ci mg'l) was synthesized at 
Procter and Gamble, Cincinnati, Oh. [U-^C] acetate (Amersham) was used for the 
microbial activity measurements and had a specific activity of 57 mCi mMol"*. 
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Figure 1. The rhizosphere mineralization chamber used in this study. A, plant 
stem; B, silicone rubber sealed port; C, hole for plant stem; D, inner chamber 
containing soil (E); F, stopper in port allowing access to l^C02-capturing wick; 
G, wick saturated with alkali for capturing ^C02- Controls had no plant, and C 
was sealed. (Reproduced with permission from ref. 9. Copyright 1992 National 
Research Council, Canada.) 

LAS 

SOJ Na+ 

Sodium Stearate 

' "(COO Na+ 

Figure 2. The structural formulas of the chemicals used in this study. The 
location of the ^ C is indicated by *. 
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Microbiological and Chemical Analysis. Soil microbial activity and biomass were 
determined prior to, and at the end of, the mineralization experiments. Activity was 
measured as the rate of ^C-acetate incorporation into microbial lipids (10,11); 
biomass was measured as CHCl3-extractable lipid phosphate (12). Cation exchange 
capacities of the soils (CEC) were measured by a modification of the method of 
Bascomb (13). Total organic carbon (TOC) was determined gravimetrically 
following combustion at 550° C for 2 hours. The soil pH was determined with 1:3 
soil: distilled deionized water (DDW) slurries. 

Mineralization Chambers. A mineralization chamber (Figure 1) was designed that 
consisted of a glass chamber (50 ml) placed within a larger glass chamber (250 ml). 
The inner chamber was filled with an amount of the partially air-dried soils that 
corresponded to 40 GDW. The lid to the larger chamber had a hole for the plant stem 
to pass through, two ports, and a hole for access to the ^ C 0 2 trapping wicks. 

Plants. Soybean (Glycine max) and corn (Zea mays) seeds were purchased from 
Carolina Biological Supply Company (Burlington NC). Seeds were surface-sterilized 
(11) and aseptically transferred to sterile test tubes containing sterile paper towel 
fragments saturated with 1.5 ml sterile DDW (SDDW). They were allowed to 
germinate in the dark until approximately 15 cm tall. 

Seedlings were gently transferred to mineralization chambers, such that the 
leaves and stem passed through the outer lid, and the roots were placed in the soil. 
The area between the stem and the edge of the hole in the lid was sealed with cotton 
and high vacuum silicone grease (Dow Corning, Midland MI). The soil was 
immediately watered with SDDW to bring the soils to 70% gravimetric water holding 
capacity (WHC). The plant chambers were placed under a combination standard 
fluorescent - plant light (General Electric) fixture and within a plant growth chamber. 
The light intensity was maintained at ca. 110 ̂ lEinsteins m" 2 sec"1. The plants were 
kept on a 14:10 hour lightdark cycle, at room temperature (22-27°C.) 

Rhizosphere microbial communities were allowed to develop around the root 
tissues for 10 days before adding the ^C-surfactants. During the course of the 
experiments, soil water losses due to transpiration were replaced with SDDW via 
ports in the lids of the chambers. Water losses were monitored by daily visual 
inspection of the chambers. Live controls (containing soil only) were treated 
identically to plant chambers, except that the hole for the stem was sealed with a 
rubber stopper, and it was not necessary to give additional SDDW to control for 
transpiration losses. Abiotic soil controls were autoclaved (135 C, 18 psi) for 90 
minutes on three successive days prior to l^C-surfactant additions. Also, in place of 
the SDDW additions, they received a 4.5% (vol/vol) formaldehyde, 0.2 % thimerosol 
(Sigma) solution to maintain sterility throughout the experiment. Each treatment 
consisted of 3 to 5 replicates; 2 out of 74 plant replicates had plants which died 
during the course of the experiments; these were eliminated from analysis. 

14C-Surfactant Additions and Mineralization Detection. After 10 days of 
rhizosphere development, the 14C-surfactants were added to the soils at a 
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concentration of 50 ng g"1 soil.. The 14C-surfactant solution (2 ml) was dispersed 
into the soil with a syringe as uniformly as possible without disturbing the integrity of 
the root-soil orientation. Microbial mineralization of the surfactants was detected by 
capturing 1 4 C 0 2 on filter papers saturated with 300 pi 2 N NaOH. Wicks were 
removed periodically and radioactivity determined. Quench correction was by the 
external standards method. Mineralization was measured for a period of 3 to 5 weeks. 
At the end of the mineralization experiments, soils were sampled for percent 
moisture, microbial activity, and microbial biomass. Soils in live and abiotic controls 
were mixed with a sterile spatula prior to sampling in order to mimic the disturbance 
effect of plant root removal. 

Soil organic matter-surfactant complexes. Humic acid was purchased from 
Aldrich Chemical Co, Milwaukee, Wise. Fulvic acids were extracted from an alpine 
tundra soil collected from Niwot Ridge, Colo. (14) according to standard methods 
(15). Complexes of the humic and fulvic acids with the surfactants were made by 
mixing sterile aliquots of the organic materials with each surfactant in a slurry of 
excess aqueous ethanol or methanol. This was placed in sterile flasks on a rotary 
evaporator and the materials mixed at 40° C. The solvent was slowly evaporated 
under vacuum as mixing continued. The adsorbed surfactant/organic matter 
complexes were further dried and stored in a dessicator in sterile containers. 

Specific activity determinations of the bound surfactants were made by 
placing an aliquot in 0.5 ml methanol or ethanol in a 20 ml scintillation vial 
(Kimble). These were mixed for 5 minutes, and then 15 ml Scintiverse II (Fisher) 
was added. Water was added to cause the cocktail to gel. Radioactivity 
determinations were made on a Packard Tri-Carb 2200CA scintillation counter, 
quench correction was by an efficiency tracing protocol. 

Mineralization assays: Mineralization of the complexed surfactants was monitored 
in serum bottle radiorespirometers as described in Knaebel and Vestal (11). 
Approximately 0.10 g of the adsorbed surfactants was added to 8.0 GDW of each 
soil. The samples were vortexed for 10 seconds to mix the adsorbed surfactants 
throughout the soil. SDDW was then added to bring the soils to 70% gravimetric 
water holding capacity (WHC), and the samples were vortexed again. Non-adsorbed 
surfactant controls were treated similarly, except that the surfactant was added in an 
aqueous solution to the soils and then vortexed for 10 seconds. The surfactant was 
added at a concentration of 50 ng g"1 soil. Abiotic controls were prepared by 
repeated autoclaving and chemical means as previously described (77). 
Mineralization was measured over a period of 2 months. 

Data Analysis. Mineralization data were fitted to a first order (16) and a mixed (or 
3/2) order model (77) by a nonlinear regression program [NONLIN; SYSTAT 
(Systat, Evanston, IL)]. The first order model has the form: 

[1] P=P0(l-Jr*l% 
where P is the percent DPM recovered as 1 4 C 0 2 at time t, PQ is the asymptotic yield 
of * 4C02 production (%), k\ is the first order rate constant (day"1), and t is time. 
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The mixed (or "3/2") order model (with a linear growth term) has the form: 
[2] P = PtflJr*lt - (*2t2)/2) )+A( ) t> 

where k2 represents the linear growth rate and ICQ represents the turnover rate of 
indigenous carbon in the soil (percent day 1). If no account is made for growth, the 
growth term is dropped from the model (17); the model becomes: 

[3] P = P 0 ( l - ^ * : i t ) W . 
This form of the 3/2 order model is similar to the first order model, but 

contains a linear term (ICQ) that describes the more slowly-occurring mineralization of 
microbially-incorporated or microbially-bound 1 4 C . Alternatively, this term may 
describe the process of mineralization of a compound that is slowly desorbed from 
the environmental matrix (18). 

Models were evaluated for best fit to the data by the F-test method cited in 
Robinson (19). Statistical analyses were done with the GLM modules of SAS (SAS 
Institute, Cary, NJ). Differences between mean values were determined with the 
Ryan-Einot-Gabriel-Welsch (REGW) multiple comparison test (20). Results were 
considered significant whenp < 0.05. 

Results 

The pH of the soils differed greatly, with the Bonnell soil being slightly alkaline 
(pH=7.9) and the Rossmoyne soil being acidic (pH=4.9). The TOC of the soils also 
differed greatly, with the Bonnell having a TOC approximately 3-fold higher than the 
Rossmoyne (10.1 % vs. 2.9%). The CEC of the soils, however, did not differ as 
much, with the Bonnell soil having a CEC of 27 meq lOOg"1 and the Rossmoyne soil 
having a CEC of 19.8 meq lOOg"1. 

The mineralization chamber was designed to permit sampling of the 
atmosphere surrounding the soil without substantial interaction from the above 
ground plant biomass (i.e. CO2 uptake). The glass construction of the containers 
permitted visual inspection of the growth of the roots and the gross root morphology, 
as well as soil moisture qualitative evaluation. This information was used to estimate 
the amount of water to be added to the chambers, which occurred every 1 to 2 days. 
Based on total amounts of sterile water added to the soil chambers and the final 
measured percent soil moisture, the soil moisture averaged approximately 70% WHC. 
However, this would have been higher immediately following watering and lower 
just prior to watering. At no time was the soil flooded, such that anaerobiosis-
generating conditions were avoided. Light was barred from the chambers during 
incubation by the lids, as well as by the enclosure that held the chambers. 

The presence of the rhizosphere in these soils caused changes in the microbial 
biomass and activity of these soils. All of the incubation treatments (rhizosphere and 
soil alone) in the Bonnell soil caused a 2 to 3-fold increase in microbial biomass; only 
the rhizosphere treatments caused a slight increase in biomass (~ 20 %) in the 
Rossmoyne soil (Figure 3a). Although the biomass of the control treatment in the 
Bonnell soil increased during the experiment, the rhizosphere treatments had slightly 
greater increases. The microbial activity of the Bonnell soil increased in response to 
the rhizosphere treatments when calculated on a per soil mass basis (Figure 3b). The 
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Figure 3. The microbial biomass and activity of the soils before (initial) and after 
the rhizosphere (soybean and corn) and control mineralization experiments. A., 
biomass is shown as the mean nmol lipid phosphate per GDW (± 1 sd); B., 
activity measured as the mean percent of [14C]acetate incorporated into 
microbial lipids per hour per GDW (± 1 sd); C , activity measured as the mean 
percent of [l4C]acetate incorporated into microbial lipids per hour per nmol 
lipid phosphate [nmol LPO4] (± 1 sd). (Adapted from ref. 9.). 
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Rossmoyne soil microbial activity increased slightly in the corn treatment as 
compared to the control treatment, but only the soybean treatment had a significant 
increase in activity over the control treatment. However, in comparison to the initial 
microbial activity measurements on this soil, there was a decrease in activity in the 
corn and control treatments. Due to the design of these experiments, the control 
treatments more likely reflect the baseline microbial activity of the soil than die initial 
measurement, due to the initial wetting event and incubation factor. 

When the Bonnell microbial activities were calculated on the basis of 
microbial biomass, the control treatments had slightly greater activities than the 
soybean and corn treatments (Figure 3c). In the Rossmoyne soil, this calculation 
resulted in the corn treatment microbiota having a substantially lower activity than 
the other treatments. 

The mineralization data were fitted to the mineralization models, and 
the 3/2 order model fit significantly better than the first-order model (Table I.) 

Table I. Kinetic parameters0 for the mineralization of the surfactants in the two soils 
as affected by a plant-induced rhizosphere (soybean or corn) or in soil alone 

(control) 
Soybean Corn Control 

Soil* SurF PQ *1 *0 ^0 *1 *0 PQ *1 *0 
Bonn LAS 32.0 1.16 0.13 32.5 1.02 0.11 37.1 0.43 0.16 

2.7 0.31 0.01 5.5 0.38 0.02 1.6 0.06 0.04 
LAE 41.0 1.51 0.06 40.2 1.20 0.05 45.1 1.31 0.13 

1.2 0.37 0.01 2.0 0.30 0.01 1.6 0.04 0.02 
SA. 27.7 0.30 0.16 23.3 0.38 0.18 26.6 0.15 0.11 

1.2 0.14 0.08 1.3 0.06 0.02 4.5 0.04 0.07 
TMAC 15.6 0.37 0.06 10.4 0.31 0.04 17.4 0.33 0.11 

2.0 0.04 0.01 3.0 0.07 0.01 2.7 0.04 0.02 
Ross LAS 41.9 1.31 0.07 35.3 1.34 0.08 44.9 0.86 0.14 

1.7 0.05 0.02 6.5 0.19 0.01 0.3 0.05 0.01 
LAE 37.7 0.46 0.05 34.6 0.59 0.06 42.8 0.28 0.07 

1.3 0.10 0.03 1.9 0.12 0.02 3.0 0.01 0.01 
SA. ND r f 65.6 1.05 0.18 63.7 0.74 0.24 

14.6 0.05 0.01 3.8 0.02 0.02 
TMAC 10.3 0.11 0.0 8.7 0.11 0.0 14.9 0.08 0.02 

1.4 0.01 0.0 0.6 0.01 0.0 0.9 0.01 0.02 
SOURCE: reprinted with permission from ref. 9. Copyright 1992. 
a. Kinetic parameters are PQ» asymptotic yield; k\9 initial rate of mineralization, ICQ 
turnover rate of mineralization (see text for explanation) of 3 to 5 replicates. Data are 
presented as the mean (first line) and standard deviation (second line) for each 
sampleA Soil used in this study: Bonn, Bonnell; Ross, Rossmoyne. c. Surfactant 
mineralized, For abbreviations, see text; SA, Stearate. d. (ND) not determined. 
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The mineralization of these chemicals in the presence of the rhizosphere was 
somewhat faster than when there was no rhizosphere present. LAE was mineralized 
faster in the Rossmoyne soil when it was in the presence of the rhizosphere; in the 
Bonnell soil, there was no difference in the initial rates of mineralization (k\) (Figure 
4a). The kinetic estimates of the 3/2 order model confirm this observation (Table I). 
The final amounts mineralized (PQ) were between 34 to 45% conversion to ^ C C ^ . 
LAS, in contrast, was mineralized faster in the rhizosphere treatments in the Bonnell 
soil. In the Rossmoyne soil, only the soybean showed an apparent increase in the rate 
of mineralization (Figure 4b). When fitted to the 3/2 order model, however, the 
estimates of the initial rates were greater in both rhizosphere treatments (Table I). 
LAS was mineralized to similar extents as LAE (32 to 45 % conversion to ^C02). 
Sodium stearate was mineralized faster in the presence of the rhizosphere in both 
soils (Figure 4c, Table I). It was mineralized to similar final extents, however, 
regardless of treatment. Stearate was mineralized to much greater extents in the 
Rossmoyne soil than in the Bonnell soil. In contrast to the other surfactants, TMAC 
was mineralized faster and to greater extents in the bulk soils than in the rhizosphere 
treatments (Figure 4d). The kinetic estimates (Table I) show no difference in initial 
rates (k\) between treatments. The turnover rate component (ICQ) of the 
mineralization of all of the surfactants was consistently lower in the rhizosphere 
treatments than in the controls (Table I). 

The surfactants that had been adsorbed to the different soil constituents were 
usually mineralized to substantially lesser extents and at slower rates compared to 
when they were added to the soils in aqueous solutions. LAE was mineralized only 
after a short lag when bound to either humic or fulvic acids (Figure 5). A similar 
response was observed for LAS, except that the lag was much longer for the humic-
bound LAS, and there was no mineralization of the fulvic-bound LAS (Figure 5). 
Similar trends were observed for both sodium stearate and TMAC (data not shown). 

Discussion 

These experiments have shown that there is an effect of the rhizosphere on the 
mineralization of surfactants in surface soils. When these chemicals were added to the 
soils at trace amounts (50 pg g"*), the anionic and nonionic surfactants (LAS, 
stearate, and LAE) were mineralized faster than when added to bulk soils that did not 
contain a viable rhizosphere community. The cationic TMAC was mineralized 
similarly regardless of the treatment. The rhizosphere treatments had no significant 
effect on the overall extent of mineralization of all of the surfactants compared to the 
bulk soils, which suggests that other phenomena may be affecting the mineralization 
of these chemicals in these soils. However, other researchers (27,22,23) have shown 
greater enhancement of biodegradation in the presence of the rhizosphere. This 
disparity may have been due to the relatively low levels of chemical added in this 
study (50 pg g~l) compared to other studies, as well as the nature of the soils used. 
The low amounts of the chemicals added in this study represent relatively low loading 
of the chemical, and substantial interactions with the soil organic matter may have 
occurred. In addition, the intact, viable rhizosphere ecosystems used in these 
experiments may have caused decreased mineralization of the chemicals due to 
interactions between the plant, its exudates, the microbiota, and the chemicals (see 
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Time in Days 

Bonn. Ross. 
O Soybean • Ross. 
O Soybean 

T v Corn 
• • Control 

Figure 4. Mineralization of LAE (A), LAS (B), stearate (C), and TMAC (D) as 
affected by the rhizosphere treatments (soybean and corn) and control treatments 
in the Bonnell and Rossmoyne soils, n=3-5. Bonn., Bonnell; Ross., Rossmoyne. 
(1) There was no soybean treatment for the mineralization of stearate. (Adapted 
from ref. 9.). 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
00

5

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



5. KNAEBEL & VESTAL Intact Rhizosphere Microbial Communities 67 
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Time in Days 

• Control • Humic bound • Fulvic bound 

Figure 5. Mineralization of LAE and LAS that had been pre-bound to either 
humic or fulvic acids in the Rossmoyne and Bonnell soils, n=4. Error bars show 
1 sd. 
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below). In experiments where rhizosphere soil is disrupted and then used for 
mineralization experiments, the plant influence is removed, and this likely changes 
the dynamics of the activities of the microbial communities. Further research is 
planned with these chemicals in soils to address their fate under higher loadings and 
with a greater viable plant root biomass. 

Rhizosphere - Organic Matter Influences. Since one of the documented 
activities of the plant roots is the release of several organic chemicals into the 
surrounding soil, there may have been an interaction (either direct or indirect) 
between this material and the surfactants. In order to address the interactions that 
organic materials may have on the fate of surfactants (or other contaminants) another 
set of experiments was conducted. In this experiment, the surfactants were adsorbed 
to complex organic constituents of soils (humic and fulvic acids) and the 
mineralization of the bound surfactant was then assessed. In all cases, these bound 
chemicals had delayed or retarded mineralization, suggesting that interactions 
between soil organic matter and chemicals of interest can limit their biodegradation 
(Figure 5). Therefore, it is conceivable that as the plant root tissues released their 
exudates, some of these interacted with the ^C-surfactants and retarded their access 
to the microbial community. Alternatively, the exudates may have provided a large 
labile pool of carbon that was used preferentially for microbial growth and activity. 
The l^C-surfactants may have been utilized by the microorganisms, but due to the 
abundance of the labile carbon exudates, the surfactants represented a much lower 
proportion of available carbon. This may have resulted in the incorporation of the 
* 4 C into microbial biomass rather than conversion to 1 4 C02- These phenomena (the 
adsorption of the surfactants by the root exudate/organic material, or the dilution of 
the surfactant carbon by the root carbon) could explain the lower overall amounts of 
mineralization of the surfactants in the rhizosphere treatments, as well as the reduced 
turnover rates (kn) observed in the rhizosphere treatments (Table I). 

Although these soil organic matter constituents are not identical to the 
chemicals exuded from plant roots, they do represent a large component of the 
ultimate fate of the plant root exudates and of the soil microbial biomass. Therefore, 
the humic and fulvic acids were chosen to represent the long-lived organic matter 
pools of soils, and would therefore likely represent pools to which the adsorbed 
*4C-surfactants would have the longest residence times. Had other organic materials 
been chosen for the binding matrix (polysaccharides, neutral sugars, or amino acids) 
the inhibitory effects of the matrix would probably not have been as great. Therefore, 
the results shown here represent the most severe effects on the biodegradation that 
would be seen in agricultural or natural soils. The effects and analyses of these and 
other soil constituents on the mineralization of surfactants in soils will be published 
elsewhere (Knaebel et al. unpublished results). Other studies are planned that will 
model the effects of these root exudates on the fate of xenobiotics in viable 
rhizosphere systems. 
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Chapter 6 

Influence of Plant Species on In Situ 
Rhizosphere Degradation 

Jodi R. Shann and J. J. Boyle 

Department of Biological Sciences, University of Cincinnati, 
Cincinnati, OH 45211-0006 

The degree of xenobiotic degradation in rhizosphere soil appears 
related to the species of plant involved. Species of plants are known 
to vary in their morphology, primary and secondary metabolism, and 
in their ecological interactions with other organisms. Current 
investigations examine differences in the rate and quality of root 
exudates, the adsorption characteristics of root cell walls, and the 
uptake of xenobiotics by plants. These factors vary with plant 
species and are correlated to changes in rhizosphere degradation. It is 
suggested that root exudation may influence degradation by directly 
altering the microbial community. Cell wall adsorption and plant 
uptake may limit microbial degradation by controlling the 
bioavailability of xenobiotics within the rhizosphere ecosystem. 

Over the last four decades, an estimated 6 billion tons of hazardous waste has been 
released in terrestrial ecosystems. In 1991 alone, approximately 3.5 billion pounds of 
this type of material was released nationally (1). This activity has resulted in 
widespread contamination of the environment, especially soil systems. Since many 
organic contaminants are carcinogenic, recalcitrant, and tend to bioaccumulate, their 
presence in the environment poses a significant hazard to human health. Cleanup, or 
remediation, of this contamination has become a national and global priority (2). 

Conventional soil remediation technologies, such as physical removal of the 
sediment and washing the soil with solvents, are costly, unpredictable, and 
frequently insufficient In recent years, land treatment approaches to remediation that 
increase natural biodegradation rates, have been investigated. A number of these 
techniques involve microorganisms cultured and kept in "bioreactors". The 
contaminated soil must then be brought to the reactor for cleanup. Alternatively, in 
situ remediation has been attempted in various ways, including inoculation with 
degrading microorganisms. The in situ cleanup of contaminated soil has met with 
varying degrees of success (3). 

One limitation to the development of effective in situ bioremedial systems is our 
fundamental lack of understanding concerning the requirements and dynamics of 
microorganisms in soil ecosystems. In the case of the Exxon Valdez oil spill cleanup, 
where inoculation with microorganisms seemed to result in soil remediation, 

0097-6156/94/0563-0070$08.00/0 
© 1994 American Chemical Society 
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increased microbial degradation of the contaminants was observed only when growth-
supporting fertilizers were also added. Observations such as this have led to the 
development of a plethora of commercially available soil "additives" (primarily forms 
of nutrients) that are advertised as enhancers of biodegradation. In addition, soil 
aeration and other management techniques are being pursued as another means of 
supporting microbial activities and therefore increasing biodegradation. These 
examples, along with numerous others, suggest the growing acknowledgment that 
bioremedial systems may only become effective and practical after we identify the 
factors which contribute to the growth and function of microorganisms within their 
natural environments. 

The Rhizosphere 

In soil, microorganisms can either be free-living or found associated with other 
organisms, notably plants. Microorganisms occur with, and are influenced by, these 
plants in the rooting zone of the soil known as the rhizosphere. Since the rhizosphere 
is a natural soil habitat that (generally) supports the growth of soil microorganisms, it 
may prove to be an ecosystem conducive to xenobiotic degradation. Degradation of 
organic contaminants in the rhizosphere has, to some extent, been investigated in 
isolated soils and intact plant/microbial systems, and has been inferred from decreases 
in compound concentrations under vegetated conditions. Since agricultural soils have 
historically been subjected to chemical inputs, and since crop plants are an integral 
part of managed ecosystems, many rhizosphere degradation studies have focused on 
pesticides (4-7). Recent studies, however, have also suggested an enhanced 
degradation of other xenobiotics (8-11). 

The rhizosphere consists of both biotic and abiotic parts. The fate of any 
xenobiotic introduced into this soil zone is dependent on the potential of the individual 
components (plant, microorganisms, soil) and on their interactions. Clearly these 
components are subject to external fluctuations in the physical and chemical 
environment, but they are also capable of altering their environment. Mechanisms 
proposed to account for the increased degradation observed in vegetated systems or in 
rhizosphere soil assume that it is associated with the input of carbon compounds by 
plant roots. These compounds may then: (1) support greater numbers of organisms 
(including degraders), (2) provide growth substrate for co-metabolizing organisms or 
(3) act as structural analogues to xenobiotics and select for degrading populations by 
enrichment. In pursuit of mechanistic evidence, litde attention has been given to the 
plant factors which ultimately determine what form the plant-derived carbon exudates 
will take, the type of microbial interaction supported or inhibited by the plant, and the 
transformation or removal of xenobiotics by die plant itself. If it can be argued that 
understanding the ecology of degrading microorganisms is critical to the success of in 
situ bioremedial systems, then similar information on the other major biotic 
component of the rhizosphere, the plant, is equally needed. In the remainder of this 
paper, we will consider some of the ways in which the species or type of plant may 
influence the degradation of organic xenobiotics. Our investigations into these areas 
are discussed. 

Plant Factors 

The species or general type (monocot, dicot, legume, halophyte, etc.) of plant 
determines, to a great extent, the parameters that are significant in terms of 
rhizosphere degradation. For any given species of plant there is a relatively well 
defined life history (eg. annual, perennial), structural morphology - including that of 
the root (e.g. fibrous, tap, deep, shallow), type of microbial associations (e.g. endo 
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or ecto-mycorrizal, symbiotic, parasitic), and general/unique lines of secondary 
metabolism. 

The significance of plant type on degradation in rhizosphere soil can be seen in 
Figure 1. Rhizosphere and non-rhizosphere soils were collected (for complete 
methods see Boyle, J.J. and Shann, J.R., J.Environ. Qual. and Plant Soil, in press) 
in the field from two different soil types and eight different plant species. One half of 
the species (on each site) were monocots, the remainder dicots. The fresh-collected 
soils were then used in serum bottle studies where full mineralization of [U-ring 
14C]xenobiotic was measured as evolved 1 4 C02. Mineralization of four structurally-
related compounds (phenol, 2,4-dichlorophenol [2,4-DCP], 2,4-
dichlorophenoxyacetic acid [2,4-D] and 2,4,5-trichlorophenoxyacetic acid [2,4,5-T]) 
was determined over time. 

Although all soils previously associated with plant roots mineralized 2,4-D and 
2,4,5-T faster and to a greater extent than non-vegetated soils, those collected from 
monocot species outperformed those from dicots. No significant difference (p^0.05) 
in mineralization was observed between soils for phenol or 2,4-DCP. This same 
outcome was also observed in microcosm studies where weak nutrient solutions were 
flowed over the roots of sand-cultured plants and onto soil columns (Figure 2). 
Subsamples of the soil were then removed and used in serum bottle studies similar to 
those described above. The results of those mineralization experiments are given in 
Figure 3. As in the field-collected soils, the presence of plants in the microcosm 
increased mineralization. As before, this increase was greatest in the soils receiving 
exudates from the monocot species. 

The above data was generated using soil removed from field-grown or sand-
cultured roots and thus represents the residual effect of the plant type; it is not an in 
situ measure of degradation. Addition of the xenobiotic to the soil after removal of the 
plant, separates the physical presence of the plant from its chemical influence. The 
plant would, most likely, influence rhizosphere chemistry by production and release 
of root exudates. A brief review of our current understanding of root exudation and 
its variation with plant species is discussed below and is followed by some of our 
investigations into the potentially important physical factors that may also vary with 
species. 

Chemical Plant Factors in the Rhizosphere 

Root Exudates. Plant-derived releases into the rhizosphere (rhizodeposition) may 
be organic or inorganic (13, 14). The release may occur as an active exudation, a 
passive leaking, the production of mucilage, or with the death and sloughing of root 
cells. Releases increase under a variety of conditions, particularly forms of abiotic and 
biotic stress (15). Mechanically stimulated roots release greater amounts of both 
organic and inorganic material; phenolic exudates from stimulated plants were 
increased ten-fold over that from unstimulated ones (16, 17). The presence of 
microorganisms has also been shown to alter plant input of either organics (18) or 
inorganics (19,20) into the rhizosphere. 

The carbon in root exudates comes from CO2 photosynthetically fixed in the 
production of energy-rich carbohydrates. Although reports are often contradictory, 
anywhere from one to more than forty percent of net photosynthate may be released 
from roots into the soil (21-24). Organic rhizosphere exudates may take several 
forms: low molecular weight compounds (e.g. simple sugars, amino acids, fatty 
acids, organic acids, phenolics) or higher-weight polymers such as the 
polysaccharides and polygalactic acids of mucilage (15,19). 

While living plants exude and leech compounds from their roots, compounds 
are also released by the decay of dead plant cells. Structural materials such as lignin 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
00

6

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



6. SHANN & BOYLE Plant Species & In Situ Rhizosphere Degradation 73 
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Figure 1. Mineralization in field-collected soils given [1.2 x 10"3 jimoles] 2,4-D 
(closed symbols) or [2.6 x 10 - 3 |imoles] 2,4,5-T (open symbols). Square 
symbols represent mean values from the pooled monocot species: Echinochloa 
crusgalli, Panicum dichotomiflorum, Phleum pratense and Setaria viridus. 
Round symbols represent mean values from the pooled dicot species: Trifolium 
pratense, Erigeron annuus, Solidago juncea and Chicorium intybus. Al l mean 
differences are significant at p^0.05. (Adapted from Boyle, J.J.; Shann, J.R. / . 
Environm.QuaL, in press) 

With or Without Plant 

— Sand and Rock 

— Nutrient Solution 

Figure 2. Plant microcosm to remove and/or trap root exudates. Resin columns 
may or may not contain selective resins. (Adapted from ref. 12) 
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~ 200 
o 

Tobacco 

Figure 3. Mineralization of [2 x 10 -3 jimoles] benzoate, 2,4-D, or 2,4,5-T in soil 
exposed to root exudates from a dicot (tobacco) or a monocot (grass) plant. 
Mineralization is expressed as a percentage of the control, i.e. soil receiving 
nutrient flow through an unplanted microcosm. (Haws, K; Shann, J.R., 
unpublished data) 
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and cellulose are degraded by physical means and by microorganisms. Cellulose is a 
linear polymer of glucose and as such is degraded much more rapidly than lignin. 
Lignin is a huge, random phenolic polymer oxidatively decomposed to stable humic 
substances with a variety of intermediates and products. Lignin degradation also 
results in the release of numerous simple phenolics, such as the benzoic and cinnamic 
acids (25). 

Variation With Plant Species. Although the in situ function of root 
exudates has not been fully elucidated, it is clear that (depending on their nature) they 
can mobilize essential nutrients from the soil, act as antibiotics, and as 
chemoattractants. Because of their significance to agriculturally important crops, only 
plant exudates which increase available nutrients, protect against pathogens, or are 
produced by legumes to signal symbionts and induce infection (26, 27) have been 
well characterized. The qualitative assessment of less specific root exudates and the 
quantitative analysis of die exudation process has not been undertaken for a wide 
range of plant species. Investigations have, however, suggested that exudates vary 
with plant species; closely related taxa have more similar patterns than do distant 
ones (28) and responses to environmental conditions appear to be species specific 
(29). This species variation can also be grouped by plant type; both Fe-deficient 
dicot and monocot roots accumulate organic acids, but only the dicots have developed 
a high capacity for proton release into the rhizosphere (30). The significance of plant 
species or type on exudation is clearest in the highly co-evolved plant-microbial 
system found in legumes. In any case of co-evolution, the survival of the 
relationship is dependent on the specific nature of the interaction. In the legume 
system, the interaction is maintained by chemical cues that must be unique to insure 
success. 

In addition to potential differences in exudates from plant species, structural 
materials are known to differ between groups such as gymnosperms and angiosperms 
(31). The difference in the composition of materials such as lignin may result in a 
species dependent variation in the release of compounds upon decay. 

Current Studies. To address the issue of differential exudation by plant 
species and its consequence on rhizosphere degradation of xenobiotics, we are 
currently conducting studies in the microcosm shown in Figure 2. In a variation of 
the experiment presented above, the flow coming out of the sand culture crosses a 
column containing selective resins prior to the soil column. These resins are used to 
remove various fractions from the root exudates. The remainder of the exudate is 
allowed to enter the soil column. In this manner, the influence of specific exudates 
on serum bottle mineralization of xenobiotics can be quantified and the "active 
fractions" determined. However, even more significantly, the exudates from any 
given plant can be concentrated, characterized, and compared to those of similarly 
grown, but different, species. In separate greenhouse investigations, several species 
are being grown in the same soil and the same species is being grown in several soils, 
to separate the plant effect from other soil factors. Resins incorporated into these pots 
are being used to trap the organic compounds present in the various combinations of 
soils and species. 

Physical Plant Factors in the Rhizosphere 

While much attention has been given to the chemical environment of the rhizosphere, 
the physical one is often ignored in the literature. While many physical factors are 
relevant in the rhizosphere, this discussion will be limited to the influence the physical 
presence of the plant has on potential biodegradation. The physical plant presence is 
considered in terms of how it affects the bioavailability of xenobiotics in the 
rhizosphere, either by fixation on the roots or uptake by the plant. In addition, it 
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should be noted that the relationship between the physical morphology of the root and 
rhizosphere degradation becomes important when designing in situ bioremedial 
systems. Higher root to shoot ratios have been correlated to increased release of 
carbon from the root and to greater numbers of root-microbial associations (32). 
Also, the volume of soil encountered by a root will vary with its depth and branching 
pattern. These factors are often modified by the environmental conditions, but are 
basically determined by the genetic limits of the species involved. The needs of a 
given remediation may determine the most desirable root system, but a shallow, 
unbranched one - even if it supported a highly degradative microbial population - may 
not exploit enough of the subsurface to be effective. 

Bioavailability. The bioavailability of a xenobiotic to both the plant and the 
microbial community has the potential to alter rhizosphere degradation. Adsorbed 
xenobiotics may not be degradable by microorganisms or may lower the toxicity of 
the compound and allow for greater microbial activity. Bioavailability is often 
defined as the amount of a compound that is present in the soil solution or readily 
exchanged off of system surfaces. In the rhizosphere, adsorption can occur on 
several such surfaces: the soil, the bacterial cells and, in the case of vegetated soil 
ecosystems, the roots of plants. In addition, bacterial cells might also adhere to the 
soil or to roots, and that interaction may decrease or increase their ability to degrade 
compounds. Rhizosphere microorganisms that are more tightly associated with the 
plant root (e.g. endomycorrhizae or symbiotic nitrogen-fixing bacteria) may "see" 
more or less of the contaminant based upon their immobility and the transport of the 
compound to, or past, them. 

Bioavailability in the rhizosphere per se has received little research attention, but 
the general role soil adsorption of xenobiotics plays in their microbial degradation has 
been considered (33-38). Smith et al. (38), investigated the effect of soil adsorption 
on quinoline (an N-heterocyclic) hydrocarbon degradation by bacterial isolates. 
Quinoline was not degraded when in the sorbed state. Ogram et al. (36) modeled the 
degradation of 2,4-D by microorganisms if it was adsorbed onto soil and the ability of 
those microorganisms to degrade free compound if the microbial cells were sorbed. 
Their data indicated that the fraction of 2,4-D adsorbed onto soil was completely 
protected from degradation by both sorbed and solution bacteria, as measured by 
1 4 C02 evolution from the radiolabeled compound. On the other hand, adsorption of 
the bacteria did not seem to affect their ability to degrade 2,4-D. However, in a 
separate study, the addition of microbial biomass to subsurface soil appeared to 
reduce the adsorption of quinoline and naphthalene. This reduction in xenobiotic 
adsorption was attributed to a biomass alteration of: (1) the soil surface or (2) access 
to this surface (37). Binding studies with specific soil materials have also indicated 
the inaccessibility of sorbed xenobiotics to microbial populations. When 2,4-DCP 
was either surface-sorbed or incorporated into humic acid, mineralization was 
inhibited (34). While these studies indicate that adsorption of organic xenobiotics to 
soil or soil components does make them less available, the implications for long-term 
in situ rhizosphere degradation are not yet well defined. As previously stated, the 
presence of the root in rhizosphere systems offers another surface on which 
xenobiotics may be adsorbed and/or transformed. The most likely site for this to 
occur in a root is on the cell wall. 

Cell Walls. The pores in cell walls have diameters in the range of 35-40 
angstroms, a size which probably does not pose a substantial physical barrier to most 
molecules. The cell wall is, however, a source of fixed, non-diffusible charges. Like 
the surfaces found on soil materials, the primarily negatively charged sites on cell 
walls may adsorb xenobiotics in the rhizosphere and make them less bioavailable for 
degradation. 
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Much is now known about plant cell wall composition and structure (39-41). 
The wall constituents believed responsible for a majority of the fixed charge are the 
acidic pectic polysaccharides (galacturonic acids); their apparent pKa values are in the 
same general range as those of isolated cell walls (as determined by titration) (42). 
Quantitative differences in these pectin constituents are known to occur between, and 
within, monocots and dicots (43,44). 

While the plant cell wall does possess some anionic-exchange properties, it has 
been investigated primarily as a cation-exchanger (45-53). Most of the investigations 
of cell wall adsorption have focused on inorganic ions, but may offer some insight to 
the potential for the adsorption of organic xenobiotics. Several of these studies (45, 
47, 51) have indicated that the wall is a selective exchanger. In addition to 
experimental approaches, theoretical models have been used to describe the ionic 
behavior of cell walls (47,49, 54, 55). Most models treat the cell wall as a typical 
Donnan system, although mass-action expressions have also been employed (54). 
Allen and Jarrell (55) suggest that two basic types of models have been utilized: one 
which assumes a charged surface on which ions condense till a specific density is 
reached, and one which incorporates both a Stern layer for selectively adsorbed ions 
and a diffuse double layer for nonspecific (or electrostatic) adsorption. Allen and 
Jarrell (55) successfully applied the constant capacitance model to wall adsorption by 
maize and soybean. Described as a high ionic strength limiting case of the Stem, this 
model was appropriately used as a predictive tool for the strongly adsorbed Cu ion. 
Van Cutsem and Gillet (51) suggest the wall contains both high-affinity (inner sphere 
complexed) and low-affinity (outer sphere, electrostatic complexed) sites for Cu 2 + . 
Unlike Cu, the behavior of purely outer sphere complexed ions would not be 
quantitatively predicted by a model such as the constant capacitance. Ions that form 
both outer and inner sphere complexes would be better represented by a Stem-like 
model where selective and electrostatic forces would be accounted for. 

The effect of cell walls on 2,4-D mineralization in soil is shown in Figure 4. 
The walls were isolated (following ref. 54) from 2-day-old seedlings of wheat 
(Triticwn aestivum L. cv. Caldwell) and incorporated into serum bottles containing 5 
g of field-collected rhizosphere soil. Mineralization of [U-ring14C] 2,4-D was then 
monitored over time. All soils and treatment solutions were adjusted to pH 7.4, where 
a majority of the 2,4-D would be in the anionic form. The addition of cell walls to the 
soil significantly decreased mineralization of 2,4-D in a manner proportional to the 
amount incorporated. This decrease persisted with subsequent spikes of 2,4-D and 
appears to represent a removal of some portion of this herbicide from the bioavailable 
pool. Studies are currently being conducted to determine the adsorption of 2,4-D to 
sterile preparations of both the isolated cell walls and the soil, and to walls isolated 
from 2,4-D-exposed wheat seedlings. The cultivars of wheat being used have been 
shown to vary in the titratable charge characteristics of their root cell wall. Across 
these cultivars, higher wall charges correlate to greater resistance to mononuclear and 
polynuclear Al toxicity; presumably a response associated with the fixation of A l on 
the walls, which then decreases plant Al uptake (56). Again, if wall characteristics 
differ between taxonomic or functional plant groups, the potential impact of root 
adsorption on rhizosphere degradation may be dependent on the plant species - or 
even cultivar - involved. 

Plant Uptake. While the adsorption of a xenobiotic to the cell wall of a root 
may decrease its immediate bioavailability to the remainder of the rhizosphere, there 
remains the possibility of exchange back into the soil solution. Uptake of the 
xenobiotic by the plant, however, represents a more permanent removal of the 
compound from the rhizosphere. Plants have the potential to take up xenobiotics, 
translocate them, conjugate them, and/or transform them by oxidative, reductive or 
hydrolytic reactions. Uptake of organic xenobiotics has been reviewed elsewhere (57-
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0 2 4 6 8 10 12 14 16 

TIME (days) 

Figure 4. Mineralization of [1.81 x 1(H |imoles] 2,4-D in 5 g of soil amended 
with 0,0.01, 0.04, or 0.075 g (dry weight) of wheat cell wall. 

TIME (days) 

Figure 5. Concentration of 2,4-D in hydroponic solutions removed from tubs 
containing plants or from those without plants. All tubs initially contained 
75,000 DPM [3 x 10"4 jxmoles] 2,4-D. Solution concentrations were calculated 
for pooled tubs with-plants or without-plants, regardless of the presence or 
absence of microorganisms. (Alexander, E.S.; Shann, J.R.. unpublished data). 
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59). Although the chemical nature of the xenobiotic determines to a large extent its 
fate within the plant, there is variation in the potential of different species to respond; 
this variation is the basis of selective herbicidal action. One could generalize and say 
that herbicides are designed for their activity towards certain taxonomic groups, e.g. 
"broad-leaved" (dicots) or "woody" (also dicots), or their inactivity towards a 
desirable crop species, e.g. the triazines (used on com). 

The significance of plant removal, via uptake, on rhizosphere mineralization 
was observed in studies conducted in our lab. The original purpose of these 
experiments was to determine if the presence of the symbiotic state in the plant-
microbial association, Bradyrhizobium japonicum and soybean, altered rhizosphere 
mineralization of phenol or 2,4-D. Nodulated/non-nodulated wild-type soybean, and 
nodulating/non-nodulating mutant soybeans were hydroponically cultured with, or 
without the Bradyrhizobium. The Bradyrhizobium was also inoculated into the same 
systems without any plants present. Evolved 1 4 C02, along with solution and plant 
tissue radioactivity were measured. Although the mineralization of the phenol and 2,4-
D was significantly increased whenever the plants were inoculated with the bacteria, 
the symbiotic state did not enhance or diminish this effect. More interesting in terms 
of rhizosphere dynamics, hydroponic tubs containing plants had much lower 
concentrations of phenol and 2,4-D than did those without them (Figure 5). When 
tissues were analyzed, over 80% of the added radiolabel was found in the plant. This 
finding supports the general assumption that the plant will, to some extent, determine 
how much of the xenobiotic is available for degradation by rhizosphere 
microorganisms. 

Summary 

Rhizosphere degradation offers great promise for in situ bioremediation. Realization 
of this promise, however, relies on a fusion of the plant, microbial, and soil 
disciplines. Here, we have briefly noted one aspect significant to the development of 
in situ systems, the species of plant (or plants) utilized. Degradation and 
bioavailability of xenobiotics in soil systems may vary with characteristics determined 
by plant species or type. The studies and literature presented only hint at the potential 
impact that species differences may have on those factors most significant to the use 
of rhizosphere degradation as a bioremedial tool. 
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Chapter 7 

Rhizosphere Microbial Communities 
as a Plant Defense Against Toxic 

Substances in Soils 

Barbara T. Walton1, Anne M. Hoylman2, Mary M. Perez3, 
Todd A. Anderson4, Theodore R. Johnson5, Elizabeth A. Guthrie6, 

and Russell F. Christman6 
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5Department of Biology, St Olaf College, Northfield, MN 55057 

6Department of Environmental Sciences and Engineering, 
University of North Carolina, Chapel Hill, NC 27599-7410 

Vegetation often grows and proliferates in the presence of relatively high 
concentrations of organic compounds in soils. Experimental data from 
studies of plant-microbe interactions implicate the rhizosphere microbial 
community as an important exogenous line of defense for plants against 
potentially harmful chemicals in soils. Experimental data on the fate of 
numerous industrial and agricultural chemicals in the rhizospheres of 
several plant species are consistent with the hypothesis proposed herein 
that the metabolic activity of the rhizosphere microbial community may 
protect plants from toxicants in soil. Rhizosphere microbial communities 
are shown to enhance the associations of three 1 4C-PAHs with the 
combined humic and fulvic acid fraction of soil. Such an association 
could also reduce the bioavailability and potential phytotoxicity of the 
PAHs. Recommendations are formulated for conducting bioremediation 
studies of plant-microbe-toxicant interactions in the laboratory. These 
recommendations are a logical consequence of the hypothesis presented 
herein that the metabolic detoxication capabilities of the rhizosphere 
microbial community can protect plants against potentially toxic 
compounds present in soils. 

The chapters in this book provide excellent testimony to the considerable value of well-
focused experiments designed to understand the dynamics of plant-microbe-toxicant 
interactions in the rhizosphere. Numerous environmental factors may influence chemical 
fate in the rhizosphere, and our understanding of the precise role of each variable may 
determine our success in using vegetation to reclaim chemically contaminated surface soils. 

0097-6156y94/0563-0082$08.00/0 
© 1994 American Chemical Society 
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Formulation of a central theme for plant-microbe-toxicant interactions may also 
prove to be extremely useful for bioremediation, in that such a theme could provide a 
paradigm to guide hypothesis testing and stimulate thinking on ways to optimize 
degradation of organic contaminants in the rhizosphere. In this chapter, we propose a 
generalized toxicological response of plant life to toxic substances in the rhizosphere, 
whereby the metabolic detoxication capability of the microbial community protects plants 
by reducing the potential toxicity of organic compounds near the roots. We envision this 
interaction to be highly dynamic and mutually beneficial to survival of both the host plant 
and the rhizosphere microbial community. 

As a prelude to further elaboration of this idea, we present a brief overview of 
biochemical defenses in other biota. 

Biological Defenses Against Toxicants 

The discipline of toxicology is based on a fundamental precept that all substances are 
poisonous to life if the dose is sufficiently great (7). A consequence of this universal 
potential of any chemical to be a poison is mat the unchecked entry of organic compounds 
into cells can produce toxicity. Toxicologists assert that all life forms have evolved 
protective mechanisms against toxicants in the environment, moreover, major taxonomic 
groups appear to use common strategies for protection. Defenses against potential 
toxicants may be in the form of physical barriers to toxicant entry and physiological or 
biochemical detoxication, such as sequestration, secretion, excretion, or 
biotransformation of the toxicant. Some generalizations about these defenses are 
reviewed. 

Animals. The cytochrome P-450 mixed function oxidase (MFO) system can be viewed 
as a biochemical defense used by multicellular animals, such as mammals, fish, birds, 
and insects, to detoxicate hazardous organic compounds (2, 3). Many of the latter 
compounds are lipophilic. The MFO enzyme system utilizes a cytochrome P-450 and 
NADPH cytochrome P-450 reductase to reduce an atom of molecular oxygen to water 
while the other atom is incorporated into the substrate (4). The consequence of this 
reaction is a more polar molecule that is either excreted directiy or further conjugated to 
endogenous polar chemicals such as glucose, glucuronic acid, sulfate, phosphate, or 
amino acids. The conjugate is then excreted (Fig. 1). Because the overall process of 
enzymatic transformation usually reduces the biological activity of the substrate and 
promotes elimination, biotransformation is usually a detoxication process (3, 5). The 
MFO system is highly inducible upon first challenge with a xenobiotic, thus, energy is 
conserved in that enzyme synthesis occurs only when the need for detoxication arises. 

Bacteria. Aerobic bacteria can also effectively oxidize organic xenobiotics. An 
important difference from toxicant transformations in multicellular animals is that 
dioxygenase enzymes are used by bacteria to introduce two atoms of oxygen into 
aromatic substrates (6). This makes bacteria capable of deriving energy from xenobiotics 
(Fig. 2); thus, under aerobic conditions lipophilic compounds are more likely to be 
metabolized completely to CO2 and H2O, rather than to be excreted as a metabolite of the 
parent compound. General information about detoxication of organic compounds by 
rhizosphere microbiota is summarized elsewhere in this volume (7). 
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Plants. Plants have several biochemical and physiological defenses against toxic 
substances. In addition, plants exclude many non-nutritive organic substances at the root 
surface (8). Once an organic toxicant enters the root, it may be metabolized or 
immobilized through a number of processes, including, compartmentalization into storage 
vacuoles, formation of insoluble salts, complexation with plant constituents, or binding 
of the compound to structural polymers (9,10). 

Enzymatic oxidation, reduction, and hydrolysis reactions generally reduce toxicity 
of the substrate. These reactions are mediated primarily through mixed function 
oxidases, peroxidases, nitroreductases, and hydrolases (9). Subsequent conjugation 
reactions with water-soluble cell constituents, such as glutathione, amino acids, glucose, 
or other thiols and sugars (9,11,12) typically increase the polarity, water solubility, and 
molecular weight of die substrate and reduce phytotoxicity (9). The metabolite may then 
be translocated within the plant and subsequently immobilized. The overall result is 
reduced potential for toxicity of a xenobiotic to the plant (11). 

The metabolism of aromatic and heterocyclic herbicides by higher plants is 
generally limited to removal of ring substituents and incorporation of the ring structure 
into plant polymers as a bound residue (9,13). Ring cleavage and subsequent oxidation 

Figure 1. The cytochrome P-450 mixed function oxidase system facilitates excretion of 
lipophilic organic substrates in terrestrial and aquatic animals by producing metabolites that 
are more water soluble than the parent compound. Common metabolites of naphthalene are 
shown (after 2). 
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of the compound to CO2, although common in microorganisms, does not appear to be a 
significant route of transformation by higher plants (14). 

In summary, plant cells are afforded protection against lipophilic, organic 
substances that enter plant tissue primarily by compartmentalization and enzymatic 
transformations. In contrast to multicellular animals in which transformation of the 
substrate facilitates excretion, compartmentalization and immobilization tend to be the 
ultimate fate of a toxicant in plants. 

Plant-Microbe-Toxicant Interactions in the Rhizosphere 

Recent reviews summarize plant-microbe-toxicant interactions in the rhizosphere (7, 75, 
16). These reviews provide numerous examples of microbial degradation of hazardous 
substances in the rhizospheres of a variety of plant species. Further evidence of 
microbial degradation of xenobiotics is provided in other chapters of this volume. We 
propose that these individual cases of microbial detoxication in the rhizosphere be viewed 
collectively as evidence for a generalized response of plant life to chemical stress 
encountered in soil. We speculate that the full range of defenses available to plant life 
against toxicants may extend beyond the physical barriers and internal responses that 
have been described. These plant defenses may be augmented by metabolic detoxication 
capabilities of the rhizosphere microbial community. 

The external protection afforded by the rhizosphere microbial community can be 
envisioned to have evolved to the mutual benefit of both microorganisms and plants. That 
is, microorganisms benefit from nutritional enrichments in the form of plant exudates, 
sloughed root cells, dead root hairs, litterfall, and other means by which photosynthate is 
transferred from the plant to soil (17). The plant, in turn, benefits from the metabolic 
detoxication of potentially toxic organic compounds in soil accomplished by the 
rhizosphere microbial community. In this scenario, plant expenditures of energy for 
chemical detoxication are conserved because photosynthate in the form of root exudates 
maintain the microbial community under normal, unstressed conditions. We speculate 
that when a chemical stress is present in soil, a plant may respond by increasing or 
changing exudation (carbon allocation) to the rhizosphere (Fig. 3). As a result, the 
microbial community, in turn, increases the transformation (and detoxication) rate of the 
toxicant. This microbial response could be an increase in microbial numbers, an increase 
in synthesis of detoxication enzymes, or a change in the relative abundance of those 
microbial strains in the rhizosphere that can degrade the toxicant. Thus, the plant would 
gain protection by inducing the exogenous metabolic capabilities of the rhizosphere 
microbial community. Such stimulation can be viewed as analogous to induction of the 
endogenous MFO system of multicellular animals. In this way, the plant would expend 
energy to boost or induce enzyme synthesis when the plant is stressed by toxicants in the 
surrounding soil; at other times, the microbial community would exist at a maintenance 
level. Thus, we invoke positive feedback, for which there are numerous examples in 
natural ecological systems (18) as the regulatory system for toxicant-plant-microbe 
interactions. 

Evidence for Coevolution of Plant-Microbe Defenses 

Proof that plants have a common defense strategy against chemical toxicants whereby the 
versatile metabolic capability of the rhizosphere microbial community protects the plant, 
is most likely to come from the weight of experimental evidence consistent with this 
premise. No singular experiment can either prove or disprove the relative importance of 
rhizosphere microbiota to detoxication and plant protection. Our formulation of this 
hypothesis emerged from years of work on plant-microbe-toxicant interactions at Oak 
Ridge National Laboratory. These studies include experiments on several plant species 
from a number of field sites using several chemical contaminants, as well as examination 
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Figure 2. Biochemical transfonnations of lipophilic aromatic compounds by procaryotes 
proceed through dihydroxy metabolites of the parent compound. Ring fissions lead to 
production of metabolites that can be completely mineralized to yield energy, as is shown 
for naphthalene (after 6). 

Figure 3. Hypothetical mechanism by which the rhizosphere microbial community may be 
influenced by the host plant to promote detoxication of an organic substance in soil. By 
this scenario, a chemical toxicant in the soil would be detected by the plant and the plant 
would respond with a change in either the quality or quantity of root exudates. This change 
in exudation would evoke an increase in numbers of rhizosphere microorganisms or an 
increase in the relative abundance of those strains best able to metabolize die toxicant The 
enhanced detoxication accomplished by the microbial community could be the result of 
mineralization of the substrate, biotransformation to produce a less toxic compound, or 
stabilization of the toxicant by polymerization reactions, such as humification. This 
proposed pathway would operate as a positive feedback loop until the concentration of the 
toxicant in soil was sufficiently reduced that the plant returned to a normal pattern of root 
exudation. 
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of the published literature. The results are reported in a number of theses, dissertations, 
technical reports, submitted manuscripts, and manuscripts in preparation; however, no 
single document sets forth the essence of our general idea of plant-microbe-toxicant 
interactions. 

We have formulated observations that would be expected, if the rhizosphere 
microbial community does protect its host plant from potentially toxic compounds in soil. 
These observations provide minimal criteria for evaluating whether experimental data are 
consistent with the protective role of microbe-toxicant interactions in the rhizosphere. 
The minimal criteria are as follows: 

• Mineralization of xenobiotics would occur faster and to a greater extent 
in the rhizosphere than in comparable bulk soil, 

• Many different plant species would show enhanced degradation of 
xenobiotics in the rhizosphere, that is, the phenomenon would be 
widespread in the plant kingdom, 

• Rhizosphere microbial communities would change quantitatively and 
qualitatively following exposure to even low concentrations of 
toxicants, 

• Plants would expend energy to support their rhizosphere microbial 
communities, 

• Once plant life is removed from soil, the rate of microbial degradation 
of xenobiotics in that soil would diminish. 

These criteria are statements of what might be expected from plant-microbe-toxicant 
studies, if rhizosphere microorganisms did coevolve with plant life and a mutualistic 
symbiosis exists between them. Evidence consistent with the first two criteria comes 
from the published scientific literature, including many new examples of toxicant 
degradation in the rhizosphere described in other chapters of this book. Additional 
evidence comes from studies by Hoylman (79), who observed that rhizosphere microbial 
communities of Melilotus alba increased following exposure to 250 |ig/g phenanthrene in 
soil when compared with Af. alba rhizosphere soil in the absence of phenanthrene. 
Importantly, Hoylman also found that Af. alba shifts carbon allocation from aboveground 
tissue to roots when exposed to phenanthrene in the soil. This carbon shift was 
measured as a reallocation of 14C-photosynthate to roots and an increase in 1 4C02 efflux 
from soil when plants were exposed to phenanthrene as compared with control plants 
grown in the absence of phenanthrene. These increases in microbial numbers and carbon 
allocation to the rhizosphere are consistent with our prediction that plants would expend 
energy to augment a microbial community that protected it from toxicants in soil. 

In other experiments using Af. alba, soils were analyzed for incorporation of 1 4 C 
into fulvic and humic fractions of soil after treatment of vegetated and nonvegetated soils 
with four 1 4C-PAHs. These studies were designed to measure uptake and translocation 
of 14C-naphthalene, 14C-phenanthrene, 14C-fluoranthene, and 14C-pyrene by M. alba 
over a 5-day exposure. Mass balance of the 1 4 C in these studies revealed that more than 
86% of the 1 4 C remained in the soil at the conclusion of the exposure period (79). 
Additional analyses of the soils reveal that 1 4 C from three of the four PAHs become 
associated with fulvic and humic fractions in the rhizosphere. Data on the association of 
1 4 C with fulvic and humic fractions, presented below, indicate that the rhizosphere 
microbial community may accelerate humification of some aromatic compounds. 
Association of PAHs with the combined humic and fulvic fraction of soil could also be 
expected to reduce the potential toxicity of hazardous substances to the host plant. 
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Humification of PAHs in the Rhizosphere 

A composite soil (typic Udipsamments, mixed, mesic) was collected from two 
depths (0-18 and 25-28 cm) near a coal tar disposal pit in the northeastern United States. 
The total organic carbon of the composite was 0.93 ± 0.04% and the pH was 6.98. 
Particle size distribution was sand, 94.5%; silt, 3.3%; and clay, 2.2%. White 
sweetclover, Melilotus alba, was selected for uptake studies due to its presence at the site, 
morphological characteristics, and ease of study under laboratory conditions. Melilotus 
alba seedlings were germinated for uptake studies to obtain plants of similar ages and 
sizes. Prior to exposure to individual 1 4C-PAHs, M. alba plants of approximately the 
same age (2 months) and size were transferred to 250-mL flasks to acclimate for a 
minimum of 5 days in a walk-in environmental chamber. Thus, for the vegetated 
treatments, 1 4C-PAHs were applied to soil containing a plant with an established root 
mass. Otherwise, vegetated, nonvegetated, and sterile controls were treated the same. 

Four 1 4C-PAHs, [l-14C]naphthalene (specific activity 318 x 101 0 Bq per kg); 
[9-14C]phenanthrene (specific activity 270 x 1010 Bq per kg, radiochemical purity >98%, 
Sigma Chemical Co., St Louis, MO); [4,5,9,10-14C]pyrene (specific activity 101 x 1011 

Bq per kg, radiochemical purity >98%; Sigma Chemical Co., St. Louis, MO), and [3-
14C]fluoranthene (specific activity 101 x 10 1 1 Bq per kg, radiochemical purity >97%, 
Sigma Chemical Co., St. Louis, MO), were applied individually to soil (60-75 g). The 
total concentration of PAH applied to the soil was 250 jug per g soil for each PAH, with 
the exception of phenanthrene, which was applied at a concentration of 500 |0g per g soil. 
1 4C-PAHs were dissolved in a minimum volume of toluene and applied to soil in 
vegetated (soil and plant), nonvegetated (soil only, no plant), and sterile (soil autoclaved 
for 1 h over 2 consecutive days, no plant) treatments. Nonradiolabeled PAHs were 
purchased from the following vendors: Aldrich Chemical Co., Milwaukee, WI 
(fluoranthene); J.T. Baker Inc., Phillipsburg, NJ (naphthalene); and Sigma Chemical 
Co., St Louis, MO (phenanthrene and pyrene). All organic solvents were reagent grade 
and >99% pure. 

Soil-plant-flask units were maintained in glass exposure chambers housed in a 
walk-in environmental chamber. The chamber was programmed for a 14-h photoperiod; 
diurnal temperatures in the chamber were 32/22 °C. Ambient C O 2 level was 370 [iL per 
L. Glass exposure chambers were kept under negative pressure with exiting air passing 
through a charcoal filter to trap volatile 14C-compounds released to the atmosphere from 
the aboveground foliage. 

At the conclusion of the 5-day treatment period, plants were removed for analysis 
(79) and soil samples were sequentially extracted with n-hexane, chloroform, and 0.5 M 
NaOH under N2 (20). Approximately 30 g soil and 80 mL of rc-hexane were added to 
110 mL sample bottles and agitated on a rotator/shaker (Thermolyne, Dubuque, LA) at 
300 rpm for one hour. Samples were then centrifuged (International Equipment Co., 
Needham Hts., MA) at 2000 rpm for 10 minutes. Following centrifugation, 200 (XL 
aliquots of the supernatant were dissolved in Aquasol (New England Nuclear, Boston, 
MA) scintillation cocktail and counted using liquid scintillation spectroscopy (Packard 
Model 2000CA). The extraction procedure was performed three times with hexane, 
followed by three times with chloroform. After each extraction, 1 4 C was counted. 

After the third chloroform extraction, each soil sample was air dried to a constant 
weight. Fifty mL of 0.5 N NaOH was added to the dry soil; the unit was then purged 
with N2, closed, and agitated at 200-250 rpm for 24 hours (27). Samples were 
centrifuged for 10 minutes at 2,200 rpm to separate the dark-colored supernatant 
comprising humic and fulvic acids and water-soluble degradation products from the soil 
residuum. Carbon-14 determinations of this combined fraction were made using liquid 
scintillation spectroscopy. After acidification to pH 2, water-soluble PAH degradation 
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products (22) were extracted from the combined fraction using hexane. Carbon-14 
determinations were made on the extract using liquid scintillation spectroscopy. 

Results and Discussion. The percentage of the total extractable 1 4 C associated with 
the combined humic and fulvic acid (HA/FA) fraction (including water-soluble 1 4 C -
metabolites retained in this fraction) was greater in vegetated treatments for all PAHs 
except pyrene. Pyrene showed no statistically significant influence of vegetation (Table 
1). The pH 2 hexane extractions showed that the majority of the 1 4 C in this combined 
fraction was unextractable and was presumably associated with the combined HA/FA 
fraction of the soil organic matter. The pH 2 hexane extract was not analyzed for specific 
water-soluble acids and phenolic acids of the type found by Guerin and Green (22); 
however, the lack of appreciable 1 4 C extraction after acidification to pH 2 indicates that 
the 1 4 C in this fraction is not likely to be the result of an increase in such acid metabolites 
of the PAHs. 

The 1 4 C in the combined HA/FA fraction of the sterile soil treatments indicates 
incorporation of 1 4 C from each PAH under sterile conditions, that is, in the absence of an 
active microbial population. Only in the case of 14C-naphthalene does a pronounced 
abiotic association occur (Table 1), which may be related to the smaller size of 
naphthalene. Comparison of the 1 4 C in the HA/FA fraction of the nonvegetated soil with 
that of the matched sterile soil provides an indication of the contribution of the microbial 
community to the fate of 1 4C-PAHs in the rhizosphere. The fluoranthene, phenanthrene, 
and naphthalene data are consistent with the hypothesis that microbial processes enhance 
the association of 1 4 C with the HA/FA fraction in the rhizosphere of M. alba during a 
relatively short (five day) incubation period. 

Table 1. 14C-distribution in soil organic matter after a 5-day exposure period in sterile, 
nonvegetated, and vegetated soil with Melilotus alba 

Fulvic/Humic Acid 
l4C-Compound Soil Treatment Fractions 

(% Total 1 4 C ) A 

Pyrene Sterile Soil 5.1 + 2.6 
Nonvegetated 4.4 + 0.4 
Vegetated 4.3 ± 0.8 

Fluoranthene Sterile Soil 1.4 + 0.2 
Nonvegetated 2.7 + 0.5 
Vegetated 5.8 ± 0.2 

Phenanthrene Sterile Soil 1.8 + 0.3 
Nonvegetated 7.1 ±4.5 
Vegetated 30.6 ± 13.8 

Naphthalene Sterile Soil 15.6 + 4.5 Naphthalene 
Nonvegetated 14.6 + 5.9 
Vegetated 40.8 + 7.0 

A Data are the mean % ± one standard deviation of the 1 4 C extracted from soils treated with 
individual 1 4C-PAHs (three replicates). Percent 1 4 C associated with chloroform and 
hexane extractions make up the remainder of the extractable radioactivity. 
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These preliminary findings suggest that the rhizosphere microbial community may 
influence the fate of selected PAHs in soils, and that the association of these PAHs with 
the HA/FA fraction of soils occurs at a faster rate in the rhizosphere as a result of 
microbially mediated processes. However, these preliminary data do not prove that 1 4 C-
substrate was chemically or physically incorporated into those macromolecules implied 
by the operationally defined terms "humic" and "fulvic" acids. Soil organic matter 
contains a wide range of water-soluble to water-insoluble macromolecular material, most 
of which is isolated by the standard soil science procedures we employed using NaOH 
extraction preceded by chloroform/hexane extraction. It is possible, for example, that the 
rhizosphere microbial community partially oxidized the substrate to more polar water-
soluble products which were present in the base extract, without any formal association 
with humic or fulvic materials. However, the pH 2 hexane extract counts indicated that 
these products, if present, were in relatively small amounts. Subsequent work should 
determine the distribution of 1 4 C in high performance size exclusion chromatography 
profiles of these macromolecules and/or the alteration of their 1 3 C nuclear magnetic 
resonance spectra to confirm the humification hypothesis. 

Incorporations of PAHs into the NaOH-extractable soil fraction would be 
expected to decrease the biological availability of PAHs in soils and, hence, reduce the 
potential toxicity of the test compounds to the host plant. Moreover, these experimental 
findings, when viewed from the perspective of plant-microbe-toxicant interactions, 
suggest yet another mechanism by which the microbial community may protect the plant 
from toxicants in soils, that is, by an accelerated humification rate in the rhizosphere. 

Coevolution of Plant-Microbe-Toxicant Interactions 

Plant symbiotic associations with microbiota are well recognized (25, 24). The 
hypothesis that mutualism exists between rhizosphere microbiota and host plants as a 
defense against potential toxicants in soils invites speculation on the selective pressures 
that would favor coevolution of this symbiosis. It is interesting to speculate that the 
association may have evolved in soils where naturally occurring, lipophilic organic 
compounds such as PAHs reach high concentrations. For example, forest and grass fires 
could provide significant natural sources for PAHs (25) such that survival of individual 
plants may be impeded after incidents of high PAH loading. Survival advantage would 
accrue for those plant species able to become established in PAH-laden soils. The release 
of allelopathic chemicals in the root zone is another example of a naturally occurring 
chemical stress that would favor rhizosphere microbial communities able to detoxicate 
organic substrates. 

Soil microorganisms may increase plant survival in environments where 
concentrations of naturally occurring organic compounds constitute a chemical stress to 
plants germinating at these sites. Moreover, in recent times, microorganisms associated 
with roots may enhance plant survival in the presence of anthropogenic compounds, such 
as herbicides, insecticides, surfactants, chlorinated solvents, and chemical wastes. 

Implications of Plant-Microbe-Toxicant Interactions for Bioremediation 

The idea that rhizosphere microbial communities are beneficial to plant survival is well 
recognized in many areas of plant science and merits consideration in plant 
ecotoxicology. The idea that plants may benefit from metabolic detoxication capabilities 
of their rhizosphere microbial communities provides an interesting paradigm for 
examining experimental data on plant-microbe-toxicant interactions in soils. If the 
rhizosphere microbial community of a host plant can influence the fate and bioavailability 
of toxicants in soils, then adjustments to the design of laboratory studies to evaluate 
bioremediation potential in the field may be in order. 
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A number of specific implications of plant-microbe-toxicant interactions for 
laboratory bioremediation studies become apparent. If the rhizosphere microbial 
community is influenced both by the plant and the toxicant in soil, then laboratory 
studies for bioremediation purposes should be conducted using soils, 
plants, and rhizosphere microbial communities collected from the actual 
field site where preexposure and preselection of toxicant-degrading microbial 
communities will have occurred. 

Studies involving terrestrial plant species should be conducted using 
soil as the rooting medium to permit development of a rhizosphere microbial 
community. Hydroponic growth media should be avoided for bioremediation 
studies, because rhizosphere microbial communities characteristic of terrestrial plants are 
more likely to proliferate in soil than in water. 

Experimental conditions should be fully described, including plant 
species, soil characterization, and exposure history. Controls are needed to 
distinguish biological from nonbiological losses of test compounds, and 
mass balance determinations of test compounds are essential. Moreover, 
based on findings reported herein, mineralization should not be the only 
endpoint for bioremediation studies-microbial incorporation of test 
compounds into humic and fulvic organic fractions of soils should also be 
considered, but a reliable method is needed to do this. 

Conclusion 

The concept that plants may be protected from toxicants in soils by the metabolic 
detoxication capabilities of their rhizosphere microbial communities provides a fascinating 
area for biological, chemical, and toxicological research that may have important 
implications for the use of vegetation in situ to decontaminate soils containing hazardous 
waste chemicals. 
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Chapter 8 

Potential Use of Mycorrhizal Fungi 
as Bioremediation Agents 

Paula K. Donnelly and John S. Fletcher 

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

Currently the most common practice of cleaning contaminated soil is to 
remove the soil from the site and transfer it to a permanent storage cell, 
or to an incinerator for combustion of organics. The use of 
microorganisms as bioremediation agents is gaining popularity based 
primarily on degradation studies conducted under laboratory 
conditions. Unfortunately these microorganisms are often not active 
degraders when moved from the laboratory to the field, presumably 
because they cannot compete with the native organisms. We are 
proposing the use of ectomycorrhizal fungi as bioremediation agents 
with special attention focused on both the fungus and the host plant 
The host plant will give the fungus a selective advantage for surviving 
at a contaminated site. Several of these fungi are known to metabolize 
various chlorinated aromatic compounds, such as 2,4-
dichlorophenoxyacetic acid (2,4-D), atrazine, and polychlorinated 
biphenyls (PCBs). This group of fungi may play an important role in 
the bioremediation of hazardous compounds in soil. This chapter 
summarizes the work to date using mycorrhizal fungi in bioremediation 
studies. 

The rhizosphere is the zone around young and active roots exhibiting increased 
microbial populations and activity. Root systems continuously release metabolic 
substrates, especially sugars and amino acids, by both secretion and root turnover 
(death). Without the release of organic substrates by roots, many microorganisms 
would not survive in the soil ecosystem (7). Garrett (7) refers to the plant root system 
as "the most important inhabitants of the soil, because... they provide the energy that 
drives the whole of the soil ecosystem." This carbohydrate loss from the plant is not 
as detrimental to the plant as it may first appear, because many soil microorganisms 
foster plant growth. The superior uptake properties of some microorganisms in the 
rhizosphere facilitate the movement of soil minerals into plants that would otherwise be 
unavailable. Thus the exudates released from the roots stimulate microbial growth 
which in turn fosters plant growth (7). 

Of the fungi that occur in the rhizosphere, there are two important groups that 
infect the roots of plants. One group is comprized of the pathogenic root-infecting 

0097-6156/94/0563-0093$08.00/0 
© 1994 American Chemical Society 
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fungi which can cause serious economic losses and widespread damage to many plant 
species worldwide. The second group of root-infecting fungi, the mycorrhizal fungi, 
occur in and on the roots of the host plant in a mutualistic, symbiotic relationship. In 
general, the host plant provides the fungi with a soluble carbon source and the fungi 
improve the acquisition by the host plant of water and nutrients especially when the 
water and nutrients are in short supply. In this relationship, both partners benefit from 
the association (7-4). 

Studies with mycorrhizal fungi have focused on their ability to provide the host 
plant with nutrients in a nutrient-deficient soil (7-5) and have ignored the full role they 
may play in the soil ecosystem. For example, although laboratory studies have shown 
that several mycorrhizal fungi have enzymatic properties similar to saprophytic fungi 
(6-8), it is unclear whether or not these enzymes are active under field conditions. It is 
possible that although mycorrhizal fungi draw most of their nutritional needs from the 
host plant, they may retain the ability to degrade a large assortment of compounds 
available in the soil including organic pollutants. The prospect of such fungi existing 
in nature has important implications for bioremediation because mycorrhizal fungi 
introduced in combination with their host plant at a contaminated site may survive and 
have sustained degradative properties, features often not characteristic of introduced 
bacteria. 

Classification and Growth of Mycorrhizal Fungi 

A large number of fungi have been classified as mycorrhizal with a wide variety of 
host plants (9-72). Some of these fungi have a narrow host range while others have a 
broad range of host plants (77). Several studies have shown that with higher green 
plants, the presence of this mycorrhizal association is more common than its absence 
(4). It should also be mentioned that an individual plant may have more than one 
mycorrhizal fungal species associated with it at any given time or over a period of time 
(13). 

Traditionally the mycorrhizal fungi were classified into two groups according 
to the position of the hyphae in relation to the root epidermis of the host plant. 
Ectotrophic mycorrhizae do not penetrate the host cells but form an intercellular hyphal 
network and enclose the root in a dense sheath. The endotrophic mycorrhizae 
penetrate the host cells extensively, but have only a loose network of hyphae on the 
root surface. Within these two major groups, there were subgroups which contained 
the ericaceous, orchid, and ectendotrophic mycorrhizae (14). Mycorrhizal fungi are 
now usually classified as belonging to one of four major types: the ectomycorrhizae, 
the vesicular-arbuscular mycorrhizae, the ericaceous mycorrhizae, and the orchid 
mycorrhizae (1,14). The ectomycorrhizal fungi have been successfully grown in 
axenic culture; however, axenic cultures of vesicular-arbuscular mycorrhizal fungi do 
not exist (14). 

Metabolism of Mycorrhizal Fungi 

Catabolic Enzymes. Several species of ectomycorrhizal fungi have been shown to 
produce the enzymes necessary to degrade complex aromatic compounds in the soil 
(6,15,16). Bae and Barton (6) reported the following hydrolytic enzymes to be 
present in Cenococcwn graniforme: protease, esterase, a-D-galactopyranosidase, b-D-
galactopyranosidase, a-D-mannopyranosidase, b-D-xylopyranosidase, a-D-
glucopyranosidase, b-D-glucopyranosidase, and alkaline phosphatase. Hebeloma 
crustuliniforme was shown to produce an extracellular acid proteinase (16). 
Proteinase activity has also now been measured in other ericoid and ectomycorrhizal 
fungi (77). Amylase, xylanase, mannase, cellulase, and polyphenol oxidase have 
been found in various ectomycorrhizal fungi (75). Although Hutchison (18) did not 
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find the presence of cellulase, ligninase, or pectinase in selected ectomycorrhizal fungi, 
several other enzymes were detected. Various ectomycorrhizal fungi produce lipase, 
amylase, gelatinase, and urease (18). Leake and Read (19) showed the production of 
a free acid protease by an ericoid mycorrhizal fungus. Significantiy increased levels of 
protease, phosphatase, peroxidase, xylanase, cellulase, and laminarinase have been 
measured in the mat structures formed by certain ectomycorrhizal fungi as compared to 
non-mat soils (7,8). The presence of these enzymes indicates that mycorrhizal fungi 
may not be completely dependent on the host plant for its carbon supply. By 
producing these enzymes, mycorrhizal fungi have the potential ability to utilize other 
carbon sources found in the soil ecosystem and may play an important role in nutrient 
cycling. Whether this actually occurs needs to be studied. However, all indications 
show that this group of fungi are possibly capable of degrading a wide range of 
compounds. 

Lignin Degradation. In recent years the nonmycorrhizal, ligninolytic white-rot 
fungus, Phanerochaete chrysosporium* has been shown to be efficient at degrading 
numerous other aromatic compounds (20-24). Eaton (21) showed that P. 
chrysosporium was able to mineralize PCBs, which are usually highly resistant to 
microbial degradation. He noted the similarities in the pattern of degradation of this 
compound with that of lignin, thus supporting the theory that the ligninolytic system 
was involved (21). Haider and Martin (22) tested the ability of P. chrysosporium to 
degrade several xenobiotic compounds. This fungus was able to degrade several 
chlorinated aromatic compounds, and the optimum conditions for degradation, such as 
low N concentration, high aeration, shaking, and the presence of a cosubstrate, were 
similar to the optimum conditions for lignin degradation (22). However, the optimum 
conditions required for degradation are not possible under field conditions. Aust (20) 
showed that the ligninolytic system of P. chrysosporium was active during the 
degradation of other complex aromatic pollutants. It appears that the ligninolytic 
system is nonspecific; the enzymes are expressed regardless of whether the compound 
is present or not (20). These characteristics make P. chrysosporium, as well as any 
other microorganism with a similar nonspecific enzymatic system, good potential 
bioremediation agents. 

Recent studies have indicated the ability of both ericoid and ectomycorrhizal 
fungi to mineralize lignin (525-28). Vesicular-arbuscular mycorrhizal fungi have not 
been tested for lignin degradation because they cannot be grown in pure culture. 
Trojanowski et al. (28) showed certain ectomycorrhizal fungi were capable of 
degrading various plant cell wall components in vitro. Lignin, holocellulose, and 
lignocellulose were used as substrates and were degraded (28). When lignin was 
supplied as the sole carbon source, both ectomycorrhizal and ericoid mycorrhizal fungi 
were capable of utilizing the lignin in vitro (2527). Hysterangium setchellii is an 
ectomycorrhizal fungus that forms extensive hyphal mats at the soil-litter interface with 
the host plant Douglas fir (29). These mats colonize up to 27% of the forest floor and 
account for 45 - 55% of the total soil biomass (30). Recent evidence indicates that 
ectomycorrhizal fungal mats may provide an environment that can increase the rate of 
organic matter decomposition (31J2). Hysterangium setchellii mat soils were 
compared to adjacent non-mat soils for their ability to degrade lignin. This was tested 
seasonally over a one year period. In all seasons, the lignin degradation was higher in 
the mat soils than in the non-mat soils (26). 

The combination of recent studies indicate that many mycorrhizal fungi are 
capable of degrading complex aromatic compounds present in the soil. Many 
ectomycorrhizal fungi apparently are not completely dependent on their host plant for 
their carbon supply and are capable of utilizing other available carbon sources to 
supplement the carbon supply from the host plant. 
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Environmental Pollutants 

Heavy Metals. An important benefit of mycorrhizal infection has been observed in 
sites with heavy metal contamination, such as mine spoils, and in sites containing high 
levels of other toxic materials (5\33). Mine spoil sites often have high levels of zinc, 
manganese, and cadmium. Plants with mycorrhizal fungi appear to be partially 
protected against the toxicity of the heavy metals. It is believed that the mycorrhizal 
fungi present in these contaminated sites have been selected over time with greater 
resistance to these metals. The heavy metals are believed to be bound by carboxyl 
groups in the hemicelluloses of the interfacial matrices between the host cells and the 
fungus (5). Leake (33) observed that an ericoid mycorrhizal fungus, Hymenoscyphus 
ericae, was able to metabolize some phytotoxic compounds in vitro. This ability of the 
fungus provides the host plant with added protection against toxins and allows the 
plant to grow in areas otherwise hazardous to the plant (33). 

Herbicide Degradation. Several mycorrhizal fungi were screened for their ability 
to degrade 2,4-D and atrazine. Donnelly et al. (34) found that many of the fungi were 
capable of degrading these two chlorinated aromatic herbicides. The fungi were 
grown on medium containing 14C-ring labelled 2,4-D or atrazine as the sole carbon 
source. After eight weeks of incubation, amounts of 1 4 C 0 2 and 1 4 C incorporated into 
the fungal biomass was determined. The fungi were grown at two herbicide 
concentrations (1.0 and 4.0 mM) and three nitrogen concentrations (0, 1.0, and 10.0 
mM). None of the cultures tested grew at 4.0 mM 2,4-D, but all of them grew at 1.0 
mM 2,4-D. Both concentrations of atrazine also supported the growth of all the fungal 
cultures. In general, as the nitrogen concentration increased, the total herbicide 
degradation increased. In most cases, degradation consisted of incorporation of 
herbicide carbon into tissue and not mineralization. The ectomycorrhizal fungus 
Rhizopogon vinicolor and the ericoid mycorrhizal fungus Hymenoscyphus ericae were 
able to degrade 2,4-D. The two ericoid mycorrhizal fungi, H. ericae and 
Oidiodendron griseum, were able to degrade significant amounts of atrazine. The 
ectomycorrhizal fungi Rhizopogon vulgaris and Gautieria crispa were also able to 
metabolize atrazine. The ability to degrade these two herbicides was dependent on the 
fungus and the herbicide (34). v 

In a separate study, where sterile soil was colonized with mycorrhizal fungi, 
14C-ring labelled 2,4-D or atrazine was added at a concentration of 1.0 mM (35). The 
1 4 C 0 2 was trapped and monitored over a 30-day period. All of the mycorrhizal fungi 
tested mineralized more atrazine than 2,4-D. The ectomycorrhizal fungus Gautieria 
crispa mineralized the most atrazine, with the peak occurring between days 3 and 5, 
and increasing steadily after that. The ericoid mycorrhizal fungus Oidiodendron 
griseum mineralized the most 2,4-D, with the peak occurring between days 5 and 10 
(35). Results of these studies showed that several of the mycorrhizal fungi which are 
able to degrade lignin were also able to degrade 2,4-D and atrazine (25,343$). 

Three commonly used herbicides were tested for their effect on selected 
ectomycorrhizal fungi (36-38). The herbicides tested were atrazine, hexazinone, and 
picloram. Axenic cultures of eleven ectomycorrhizal fungi were grown in liquid 
medium with the herbicide for 30 days. The medium was sampled periodically during 
this time period, and analyzed for disappearance of the parent compound and 
appearance of intermediate compounds (metabolites). The fungi were tested in media 
at two pH levels and with three C/N ratios. Robideaux et al. (37) showed that ten of 
the eleven ectomycorrhizal fungi were capable of removing hexazinone from the 
medium. The culture conditions and fungal species determined the amount of 
disappearance of the parent compound. The C/N ratio was a major factor involved in 
the amount of hexazinone disappearance (37). In a related study, Fowles et al. (38) 
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determined that the C/N ratio and pH affected the amount of hexazinone found 
immobilized in the fungal tissue. However, this effect was dependent on the fungal 
species. Of the ectomycorrhizal fungi tested, Cenococcum geophilum was the most 
effective at immobilizing the hexazinone (38). The analysis of the other two herbicides 
is not yet completed. These studies are consistent with the results reported by 
Donnelly et al. (3435) that the ability to degrade herbicides appears to be dependent 
on the herbicide and the mycorrhizal fungus. 

Several ectomycorrhizal fungi were also tested for their ability to degrade the 
herbicide chlorpropham (39). After one week of incubation with the substrate, the 
intermediate compound 3-chloroaniline was present in the medium of almost half of 
the cultures. In the samples with 3-chloroaniline, there was only a small amount of the 
parent compound found on the mycelium. The ectomycorrhizal fungi which degraded 
chlorpropham the best were Hebeloma cylindrosporum, Suillus bellini, and Suillus 
variegatus. This study showed that ectomycorrhizal fungi are capable of metabolizing 
herbicides, and the response of the fungus to the compound will vary among species 
(39). 

PCB Degradation. Most recently, 21 mycorrhizal fungi were screened for their 
ability to metabolize PCBs (40). The fungi were incubated for five days in a liquid 
medium containing a mixture of known PCB congeners as the sole carbon source. 
The PCB congeners ranged from dichlorobiphenyl to hexachlorobiphenyl. After 
incubation, the PCB was extracted from the medium with hexane and analyzed using 
gas chromatography. Killed cells were used as controls and the % recovery of each 
PCB congener was compared between the living and dead cells. The fungi varied in 
their ability to metabolize the PCBs. Of the 19 total congeners present, the number of 
congeners degraded by the fungi ranged from zero to six. The lower chlorinated 
congeners were more readily degraded than the higher chlorinated congeners. 
Fourteen of the 19 fungi tested were able to metabolize some of the PCBs by at least 
20%. The ectomycorrhizal fungi Radiigera atrogleba and Hysterangium gardneri were 
able to degrade over 80% of 2,2'-dichlorobiphenyl. Two ericoid mycorrhizal fungi, 
Hymenoscyphus ericae and Oidiodendron griseum, were not as effective at 
metabolizing PCB as the ectomycorrhizal fungi (40). The preliminary screening of 
mycorrhizal fungi showed that several were capable of metabolizing PCBs. 

Summary 

The limited research conducted to date with mycorrhizal fungi shows that this group 
of fungi have the ability to degrade a range of xenobiotics, similar in many respects to 
what has been reported for the white-rot fungus, Phanerochaete chrysosporium 
(20,41). The ability to degrade aromatic substrates depends upon the fungus and the 
substrate (253435,3738,40). Physiological conditions also have a significant effect 
on the rate of degradation (2534,3738). It should be emphasized that all of the work 
to date have been in vitro studies without the host plant. It is recognized that the 
mycorrhizal fungus may not metabolize these compounds to the same extent when 
growing with the host plant. In vitro studies with the intact symbiosis are now in 
progress, and actual field studies at contaminated sites are needed to determine the 
practical usefulness of this system. Both enzymatic and physiological studies 
completed with mycorrhizal fungi indicate that these fungi have the potential to play an 
important role in bioremediation of hazardous compounds in soil. The natural, 
sustained occurrence of abundant amounts of these fungi in association with plants 
make this plant-microbe system an ecologically sound approach to long-term 
bioremediation and ecological restoration of contaminated sites. 
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Chapter 9 

Dehalogenation of Chlorinated Phenols 
During Binding to Humus 

Jerzy Dec and Jean-Marc Bollag 

Laboratory of Soil Biochemistry, Center for Bioremediation 
and Detoxification, Pennsylvania State University, 

University Park, PA 16802 

Oxidoreductive enzymes, occurring in the soil environment, can 
catalyze oxidative coupling reactions of chlorinated phenols. The 
free radicals generated during these reactions can couple to each 
other or to humic acid. If the unpaired electron of a free radical is 
located at an aromatic carbon which is substituted by a chlorine 
atom, dehalogenation can occur during the coupling reaction. The 
patterns of dehalogenation during the binding to humus are 
comparable to those observed when free radicals couple to each 
other, which confirms that both reactions are controlled by the 
same mechanism. The occurrence of dehalogenation during 
binding provides direct evidence for the formation of covalent 
bonds between chlorinated phenols and humic acid. Covalent 
binding is considered the strongest type of bonding between 
xenobiotics and soil organic matter, and therefore - together with 
the dehalogenation process - is a desired reaction for the removal 
of chlorinated phenols from the environment. 

There is growing evidence that, due to increased microbial activity, the 
degradation rate of hazardous organic compounds in the rhizosphere is greater 
than in root-free soil (1,2). In addition to degradation, xenobiotics deposited in 
soil may also undergo synthetic processes, such as polymerization or binding to 
humus (3). Numerous studies demonstrate that, like degradation, binding of 
xenobiotics to soil depends on the activity of soil microorganisms; in sterile soils 
essentially no significant binding is observed (4). Therefore, it can be expected 
that in the terrestrial environments of increased microbial activity, such as 
rhizosphere soil, the binding processes may also intensify. 

Chlorinated phenols can be bound to soil organic matter through an oxidative 
coupling reaction that may be mediated by various oxidoreductive enzymes such 

0097-6156/94/0563-0102$08.00/0 
© 1994 American Chemical Society 
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as peroxidases, laccases, and tyrosinases (5). Oxidoreductase activity has been 
found in many bacteria and fiingi occurring in soil. Peroxidase activity, for 
instance, was detected in the culture fdtrate of the soil fungus Geotrichum 
candidum and in two Bacillus spp., a Pseudomonas sp. and an Arthrobacter sp. 
(6). Two species of Aspergillus and a species of Streptomyces isolated from soil 
exhibited similar peroxidase activity. Intracellular and extracellular laccases were 
found in many fungi (e.g. Agaricales, Aspergillus fumigatus, Rhizoctonia 
praticola, Trametes versicolor and others) and in actinomycetes like A. 
albocrustosus, A. galbus, and Streptomyces spp. (7-9). Tyrosinase activity was 
detected in fungi such as Agaricales, Aspergillus nidulans, brown-rot fungi, 
Psalliota arvense, and Russula nigricans (10,11), and in various actinomycetes 
(8). Both peroxidase and laccase activity were also detected in soil extracts, 
apparently as a result of the production of the extracellular oxidoreductases (72-
75). 

Rouatt et al. (16) reported that the number of bacteria, fungi, and 
actinomycetes in 1 g of rhizosphere soil may be 23, 12 and 7 times greater, 
respectively, than that in non-rhizosphere soil. Accordingly, an increase in the 
oxidoreductase activity can be expected in the root zone, leading to the enhanced 
participation of oxidative coupling reactions in the overall transformation of 
xenobiotics taking place in soil. The intensification of oxidative coupling in the 
rhizosphere may also be due to the presence of some oxidoreductases in the plant 
root exudates (17). 

In recent studies (78), we demonstrated that binding of chlorinated phenols to 
humic acid is accompanied by the release of chloride ions from the substrates. 
Such a dehalogenation reaction could easily be mistaken for a symptom of 
biodegradation processes, especially if it is detected in the rhizosphere, a zone of 
increased microbial activity. In reality, as is demonstrated below, the role of soil 
microbiota is often limited to providing oxidoreductases, whereas the immediate 
cause of dehalogenation can be the oxidative coupling reaction through which 
chlorophenols bind to humus. 

Investigatory Approach 

The occurrence of chloride release during oxidative coupling processes is well 
documented (19-23). However, in previous research, release of chloride ions 
from chlorinated phenols was demonstrated only during polymerization of the 
substrates in the presence of oxidoreductive enzymes; dehalogenation during other 
oxidative processes was not investigated. As a result, it was accepted that the 
enzymes caused the dehalogenation effect (19-23). However, it was our 
hypothesis that the oxidative coupling reaction - and not enzyme activity - is the 
immediate cause of chloride release (78). In order to confirm this hypothesis, we 
initiated studies on dehalogenation occurring during both polymerization and 
binding of chlorinated phenols to humic acid in the presence of various 
oxidoreductases (horseradish peroxidase, Trametes versicolor laccase, tyrosinase). 
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Because oxidative coupling can be mediated not only by oxidoreductive enzymes 
but also by inorganic catalysts, we also investigated dehalogenation of chlorinated 
phenols during polymerization mediated by birnessite. Five chlorinated phenols 
were investigated: 2-chlorophenol (2-CP); 3-chlorophenol (3-CP); 4-
chlorophenol (4-CP); 2,4-dichlorophenol (DCP); and 2,4,5-trichlorophenol 
(TCP). The reaction mixtures were analyzed by high-performance liquid 
chromatography for remaining substrates and coulometric titration for released 
chloride ions (18). Radiocounting was applied to measure binding of the R e 
labeled substrates to humic acid. The percentages of substrate transformed (% 
Tr) and chloride released (% CI) were used to determine the stoichiometry of 
dehalogenation. Dividing the % Tr by the % CI and by the number of chlorine 
atoms on the benzene ring, the dehalogenation number (DN) was calculated; this 
represents the number of substrate molecules per one released chloride ion (18). 

Results and Discussion 

The results confirmed the hypothesis that oxidative coupling reaction is 
responsible for dehalogenation of chlorinated phenols (18). Release of chloride 
ions was observed during both polymerization of chlorophenols mediated by 
birnessite and binding of chlorophenols to humic acid in the presence of 
horseradish peroxidase (Table 1). The percentages of substrate transformed and 
chloride released for horseradish peroxidase-mediated polymerization differed 
from those determined for birnessite, but the respective dehalogenation numbers 
were very similar (Table 1). 

It is known that in the presence of horseradish peroxidase or birnessite 
chlorinated phenols are first oxidized to free radicals (5,24). After the free 
radicals are generated, coupling is completed without further involvement of the 
catalyst. Various products may be formed during coupling due to the 
delocalization of the unpaired electron and the occurrence of the free radical in 
several resonance forms (25). Our experimental DN values of dehalogenation 
number indicated that the location of the unpaired electron determines whether or 
not dehalogenation may take place (18). In the case of chlorophenols, the lone 
electron may be located on the oxygen atom or on the aromatic ring in the ortho 
or para position. If the ortho or para position with the unpaired electron is 
substituted with the chlorine atom, the coupling of such a radical should result in 
a dehalogenation event. 

According to this scheme, 10 chloride ions can be released from 20 molecules 
of DCP involved in a free radical dimerization presented in Figure 1. The 
calculated DN value for such a model (20/10) is 2, which is in agreement with 
DN values obtained experimentally (Table 1). A similar agreement was obtained 
for dehalogenation of other chlorophenols (Table 1), confirming the hypothesis 
that the release of chloride ions is related to the location of the unpaired electron 
in the free radical molecule (18). 
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CI CI CI CI CI 

CI CI 

Figure 1. Proposed coupling reactions between free radicals generated during 
catalytic oxidation of 2,4-dichlorophenol (adapted from ref. 18). 
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Because the unpaired electron never occurs at the meta position, release of the 
chlorine atom from 3-CP is not expected. Accordingly, only small amounts of 
chloride ion were detected in the reaction mixtures containing this substrate 
(Table 1), and DN values amounted to 50.0 for horseradish peroxidase and 54.5 
for birnessite. This limited dehalogenation can be ascribed to the release of 
chloride ions from oligomer radicals. In oligomers of 3-CP, the chlorine atoms 
that were previously located at the meta position, become ortho or para 
substituted, i.e. attached to the carbon that can host the unpaired electron acquired 
during radical transfer. Apparentiy, a fraction of these chlorines is subject to 
release. 

Release of chloride ions during polymerization of chlorophenols was also 
observed in the presence of tyrosinase and the laccase from the fungus Trametes 
versicolor. The dehalogenation numbers for the laccase were similar to those 
determined for horseradish peroxidase and birnessite, but those resulting from 
incubations with tyrosinase were different. The differences reflect the fact that 
tyrosinase-mediated oxidation of chlorophenols leads to the formation of ortho-
quinones (26), not the generation of free radicals, and oxidative coupling is 
governed by a different mechanism involving nucleophilic attack of the ortho-
quinones by phenoxide anions. Release of chloride ions resulting from the free 
radical coupling was also observed during incubation of chloroanilines with 
horseradish peroxidase. 

Dehalogenation patterns determined for horseradish peroxidase-mediated 
binding of chlorophenols to humic acid indicate that the process of binding is also 
governed by the free radical mechanism (78) (Table 1). No precipitation was 
observed during incubations with humic acid, indicating that no polymerization 
occurred, and the removal and dehalogenation of the substrates was entirely due 
to binding. This observation was confirmed by the fact that, for chlorophenols 
labeled with 1 4 C , most radioactivity (88.7% for 4-CP, 76.7% for DCP, and 
81.9% for TCP) was found in the humic acid fraction after its precipitation with 
HCI (18). 

Using electron spin resonance spectrometry (ESR), previous studies have 
determined that stable free radicals occur in humic acids (27). However, these 
free radicals apparentiy did not significantly contribute to the observed enzyme-
mediated binding. According to the estimates of Schnitzer and Skinner (27), for 
fulvic acid, one free radical occurs for as many as 44,000 carbon atoms and 
30,000 oxygen atoms. This density of stable free radicals seems far too low to 
account for the complete removal of chlorophenols that was observed during the 
binding reaction in our study (Table 1). Therefore, it is assumed that the required 
amounts of free radicals are created in humic acid during incubation with enzyme 
through radical transfer (78). 

The experimental DN values for binding to humic acid are lower (i.e. 
enhanced dehalogenation) than those determined for polymerization (Table 1). 
This is partly due to the reduced number of possible couplings. During 
polymerization, free radicals of 2-CP, 3-CP, DCP, and TCP could couple to each 
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other in ten different ways (Figure 1), and those of 4-CP in six different ways. In 
the case of binding, the free radicals can couple only to humic acid and the 
number of possible couplings for 2-CP, 3-CP, DCP and TCP is reduced to four, 
and to three for 4-CP. In other words, the number of possible couplings is equal 
to the number of free radicals possessed by a given substrate (18). The enhanced 
dehalogenation during binding may also be related to coupling of chlorophenols to 
already bound substrates. The experimental DN value for binding of 3-CP (14.5) 
that indicates the possibility of such a coupling is about three times less than that 
obtained for horseradish-mediated polymerization (50.0). Similarly, reduced DN 
values were obtained for binding of 4-CP, DCP, and TCP (2.3, 1.3, and 1.1, 
respectively), by comparison to the polymerization DN values (2.9, 2.0, and 2.2, 
respectively). 

The coupling of chlorophenols to already bound substrates may explain our 
earlier findings from 13c_NMR spectroscopy that indicated formation of a 
dimeric moiety (Substructure I) during enzymatic binding of ^C-labeled DCP to 
humic acid (28). 

Substructure I 

This dimeric moiety is formed by the coupling between carbons at the ortho 
(C-6) and the meta position (C-3'). Such coupling is impossible unless the meta 
position changes its status to para position after coupling of the DCP free radical 
to humic acid (HA). 
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The meta position carbon that assumed the para position can host the unpaired 
electron acquired through the radical transfer and can be coupled with another 
DCP free radical to form a complex of humic acid with the dimeric moiety 
identified in the 1 3 C-NMR studies. 

CI O ci OH CI OH CI OH 

0 1 CI CI CI 

Various interactions may be responsible for adsorption or binding of 
xenobiotics to humic substances, such as covalent bonds, van der Waal's forces, 
H-bonding, ion exchange, hydrophobic bonding, ligand exchange, or entrapment 
in the molecular net of humus (3,4). However, except for covalent bond 
formation, none of these interactions results in dehalogenation of chlorophenols. 
Therefore, the release of chloride ions constitutes direct evidence for the 
formation of covalent bonds between chlorophenols and humic acid during 
enzyme-mediated binding. Due to the resonance of the unpaired electron, both 
carbon-oxygen and carbon-carbon linkages may be formed. These findings are in 
agreement with previous investigations on binding by means of mass 
spectroscopy, radiocounting of 14C-labeled substrates, and ^ C - N M R 
spectrometry (5,28). 

Conclusions 

Dehalogenation of organic chemicals in terrestrial and aqueous environments 
is a common phenomenon. Usually, it is caused by the activity of 
microorganisms (29), but can also be due to physicochemical factors, e.g. 
photolysis (30). Microbial dehalogenation takes place under both aerobic (31) 
and anaerobic conditions (32). In many cases, dehalogenation constitutes an 
initial step leading to further decomposition of organic compounds (57). On the 
other hand, the loss of chlorine may be a result of the ongoing breakdown 
initiated by other factors (33). Under certain conditions, dehalogenation may 
have no immediate consequence, except the decreased toxicity of the resulting 
dehalogenated compound (34). 

Release of chloride ions during oxidative coupling processes constitutes 
another possible type of dehalogenation (18). Like the other types, it may be 
more intensive in the rhizosphere. Covalent binding is considered the strongest 
type of bonding between xenobiotics and soil organic matter, and therefore -
together with the dehalogenation process - is a desired reaction for the removal of 
chlorinated phenols from the environment (5). The contribution of oxidative 
coupling to the overall dechlorination taking place in soil can be estimated by 
measuring the extent of the synthetic processes. This contribution appears to be 
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significant, taking into account that, typically, as much as 20-70% of the chemical 
entering the terrestrial system may become bound to soil (35). The DN value of 
dehalogenation number, applied in our study to elucidate the mechanism of 
oxidative coupling, may prove helpful in differentiating between various types of 
dehalogenation occurring in terrestrial systems, both in the rhizosphere and root-
free soil. At the same time, it may prove useful for evaluating bioremediation 
procedures based on oxidative coupling and other mechanisms. 
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Chapter 10 

Alfalfa Plants and Associated Microorganisms 
Promote Biodegradation Rather Than 
Volatilization of Organic Substances 

from Ground Water 

Lawrence C. Davis1, N. Muralidharan2, V. P. Visser3, 
C. Chaffin3, W. G. Fateley3, L. E. Erickson2, and R. M. Hammaker2 

Departments of 1Biochemistry, 2Chemical Engineering, and 3Chemistry, 
Kansas State University, Manhattan, KS 66506 

Bacteria have the capacity for bioremediation of both volatile and 
non-volatile organic compounds. Plants support a rhizosphere 
microflora, enhance soil microbial populations and may also be able 
themselves to metabolize some hazardous organic compounds. 
Plants move large amounts of water by transpiration and for volatile 
compounds, intersystem transfer by transpiration might occur when 
plants are exposed to such materials. These possibilities were tested 
experimentally. A tank with a channel width of 10 cm and a depth 
of 35 cm was used for plant growth. Alfalfa plants were supplied 
with a subsoil water source saturated (c. 500ppm) with toluene or 
containing c. 500 ppm phenol. Sampling wells were used to monitor 
the depth of the water table and concentrations of toluene and phenol 
in the ground water. 

The toluene concentration in the ground water remained 
constant or decreased slightly during passage of water through the 
tank although there was an average net input of >300 mg toluene per 
day to the system. To measure toluene losses through volatilization 
or transpiration, the tank was covered with an aluminum and glass 
enclosure and monitored using Fourier transform infra-red (FTIR) 
spectroscopy. The gas phase toluene was below the limit of 
detection by FTIR (c. 250 ppb v/v) while the expected accumulation 
of toluene based on water evapotranspiration rate was >50 ppm v/v 
increase in the gas phase concentration per hour. Thus, only a small 
to nil fraction of the input toluene arrived in the gas phase. 

With phenol, the concentration in the aqueous phase 
decreased during passage through the tank. Phenol is much less 
volatile than water and it was undetectable in the gas phase. The 
amount of input contaminants was about 100 fold above the amount 
that could be physically adsorbed to soil organic matter in this 
system. The observed mass balance suggests that effective 
degradation of toluene and phenol occurs in this system and that the 
potential intersystem transfer of volatile organics by plant 
transpiration is not a problem, at least with adapted plants. 

0097-6156/94/0563-0112$08.00/0 
© 1994 American Chemical Society 
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Bioremediation efforts have generally depended on microorganisms alone but plants 
may make significant additional contributions to the process. Plants are just 
beginning to be used specifically in this role (1-3 ), although they have been used 
in mine waste reclamation for decades. We are particularly interested in 
remediation of ground water contaminated by organic compounds. A recent review 
(4) describes the current status of and potential applications of plant assisted 
bioremediation. Plants provide a cost-effective way to "pump" contaminated water 
out of the ground, at least in less humid regions where potential evapotranspiration 
exceeds precipitation. They also provide input of readily available supplemental 
organic carbon to enhance die growth of root-associated microorganisms. This, in 
turn, increases the total population of microorganisms in the soil. 

We previously modeled the plant-assisted bioremediation strategy for 
benzene and atrazine (5,6). Plants reduce the off-site transfer of the hazardous 
substance, primarily by reducing downward percolation of water, but also by 
withdrawing ground water. The relative withdrawal of ground water depends on 
the water demand of the plant species chosen, precipitation, and potential 
evapotranspiration. Degradation of organic contaminants depends on microbial 
biomass, which, in turn, is strongly dependent on carbon input from plant root 
exudate. In the model (5,6), as in real systems (4), total microbial biomass in the 
soil is strongly correlated with root density in the soil. To validate the model, we 
have constructed a system that allows direct measurement of toluene or phenol 
moving into and out of the saturated soil phase, into the vadose zone and 
potentially into the atmosphere. 

Earlier work by McFarlane et al. (7) had shown that soil could serve as a 
sink for benzene from the vapor phase. In their studies, it was concluded that 
microorganisms in the soil, associated with the plant root systems, were responsible 
for the disappearance of benzene. Sterilized soil was not a sink for benzene and 
unplanted soil was much less effective than soil which had plant roots present. 
When a highly active rhizosphere microbial population is present, degradation of 
the hazardous organic substrate may be relatively rapid. Walton and Anderson (2) 
found that degradation of trichloroethylene was greater in soil from the rhizosphere 
of plants growing in a contaminated site than with contaminated soil in which 
plants were not growing. Microorganisms, either closely or loosely associated with 
plant roots, are expected to enhance degradation of toluene and phenol, as there are 
many bacteria capable of degrading these compounds. Microbially enhanced 
bioremediation of these compounds is considered a standard technique (8). 

The use of plants is an extension and enhancement of the intrinsic 
bioremediation capabilities of die microbial community as discussed in a recent 
National Research Council book (8), rather than a fully engineered approach. A 
crucial question in plant assisted bioremediation is whether there is significant 
transfer of organic contaminants from soil to the plant and atmosphere. Briggs et 
al. (9) showed in short term tests (2-4 days) that barley plants will take up 
dissolved organics into their transpiration stream. Compounds in homologous 
series (phenylureas and methylcarbamoyloximes) with varied octanol/water partition 
coefficients were tested. There was considerable variation between compounds, but 
those with a partition coefficient of about 100 (logKow = 2) had a maximum 
transpiration stream concentration factor (TSCF) of about 0.8. That is, such 
compounds were about 80% as concentrated in the transpiration stream as outside 
the root of the plant. Greater or lesser hydrophobicity yielded less effective uptake. 
The phenylureas consistently had lower TSCF values than the O-
methylcarbamoyloximes. 

McFarlane et al. (10) using an elegantly designed hydroponic system, 
showed that compounds in different chemical classes but having similar 
octanol/water partition coefficients may behave in quite different fashion depending 
on the species of plant tested. Phenol appears to be almost entirely immobilized 
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in the roots of soybeans, while bromacil is rapidly translocated to and accumulates 
in the leaves. Similarly, Briggs et al. (9) cited a number of examples from the 
literature where the TSCF deviated greatly, to the low side, from their relatively 
simple predictive curve. We may not be able to predict a priori whether a 
particular compound is translocated or immobilized by a particular species of plant. 
In addition, use of a non-sterile planted soil as the support medium may give 
different results from those observed in hydroponic systems because there are many 
more potential compartments for contaminant to partition into and there may be 
degradative losses in the soil (77). 

An active plant consumes relatively large amounts of water as an 
inescapable consequence of photosynthesis (4-6). Adapted microorganisms 
associated with the roots may carry out degradation of dissolved contaminants. 
Thus the plant may compete with its associated microorganisms by taking up 
contaminants from the ground water. Or, if the microbial community is large 
enough and effectively adapted to the contaminant in question, the plant may serve 
primarily to enhance active transport of the contaminant to the microorganisms. 
The relative importance of these competing processes is addressed in die present 
research. 

Boersma et al. (77) showed that accumulation of bromacil in plants 
increased in proportion to transpiration rate. In the absence of precipitation, an 
active plant significantly increases the net water flux from water table through the 
vadose zone to air. Removal of water increases the volume of the gas phase, which 
allows increased oxygen diffusion through the soil, potentially enhancing aerobic 
processes. In saturated soils, the root systems of some species may also supply 
some oxygen for microbial consumption (4). Plants thus may expose 
microorganisms to increased fluxes of both gas and water, which contain the 
volatilized or solubilized contaminant. Adapted microbial populations will 
probably consume most of the contaminant before it is taken up by the roots, 
because typical K m values for microbial metabolism of compounds such as phenol 
are fairly low, in the range of 100 pg/L (12), several thousand times below the 
concentrations being used in the experiments described here. 

The work of Briggs et al. (9), and Boersma et al. (77) followed uptake of 
contaminants for relatively short periods of time. Soil microorganisms able to 
degrade a compound increase following exposure (75). Thus the potential uptake 
of organic compounds by a plant and transfer to the gas phase which is predicted 
from their work, might be decreased in an adapted system, where associated 
microorganisms could degrade the contaminant prior to uptake by the plant. This 
is an important consideration because intermedia transfer of contaminants is a 
concern in any remediation process. The present research directly addresses that 
question. 

Materials and Methods 

Apparatus for treatment of plants. A tank divided into two identical halves with 
inlet and outlet ports was used for plant growth. The U-shaped folded channel in 
each half of the tank was 1.8 m long, 10 cm wide and 35 cm deep. It was filled 
with Kansas river sand/silt from the Sweet tract, near the Riley County landfill 
where transport of organics in ground water is a concern. Details of construction 
and soil packing were previously described (14). Four sampling wells were placed 
in each half chamber at the time of soil packing. Each well consisted of a coarse 
glass frit on a gas dispersion tube with the tube lengthened to 38 cm. 
Concentrations of toluene and phenol in the ground water were monitored through 
these sampling wells which also allowed determination of the depth of the water 
table. With reasonable flow rates and a water table depth of 25 cm from the 
surface, the 1.8 m path would provide a mean residence time of 1-3 weeks for 
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input liquid. Evaporation rate greatly influences the mean residence time of the 
liquid effluent. The limiting case is when inlet flow just equals evapotranspiration 
and residence time becomes indefinitely long. The surface area of soil for each 
half chamber was about 0.18 m2, while the area available for plant top growth was 
slightly larger (c± 0.2 m2) because plants could grow above the dividing walls. The 
entire chamber was placed within a fume hood to insure that any possible escape 
of volatiles did not violate regulations for air quality within the laboratory. 

To monitor possible toluene or phenol output through volatilization or 
transpiration, the tank was covered with a gas-tight enclosure 26 cm high. On three 
sides and part of the fourth, steel covered with aluminum flashing material was 
used to provide a light reflecting sin-face that would not adsorb organic compounds. 
The top of the enclosure was covered by ordinary window glass and sealed with 
clear tape around the edges. Illumination for the plants was provided by six 40 
watt fluorescent lights 40 cm above ground level. During monitoring periods, the 
front open space, about 43 cm wide, was closed with a piece of window glass and 
sealed with tape. Internal air circulation was assured by using a small fan inside 
the enclosure. 

Soil analysis and plant growth. The soil used in these studies consists of medium 
and fine sand with a little silt and low organic matter (0.3 to 1.3 % depending on 
depth)(74). Effectively nodulated alfalfa seedlings were planted in pairs at 10-cm 
intervals along the length of the flow path and the whole tank was top watered 
once with 10 L Wacek's medium minus N (75) to give the plants essential 
nutrients. A subsurface flow of water was established using water saturated with 
toluene or having c. 500 ppm (w/v) of phenol (500 pL/L of 93%, liquified, phenol). 
The water table was maintained at 20-30 cm and the gradient in the central 1 m of 
the flow path was about 1 cm/m. 

Analysis of aqueous phase organics. Fresh representative samples of the ground 
water were taken from the sampling wells and the concentration of phenol or 
toluene at the entry and exit ports was also measured. After drawing out all the 
liquid in a well and allowing it to refill for 5-10 minutes, a measured quantity of 
liquid was withdrawn into a long nylon tube attached to a 1-mL syringe. The 1-
mL liquid sample was added to organic extractant in a 50-mL tube closed with a 
ground glass stopper. For toluene extraction, 2 mL of heptane was used. For 
phenol, 2 mL n-octanol was used with 5 mL of 0.1 M phosphate buffer added to 
assure that the phenol remained unionized. A vortex mixer was used to facilitate 
partitioning of the toluene or phenol into the organic phase. After separation of 
phases, a portion of the organic phase was transferred to a quartz cuvette. The 
absorbance, at 262 nm for toluene or 265 nm for phenol, was determined in a DU-
2 spectrophotometer. Calibration standards were prepared, and extracted as for the 
unknowns. For some samples, spectra of the entire UV region from 200 - 300 nm 
were determined using a Hitachi Model U-3210 recording spectrophotometer. 

Analysis of gas phase organics. Details of instrumentation are given in Davis et 
al. (14). Gas phase concentrations of toluene were monitored after closing the 
growth chamber to give an aboveground gas volume of 147 L. The walls of the 
upper enclosure had two mirrors mounted near the top to allow a beam of light to 
enter from the front of the chamber, pass to the back where it was reflected to the 
opposite end, return to the first mirror and exit at the front. Total path within the 
chamber was 2.44 m. Entry and exit apertures, covered by KBr plates, were 
slightly offset to align with the source and entry of a MID AC FTIR. Chilling coils 
with refrigerant at a nominal -10°C circulated near the base of the upper enclosure 
to increase transpiration and decrease humidity near the KBr windows. Methane 
(10 mL) was used as a freely diffusible inert gas for measuring leakage out of the 
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upper enclosure. In earlier experiments, the half-time for equilibration was about 
1 hour, while in later experiments it was three hours or greater. 

FTIR Instrument calibration. Several methods were used to test the sensitivity 
of the MID AC detection system. In one case, toluene was applied to a piece of 
paper within the chamber via a long syringe needle. It was allowed to evaporate 
and the spectrum measured. In another case, water saturated with toluene was 
siphoned from the inlet reservoir into a container and then directly applied rapidly 
to the surface of the chamber soil. The chamber was then immediately sealed, and 
the increase in toluene level in the gas phase was monitored. In a third case, water 
similarly saturated with toluene was applied to dry soil from the same site placed 
in four 23 x 33-cm pyrex baking trays which had been arranged in the chamber 
after the plants had been cut back to 5 cm. Finally, the potential evaporation of 
toluene was enhanced by flooding the chamber from below to within 10 cm of the 
surface with water from the inlet reservoir, simply by elevating the pressure head 
for a few hours. For phenol, only the direct addition of liquid phenol on filter 
paper was used in sensitivity tests. 

Respiration rate estimation. Two different methods were used to measure 
respiratory C0 2 . The simpler method was to place closed cylindrical containers 
between the plants, with their lower edge pressed into the soil 1-2 cm. Seven 
containers of 7-cm diameter and 850-mL volume were placed at intervals between 
the plants. Gas samples of 1 mL were taken by syringe, through septa placed in 
the tops of the containers. Samples were analyzed for carbon dioxide by gas 
chromatography with a thermal conductivity detector. Samples were analyzed at 
times ranging from 2 to 64 hours. The second method was to cut the plants back 
close to die soil, close the chamber and monitor the increase of C0 2 in the gas 
phase using the MID AC system. In this case, spectra were taken at 10- or 15-min 
intervals for two hours. Then known amounts of C0 2 , generated from K 2 C 0 3 , were 
added and spectra recorded. This provided an internal calibration. A C0 2 band in 
the region of 2250 cm"1 and a line at 720 cm"1 were used for estimation of C0 2 . 

Molar absorptivities in the gas phase were determined for toluene, phenol 
and C0 2 by use of a gas cell of known pathlength. The same MID AC instrument 
was used for this calibration as for the experimental measurements. For toluene 
and phenol, which are normally absent from the ambient air, a 5-cm pathlength cell 
was used. For C0 2 , it was necessary to use a 50-cm cell because fluctuations of 
atmospheric C 0 2 in the path between source, cell, and detector interfered with 
calibration runs in the short pathlength cell. 

Results and Discussion 

Flow regime and ground water toluene levels. Conditions varied slightly 
throughout the period of operation, but initially the inflow of water was 1 L per 
day when the growth chamber was not enclosed. After metal sides and a glass lid 
were added, the rate of water use decreased, presumably because the glass lid 
reduced the air circulation which was normally induced by operation of the hood 
exhaust fan. If the small fan within the chamber was not run, the surface of the 
soil was damp whereas when it was run, the surface remained relatively dry. 
Spider mites were an occasional problem and were controlled by spraying with 
malathion as needed. During very rainy weather, the water usage decreased 
noticeably. We have not attempted a precise correlation of water usage with 
relative humidity or plant growth stage. 

Usually the chamber was operated with only minimal outflow of water, 
although for some experiments the rate was increased so that more than 0.5 L per 
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day was exiting the tank. In Table I, some typical concentrations of toluene and 
phenol in the aqueous phase are shown for different days of similar water flow. 

TABLE I Concentration of toluene and phenol in the saturated zone at several 
sampling wells 

Substance 100 x A pparent absorbance in organic extract Substance 

Inlet Port 1 Port 2 Port 3 Port 4 Outlet 
toluene 38 ± 3 32 ± 2 29 ± 4 30 ± 2 27 ± 4 32 ± 1 
phenol 76 ± 5 70 ± 7 56 ± 7 25 ± 3 5 ± 3 4 ± 2 

Experiments were done on 5 consecutive days, with results shown as the mean ± 
standard deviation. Inlet flow was water saturated with toluene or having a fixed 
concentration of phenol. The inlet concentration of toluene was 515 mg/L while 
that of toluene was 0.5 mL/L of 93%, liquified, phenol. 

The concentration of the organic chemical appears to stay the same (toluene) 
or decrease (phenol) as the water passes through the tank. If there were selective 
partitioning and exclusion of the compound at the surface of the plant root as 
described in the studies of Briggs et al. (P), one would expect the concentration to 
increase at the downstream end of the chamber. For toluene and phenol, the 
predicted partition coefficient, based on the near 100, is about 0.8. Thus if 2 
L of solution enter the tank and 1 L is transpired, the concentration in the 1 L that 
exits as ground water should be elevated c. 20%. If the outflow is a smaller 
fraction of the input, say 1 L for every 5 L entering which is typical for the 
conditions that we used, the concentration of the compound in the output water 
should be considerably higher, approaching twice the input concentration. 
Preferential evaporation of water compared to phenol, if it occurred, would also 
have given an increase in phenol concentration in the ground water. The extent of 
increased concentration would depend on relative input and outflow rates and the 
extent of water loss by evaporation vs. transpiration. The relevant vapor pressures 
at room temperature are 25 mm for water and <lmm for phenol; thus preferential 
evaporation of water to concentrate the phenol is quite plausible. 

For toluene, the concentration in the ground water stayed relatively constant 
throughout the course of flow through die chamber. This suggests that a 
degradation pathway for toluene was not induced in the saturated zone even after 
nearly 1 year of exposure. To verify that the UV-absorbing material observed in 
ground water was in fact toluene and not a degradation product, the entire UV 
spectrum of organic extracted material was determined. The spectrum could be 
directly superimposed on that of toluene, which has several characteristic features. 
Thus, the UV-absorbing material in the ground water remains as toluene. 

On the other hand, the decrease in phenol concentration is quite striking, 
suggesting that either there is an anaerobic degradation system induced, or the 
ground water is being made aerobic during passage through the chamber. The 
extent of decrease in phenol concentration with distance of passage was much less 
obvious in results obtained two months earlier (14) than in the present results, 
indicating a time dependent induction of a degradative process. More recent 
studies using trichloroethylene and trichloroethane in place of phenol, have shown 
production of methane and chloride in the saturated zone of die latter half of the 
flow path, indicating that it is anaerobic. 
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Losses of input organic chemicals by adsorption to soil in this system are 
unlikely to be significant over the long term. Typical adsorption values for soil are 
in the range of 100 pg organic solute per g soil organic C (16). The chamber has 
been in operation for more than a year at high levels of input organic chemicals (c. 
500 mg/L). Adsorption sites on the soil having only a 1 % organic matter (c. 1500 
g for the entire chamber) should be fully saturated within a few days of operation; 
adsorption is not likely to account for the continued disappearance of these 
organics. The simplest explanation is biodegradation in the soil. 

The results shown in Table I were obtained with a mean water flow-through 
time of c. 4-7 days. This was estimated from the cross-sectional area below the 
water table available for flow (a 1/3 of 10 x 10 cm), the length of the channel (1.8 
m), the input rate of ĉ . 1.0 L/day and output of < 400 mL/day. These estimates 
have been verified using KBr as a conservative tracer (unpublished). Mean flow-
through time was usually greater than 7 days but could be made indefinitely long 
(i.e. no outflow) by controlling water input rate. From the water consumption rate 
(input minus output) of ĉ  600 mL/ day an average net input of >300 mg toluene 
per day was calculated. Toluene has a boiling point of 110°C and a vapor pressure 
of 30 mm at 25°C compared to water with a vapor pressure of 25 mm at 25°C. 
Toluene should not be significantly lost to the atmosphere by preferential 
volatilization in the capillary fringe and vadose zone, and it ought to be present in 
the vapor phase at about the same relative concentration as in the water phase, if 
it is not degraded. 

Gas-phase toluene. Some examples of spectra obtained with this system are 
shown in Figures 1 & 2. The steady-state toluene concentration in the gas phase 
was below the level of detection (c. 250 ppb v/v) while the expected level based 
on water input rate was >50 ppm v/v per hour, in the gas phase. This is calculated 
using the input rate of 1 mL/min at 500 pL/L (ĉ  300 pmol/hr). This may be seen 
in Figure IB, spectrum (17/18). 

The primary IR absorption band of toluene is observed at 729 cm"1 as seen 
in Figure 1. A control experiment with toluene-saturated water applied to the 
surface of unadapted soil and immediately monitored in the same chamber 
accumulated gas-phase toluene levels of over 50 ppm v/v within two hours, as seen 
in spectrum (26/25). The enclosure was calibrated by direct release of known 
amounts of toluene into the gas phase (in theory 150 ppm v/v), as shown in 
spectrum (119/12). The prominent feature at 720 cm"1 is a CO, line. This line is 
an excited state, which is temperature dependent and so is probably not a good line 
for reliable monitoring of respiration rate. The plants were harvested prior to 
collecting spectrum (25/26) so that there was net accumulation of C0 2 in the 
chamber, whereas with the plants present and the lights on for spectra (1.7/18) and 
(119/12) the plants were actively photosynthesizing and depleted C0 2 . 

A second toluene band at 1033 cm"1 having about five-fold less intensity, 
was used to confirm the behavior of the system and to verify the identification of 
the toluene. Spectra shown in Figure 2 are the same as those of Figure 1. This 
latter spectral region was also monitored through windows of CaF2. Windows of 
CaF2 are much more water resistant than KBr, but energy transmission in the 
region of 730 cm"1 is insufficient for use with that spectral feature. We found the 
inconvenience of potential water damage to windows of less importance than the 
difference in sensitivity between spectral regions. 

Similar gas phase studies were attempted with phenol. A calibration 
spectrum obtained in a 5-cm pathlength cell showed good detection of a 
concentration of less than 10"5 M (250 ppm v/v), indicating that with a 2.44-m path 
one would obtain good spectra with 5 ppm (v/v). The estimated limit of detection 
at 2.44-m pathlength was a 0.15 ppm (v/v). If phenol volatilized at the same rate 
as water, the expected accumulation per hour would be at least 30 ppm (v/v). 
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800 750 729.23 
Wavenumbers (cm-1) 

760 740 729.2 720 
Wavenumbers (cm-1) 

Figure 1. Main peak of toluene absorbance at 729 cm 1. Part A: spectra of 
15 hr equilibration vs open chamber (17/18); known amount of toluene (100 
pL) evaporated in chamber (119/12); One L water saturated with toluene 
applied to surface of dry soil (26/25). Al l are displayed on same scale as 
indicated on left axis. Part B: (17/18) with the indicated scale; (26/25) at 10 
fold less sensitivity. 
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.01 

fl 
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0 

1050 1040 1030 1020 
Wavenumbers (cm-1) 

Figure 2. Secondary peak of toluene absorbance at 1033 cm'1. Spectra 
described in Figure 1 A. Note the absorbance scale which indicates about five 
fold lesser intensity for this peak than that at 729 cm"1. 

Phenol concentrations were below the limit of detection, even when 2 mL of 
phenol was left in the chamber for 2 hours with the fan in operation. Thus, 
although 1 mm partial pressure of phenol in the gas phase would be easily detected, 
the rate of evaporation is too low for practical detection of phenol accumulation in 
a chamber that has a half-time for gas exchange on the order of 1-3 hours, or else 
the phenol adsorbed to hydrophobic surfaces rather than remaining in the gas phase. 
If phenol is taken up by the plants, it appears either to be volatilized much less 
rapidly than water, or to be metabolized to concentrations below the detection limit 
of the system. We prefer the latter explanation because if the phenol did not depart 
the leaves at a rate comparable to that of water, it would accumulate to toxic levels 
over the course of days. There was no evidence of toxicity to the plants (14). 

More recently, experiments have been done with trichloroethane (TCA) and 
trichloroethylene (TCE) in the ground water. Accumulation of TCA, which is not 
easily biodegraded, is readily observable in the gas phase, under experimental 
conditions identical to those described here. Thus, a "conservative tracer" indicates 
that toluene would also be observable in the gas phase if it was not being degraded. 

Respiration rate. Respiratory activity in the soil + rhizosphere was initially 
estimated from C0 2 evolution in the soil between plants as describe in Methods. 
The C0 2 levels detected tended to be higher near the inlet port than further along 
the flow channel, but the sum of all amounts, extrapolated to the total surface area 
of the chamber was only a few mmol/day, considerably less than the amount of 
toluene or phenol carbon entering the chamber. When accumulation of C0 2 was 
measured in the entire chamber by FTIR, much higher estimates were obtained. 
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This is presumably because a large fraction of total respiration occurs within, or in 
close proximity to the plants. Based on the initial rate of C0 2 accumulation and 
the internal calibration of the chamber, 70-100 mmol C0 2 was released per day. 
The input of dissolved organic C was 50 mmol/day or less. Turnover of 
photosynthetically fixed carbon in the rhizosphere, or via plant respiration, 
obviously contributes a significant fraction of the total respired C0 2 . When C0 2 

accumulation was monitored after withdrawal of toluene and phenol from the feed 
solutions, the apparent respiration rate decreased to about 2/3 of that previously 
observed, consistent with a significant contribution from the input organic 
chemicals. 

For C0 2 accumulation measurement by FTIR, the plants were cut to 5 cm 
so that photosynthesis or dark respiration by die plant leaves and stems would not 
complicate the measurements. However, cutting may have stimulated root 
respiratory activity for initiation of regrowth (77). In addition, the plants are totally 
dependent on nitrogen (N) fixation for their source of nitrogen and this process 
requires a significant amount of respiratory activity. Plants accumulating 1 g dry 
matter per day need about 1/3 mmol N fixed per day. According to Herridge and 
Pate (18), this may require consumption of 8 mmol carbon per day by the root 
system for fixation of 1/3 mmol N, about 10% of the observed total respiration. 
Maxwell et al. (17) noted that roots may shut down nodular activity when the tops 
are removed so that the contribution of N fixation to respiratory demand may 
decrease upon cutting. They reported a general root respiratory rate of 0.9 mg 
C02/kg root matter/sec which may be converted to about 1.8 mmol/g root/day. If 
the mass of roots equals that of the harvested tops (47.5 g at one harvest), a 
respiratory rate of 70 mmol/day from a plot of 0.4 rrr seems plausible. As an 
annual rate per hectare, it is also consistent with reports of soil respiration world
wide as cited by Glinski and Stepniewski (19). TTiey cite values for a range of 
crops and climates from very small up to 28 L/day/m while our estimate is about 
4.5 L/day/m2, near the median of the range quoted by Glinski and Stepniewski. 

Conclusions 

The work described here shows that with an adapted system plants are able 
to grow actively for one year in the presence of water saturated with toluene, or 
containing a 500 ppm phenol. There is little intermedia transfer of toluene, 
presumably because there is little uptake by the plants or direct evaporation from 
the soil. Total system respiratory activity, measured as carbon dioxide evolution, 
is more than adequate to account for complete mineralization of the input toluene. 
Only a small portion of the toluene leaves the system, in the exiting ground water. 
Phenol, a less volatile compound which could not be detected in the gas phase, in 
part because of its low volatility, appears to be effectively degraded also. None of 
it leaves in the exiting ground water. 
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Chapter 11 

Volatilization and Mineralization 
of Naphthalene in Soil—Grass Microcosms 

J. W. Watkins, D. L. Sorensen, and R. C. Sims 

Civil and Environmental Engineering Department, Utah State University, 
Logan, UT 84322-4110 

The potential for vegetation-enhanced biodegradation of naphthalene 
in artificially contaminated soil was studied in laboratory 
microcosms. Microcosms containing soil without plants and soil 
supporting two-month old Bell Rhodesgrass were treated with 
naphthalene and spiked with [7-14C]naphthalene. Compressed air 
was continuously passed through each microcosm, through a trap to 
collect volatile organics, and through a trap for C O 2 . The 
microcosms were incubated under artificial lighting with a 16 h 
photoperiod for 25 days. After incubation, soil was solvent extracted 
and combusted to recover bound radiolabel. Volatilization losses 
during operation and analysis prevented reaching a mass balance of 
the radiolabel. Naphthalene volatilization was enhanced by 
vegetation but mineralization was decreased in vegetated microcosms 
in comparison to those without vegetation. 

Polycyclic aromatic hydrocarbon (PAH) compounds may be toxic and carcinogenic. 
Soils can become contaminated with PAH compounds from many industrial sources 
including wood preservatives, coal gasification wastes, and petrochemical wastes. 
Many PAH compounds, especially those with two and three ring structures, are 
biodegradable and can serve as growth substrate for microorganisms. Higher 
molecular weight PAH compounds may be cometabolized by soil microorganisms, 
with soil half-lives of several hundred days (7). Plant-enhanced biodegradation of 
PAH compounds is a recent area of research and is based on the hypothesis- that 
increased microbial activity associated with plant roots will accelerate 
biodegradation. Aprill and Sims (2) showed a statistically significant increase in 
disappearance of benz(a)anthracene, benzo(a)pyrene, chrysene and dibenz(a, 
h)anthracene from soils vegetated with eight different prairie grasses compared to 
unvegetated soils. Wheat straw (3), trichloroethylene (4), surfactants (5), parathion 
(6, 7), and diazinon (7) have all been shown to degrade faster in soil/plant systems 
when compared with soil degradation alone. 

Naphthalene is the smallest PAH and has the physiochemical properties listed 
in Table I. The partition coefficients in Table I were calculated from structure-

0097-6156/94A)563-0123$08.00A) 
© 1994 American Chemical Society 
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activity relationships (8). Naphthalene was biodegraded in soil relatively rapidly 
under aerobic conditions (9) and may be distributed among the gas, liquid, and solid 
phases in unsaturated soil (10,11,12,13,14). Environmental fate models that use 
partition coefficients sometimes exclude die affects of biota on the fate of chemicals 
(15). The predominant mechanism(s) (i.e., sorptive immobilization, translocation by 
leaching or volatilization, or biodegradation) effecting the fate of naphthalene in 
contaminated soil 

Table I. Physical properties and degradation half-life of naphthalene 
Property Value Reference 
Molecular Weight 128 
Aqueous solubility 30mg/L (1) 
Vapor Pressure (20° C) 0.049 torr (») 
logKd 0.67 (*) 
logKoe 3.11 («) 
logKow 3.37 (8) 
logK h -1.97 (8) 
tl/2 2.1 days (8) 

Kd = concentration in soil/concentration in water. 
Koc = K<i/percent soil organic carbon, 
K o W = concentration in octanol/concentration in water. 
Kh = concentration in air/concentration in water. (Henry's 
law constant). 
ti/2 = Half-life; time required for degradation of 1/2 of the 
original concentration in soil. 

will depend on the physical, chemical, and biological environment of the 
contaminated soil, the soil below, and the atmosphere above the contaminated zone. 
Due to the high vapor pressure of the naphthalene, as compared to other PAH 
compounds, significant volatilization losses may be expected under most soil 
conditions. 

The present study sought to determine the affect of vegetation on the fate of 
naphthalene in soil microcosms with emphasis on the mechanisms of volatilization 
and biological mineralization. 

Materials and Methods 

Triplicate microcosms with three different treatments were used. First, microcosms 
containing soil poisoned with HgC^, second, microcosms without vegetation, and 
third, microcosms with vegetation. Soil used in all of the microcosms was Kidman 
sandy loam (Typic Haplustoll) collected at a Utah Agricultural Experiment Station 
farm at Kaysville, Utah (Table II). The soil has no history of pesticide application. 
Each microcosm consisted of a glass, 250 mL Erlenmeyer wide-mouth flask fitted 
with a two-holed neoprene stopper (Figure 1). Each flask was wrapped with black 
plastic tape from the bottom up to about 0.3 cm above the soil surface to discourage 
algae growth. The stopper was fitted with two disposable glass Pasteur pipettes and 
an 18 gage, 3.8 cm syringe needle. The pipettes were used for gas exchange and the 
needle for watering the soil. A one-way, male Luer-Lok stopcock valve was 
attached to one of the pipettes with clear silicone adhesive to control incoming air. 
The adhesive was allowed to cure for three days prior to use. The air inlet pipette 
was positioned so that the narrow end of the pipette was about 1 cm above the soil 
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surface. The discharge pipette extended below the stopper about 0.3 cm. A fourth 
microcosm for each treatment was also prepared, without naphthalene addition, as a 
control. 

Traps for volatile organic compounds (VOC) and CO2 in discharge air were 
arranged in tandem for each microcosm. Each trap consisted of a 25 X 150 mm 
borosilicate glass culture tube closed with a two-holed neoprene stopper fitted with 
two Pasteur pipettes arranged so the incoming air was carried to the bottom of the 
trap and discharge air exited near the top. Neoprene tubing connected the microcosm 
to an air supply manifold and the traps. The first trap was filled with 40 mL ethylene 
glycol monomethyl ether (J. T. Baker, 99+%) to collect VOC. The second trap was 
filled with 40 mL of Ready Gel scintillation counting liquid (Beckman), methanol, 
and monoethanolamine (J. T. Baker) in a 5:4:1 mixture, respectively. Abbott et al. 
(16) reported trapping efficiencies in excess of 98% for 14C-naphthalene and 1 4 C 0 2 
in similar traps. 

Figure 1. Schematic drawing of the microcosm apparatus used in the experiment. 
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Table n. Physiochemical properties of Kidman fine sandy loam . 
Organic carbon (%) 0.68 
pH 7.8 
Electrical Conductivity (mmhos/cm) 0.5 
Cation Exchange Capacity (meq/100 g) 12.1 
Percent moisture at -33 kPa 12.4 
Percent moisture at -1500 kPa 5.5 
NQ 3-N (mg/kg) 4.7 

Each microcosm in the abiotic and unvegetated treatments contained 100 g of 
air dried soil which was watered to 90% of field capacity (11% moisture). Each 
vegetated microcosm was loaded with 75 g of soil, planted with 1 g of Cloris gayana 
seed, followed by 25 g of soil. All of the microcosms were watered to 90% of field 
capacity, closed with paraffin film, and allowed to stand for 24 hours to permit 
moisture equilibration through the soil. Each of the poisoned microcosms was 
watered with a 2% HgCh solution (16). 

The microcosms were incubated in a ventilated, air conditioned room under a 
1000 watt metal halide light (Venture) and two banks of fluorescent light fixtures 
each with four, 40 watt, 1.22 m plant lights (General Electric, Plant Light; Sylvania, 
Gro Lux) with a 16 hour photoperiod. Average light and dark temperatures were 27° 
and 16° C, respectively. Moisture content was maintained between 60 and 90% of 
field capacity (7 and 11% moisture) throughout the experiment by periodically 
adding water through a hypodermic needle temporarily inserted through the stopper 
(Figure 1). The microcosms were randomly moved to new positions every seven 
days throughout the experiment. Plants were allowed to grow in the microcosms for 
60 days before being treated with 14C-naphthalene. This allowed the above ground 
plant to grow to the neck of the flask and roots had grown throughout the soil and 
along the bottom and sides of the glass. Al l of the plant was retained within the 
microcosm. 

Each microcosm was loaded with 0.5 mL of a solution of naphthalene dissolved 
in methanol. Sufficient unlabeled crystalline naphthalene (J. T. Baker, 99+%) and 
[7-14C]naphthalene (Sigma, 98+%) was dissolved in methanol so that each 
microcosm receiving the radiolabel could be spiked with 10 mg unlabeled 
naphthalene and 0.0032 mg of 14C-naphthalene. The spiking solution averaged 
(n=3) 576,000 disintegrations per minute (DPM). Ten uniformly spaced holes were 
made in the microcosm soil with a 0.6 cm diameter glass rod and 50 pL of the 
naphthalene solution was injected into the bottom of each hole. A drop of deionized 
water was immediately added to each hole to help disburse the naphthalene. This 
technique minimized the amount of solvent used to deliver the naphthalene and 
minimized the apparent toxicity (leaf yellowing) to the plants while allowing the 
desired concentration of naphthalene to be added and dispersed in the soil. 

Each microcosm and its traps were stoppered and connected to an air manifold. 
Breathing quality compressed air, supplied at 4 psi pressure, was passed through 
each microcosm at a rate of 25 mL per minute by adjusting the stopcock valve on the 
air inlet pipette. At each sampling, the air supply pressure was reduced to zero and 
each trap was disconnected, emptied, and rinsed with several -5 mL volumes of 
methanol into four 20 mL glass liquid scintillation (LS) vials. Total sampling time 
for all microcosms was approximately 2 hours. 

At the termination of the experiment, each microcosm was quickly disconnected 
from the air manifold, placed on ice and flooded with 50 mL of methanol. Stoppers 
that sealed each microcosm and set of traps and all connecting tubing were quickly 
disconnected and rinsed several times with methanol back into the microcosms. The 
microcosms were sealed with paraffin film. Above ground plant tissue was cut off at 
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the soil surface and sealed in glass culture tubes with paraffin film. The microcosms 
and tubes with plant tissue were then stored in the dark at -20° C until analyses were 
performed. 

The soil, root-soil complex, and plant tissue were extracted with chilled 
methanol. Methanol was chosen as an extractant because it is miscible with water 
and saturates the soil without causing clumping. Fifty milliliters of methanol was 
added to an empty flask and analyzed with each batch of analyses as a method blank. 
The soil and methanol suspension in each flask was blended for 3 minutes at 30% of 
full speed with a tissumizer (Tekmar). The soil was allowed to settie from the 
suspension and the supernatant was vacuum filtered through Whatman No. 4 filter 
paper in a Buechner funnel. An additional 50 mL of chilled methanol was added to 
the slurry and the extraction was repeated. The slurry was transferred, with rinsing 
(3X, 20 mL), to the Buechner funnel and the filtrate was combined with the first 
extract. The extracted soil was returned to the microcosm flask which was sealed 
with paraffin film. The pooled filtrate was dried by passing it through a Na2SC>4 
column and concentrated to 10 mL in Kuderna-Danish glassware by heating in a 90° 
C water bath. The concentrate was transferred, with rinsing, to a 20 mL scintillation 
vial containing 5 ml of Ready Gel (Beckman) scintillation cocktail. 

Naphthalene volatilization potential was evaluated using method controls, 
containing only methanol and radiolabeled naphthalene, which were carried through 
all steps of analyses. An additional triplicate set of method controls were extracted 
without blending and filtration. A check for leaks in the microcosm-trap 
arrangement was done using methanol and radiolabeled naphthalene in triplicate 
microcosms without soil. Air was passed through these microcosms at 25 mL/min 
for 24 hours. The contents of the microcosms were then rinsed into scintillation vials 
and the VOC traps were processed as described above. Naphthalene volatilization 
from non-vegetated soil microcosms was evaluated by adding 100 g of air dried 
Kidman soil to nine microcosms and adding water to bring the soil to 90% field 
capacity. A single 0.3 cm hole was made in the soil at the center of the microcosm 
and 0.5 mL of methanol containing radiolabeled naphthalene was placed in the hole. 
A liquid scintillation vial containing 15 mL of VOC trapping solution (EGME) was 
suspended inside each microcosm from the stopper used to seal the microcosm. The 
microcosms were incubated under the same conditions used in the vegetation 
experiment and three microcosms were removed for analysis after 0.25, 4, and 24 
hours. The VOC trap scintillation vials were filled with Ready Gel scintillation 
fluid, capped, and counted. 

Above ground plant tissue was cut into 1.3 cm lengths and ground to powder in 
liquid nitrogen in a mortar and pestie. The ground tissue was rinsed into an 
Erlenmeyer flask containing 50 mL of chilled methanol and allowed to sit in an ice 
bath for 24 hours before blending and concentrating in the manner described above 
for soil. Filtering of plant extracts was by gravity. A single, 0.5 g plant tissue 
sample was analyzed for moisture content. 

Computerized statistical analysis of variance (ANOVA) procedures (JMP, SAS 
Institute) were used to determine the significance of differences among treatments. 
A repeated measures ANOVA design was used where measurements were made 
from the same microcosms over time. 

Results and Discussion 

A summary of the distribution of radiolabeled carbon in the various microcosms 
is shown in Table III. Unfortunately, there were losses of more than 50% of the 
naphthalene and/or its degradation products during operation and analysis of the 
microcosms. This prevented reaching a mass balance of the radiolabel added to the 
microcosms. Method controls, containing only methanol and radiolabeled 
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Table III. Percent distribution of radiolabeled carbon in the microcosms. The 
mean ± standard deviation are shown 

Percent DPM 
Microcosm VOC CO2 Extract Oxidation Totalt 
Poisoned 16±3 0 2 ±0.1 1±0.3 19±3 
Unvegetated 10±2 18±8 2 ±0.8 19 ±7.3 49±11 
Vegetated 15±4 5 ± 1 1±0.7 8 ±1.7 NA 
Plant tissue NA NA 0±0.1 1±0.4 30±5 
NA = Not applicable 
tSum of VOC, CO2, Extract, and Oxidation for the microcosm soil and plant tissue. 

naphthalene, which were carried through all steps of analyses, lost 23% of the 
radiolabel during tissue extraction, and 25% of the radiolabel during soil/root 
complex extraction. The method controls extracted without blending and filtration 
lost 10% of the radiolabel. An average of 45% of the radiolabel in the microcosms 
with methanol and naphthalene that were flushed with 25 mL air per minute for 24 
hours was not recovered and was apparently lost to leaks. The average percent 
radiolabel collected in the scintillation vials suspended in the static headspace of the 
soil microcosm was 0.21, 2.3, and 8% for 15 minutes, 4 hours, and 24 hours, 
respectively. Assuming simple first order kinetics for volatilization in this case, 
linear regression of the natural logarithm of the average amount of label remaining 
with time yields a kinetic constant, k, of 3.28 X 10_3/h and, hence, a volatilization 
half-life of about 9 days. This potential for relatively rapid volatilization from soil 
combined with the leaks in the gas scrubbing systems and the potential loss of 
naphthalene during analysis, indicates that volatilization losses were the primary 
cause for not achieving a mass balance in the experiment. 

The variations in the losses of radiolabel appeared to be randomly distributed 
among all of the microcosms used in the vegetation experiment and were considered 
to be a component of the error in the VOC and 1 4C02 measurements from the traps. 
With this assumption, it is possible to compare the volatilization and mineralization 
of naphthalene in the vegetated microcosm experiments. 

The measured volatilization of radiolabeled compounds over the 24 day 
experiment is illustrated in Figure 2. Volatilization was significantly higher in the 
microcosm with plants than in the soil microcosms from the first day of the 
experiment (i.e., the interaction of "treatment" and sampling "day" were significant; 
p < 0.05). The rate of volatilization was apparently higher in the vegetated 
microcosms for about the first 5 days but was similar to that in the soil microcosms 
for the remainder of the experiment. These data suggest that naphthalene was taken 
up by the grass roots, translocated within the plant, and volatilized through the above 
ground plant structures. This mechanism of removal of naphthalene from the 
rhizosphere environment would be expected to reduce the amount of naphthalene 
available for biodegradation. If the volatilization of naphthalene from contaminated 
soil is a common phenomenon, the establishment of vegetation as a treatment 
measure may have air quality monitoring and regulatory compliance implications. 

Carbon dioxide evolution from the microcosms is summarized in Figure 3. 
Again, the interaction of "treatment" and sampling "day" was significant. The 
difference in mineralization of naphthalene was not significant until after 11 days 
ofincubation. The rate of mineralization in the soil microcosms increased 
substantially after 9 days of incubation while the mineralization rate in the vegetated 
microcosms slowed slightiy after 9 days. This may be the period required for 
adaptation of the soil microbial community to be able to utilize naphthalene. It is 
noteworthy that voltilization from both the soil and vegetated microcosms slowed 
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16 

Day 

Figure 2. Cumulative volatilization of radiolabeled organic compounds in vegetated 
and unvegetated microcosms. 

Day 

Figure 3. Cumulative 14CC>2 trapped from vegetated and unvegetated microcosms. 
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during the 7 to 11 day period of the experiment. This suggests that there may have 
been an interaction between volatilization and mineralization activity. It may be that 
volatilization removed naphthalene, reduced toxicity and thus contributed to the 
onset of mineralization activity. Mineralization, in turn, removed naphthalene and 
reduced the volatilization potential. 

The reason for the relatively low mineralization of naphthalene in the vegetated 
microcosms is unknown. Possible contributing factors may include reduced 
availability of naphthalene through plant assimilation and volatilization. Less than 
3% of the C-14 was recovered from above ground plant tissue (Table III) but it is 
possible that some of the 1 4 C02 produced through mineralization was incorporated 
into the plant through photosynthesis. In addition, the increased availability of labile 
organic matter from the plant roots may have placed naphthalene degrading 
microorganisms at a disadvantage in the competition for carbon and energy 
substrate. Those organisms with genotypes for naphthalene degradation may not 
have induced enzymes for naphthalene utilization in the presence of other readily 
available substrates. 

The average amounts of C-14 bound to soil (not solvent extractable) at the end 
of the experiment are shown graphically in Figure 4. Significandy more C-14 was 
bound to the soil in the unvegetated microcosms than in the poisoned microcosms. 
The average amount of C-14 bound to the vegetated microcosm soil was lower than 
that in the unvegetated microcosms but it was not statistically different from the 
unvegetated or poisoned microcosm soil. Three percent or less of the added C-14 
was solvent extractable from the soil (Table HI). These data support the hypothesis 
that microbial activity is involved in binding naphthalene or its degradation products 
to the soil. 

30 

3 20-

10-

Bar is 1/2 Least Significant Difference 

Poisoned 

"///, ,/// 

Unvegetated 

Microcosm 

Vegetated 

Figure 4. The relative amounts of C-14 bound to the poisoned, vegetated, and 
unvegetated soil in the microcosms. 
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Conclusions 

Based on the assumption that losses of C-14 through volatilization during 
analysis procedures and leakage of volatiles and CO2 during microcosm operation 
are random, it is possible to conclude that Bell Rhodesgrass enhanced volatilization 
of naphthalene from the fine sandy loam soil used in the microcosms. 
Mineralization of naphthalene was suppressed by the grass in comparison to that in 
unvegetated soil. More information is needed on the volatilization and 
mineralization affects of various plants growing in different soils before any 
conclusions should be drawn about die use of vegetation to enhance the removal of 
PAH contaminants from soil. Other research, cited above, has concluded that soil 
PAH removal is enhanced by the presence of vegetation. Although the role of the 
rhizosphere microbial community on the humification (soil incorporation) of C-14 is 
unclear from the data obtained in the present study, it is clear that microbial activity 
is important in this process. 
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Chapter 12 

Biologically Mediated Dissipation 
of Polyaromatic Hydrocarbons 

in the Root Zone 

A. P. Schwab1 and M. K. Banks2 

Departments of 1Agronomy and 2Civil Engineering, 
Kansas State University, Manhattan, KS 66506 

Soil contaminated with petroleum sludge is often bioremediated 
by tillage and addition of nitrogen and phosphorus to stimulate 
microbial degradation of the hazardous compounds. This 
"landfarming" technique is effective in reducing concentrations of 
a variety of chemicals during the early stages of treatment, but 
degradation rates severely decline thereafter, especially for 
recalcitrant compounds such as polyaromatic hydrocarbons 
(PAHs). However, the presence of vegetation can enhance the 
degradation of these compounds. In a greenhouse experiment, 
the degradation of PAHs was greater in the presence of plants 
than in their absence. Target PAHs were detectable in the plant 
tissue, but the total quantity of uptake was insignificant. 
Enhanced microbial activity was apparently responsible for 
increased dissipation of target PAHs. Establishment of vegetation 
holds promise as an inexpensive yet effective means of passive 
remediation of sites contaminated with petroleum hydrocarbons. 

A common environmental problem associated with pumping and refining crude 
oil is the disposal of petroleum sludge. The sludge is usually very viscous or 
solid and can be treated by incorporation into soil. If the soil is frequently tilled 
and fertilized, soil microorganisms will be stimulated and organic contaminants 
biodegraded. Unfortunately, biodegradation of the more recalcitrant and 
potentially toxic contaminants, such as the polyaromatic hydrocarbons (PAHs), 
is rapid at first but quickly declines. 

The establishment of vegetation in soils contaminated with hazardous 
organics can help stimulate bioremediation (1). Generally, plants will grow 
well only in moderately contaminated soil, and the use of plants to enhance 
biodegradation of organics is limited to the upper 2 m of the soil profile (2). 

0097-6156/94/0563-0132$08.00/0 
© 1994 American Chemical Society 
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12. SCHWAB & BANKS Polyaromatic Hydrocarbons in the Root Zone 133 

Despite these restrictions, establishment of vegetation can be an economic, 
effective, low maintenance approach to waste remediation and stabilization. 

Plants can interact directly with hazardous organic compounds through 
accumulation or degradation (3). Uptake of the contaminant by plant roots 
can be an active process involving specific enzymes and the expenditure of 
energy or a passive process in which neutral, hydrophilic compounds move 
unimpeded into the roots along with water (4). In either case, uptake of the 
pollutant is usually a direct function of concentration in the soil solution. Within 
the plant, the contaminant can be irreversibly adsorbed (2), accumulated in cells, 
or transported in the plant's vascular system (4). Plants often are able to 
metabolize toxic organics, and plant species tolerant to specific compounds can 
possess metabolic protection and significantly degrade an accumulated 
chemical (5). 

The content of PAHs in plants has been assessed in many urban, 
agricultural, and pristine environments. Concentrations in leaves generally range 
from <1 up to 100 pg/kg (6). A number of studies at different locations 
(7,8) strongly indicate that atmospheric deposition is the primary pathway for 
accumulation of PAHs by plant leaves (9,10). Research focusing on the 
uptake of PAHs (benzo[a]pyrene, anthracene, and others) from contaminated 
soil (11,12) found that translocation of PAHs with four or more rings from 
roots to shoots was negligible. Increased plant concentrations were observed for 
PAHs with two or three rings, but there was no correlation between uptake and 
soil levels (13,14). Elevated fluoranthene, pyrene, and benzo[a]pyrene 
concentrations in leaves and stems were chiefly derived from atmospheric inputs, 
and root P A H content was probably a result of adsorption to the root surface. 

Plants can contribute indirectly to the dissipation of contaminants in 
vegetated soil through a number of mechanisms. Increased microbial numbers 
and populations are often encountered in the soil immediately adjacent to the 
root (rhizosphere soil) (15). Plant roots are known to secrete sugars, amino 
acids, organic acids, and nucleic acid derivatives (16), and these compounds 
can serve as sources of carbon, nitrogen, and energy for the microflora. 
Microbial activity in the root zone stimulates root exudation that helps maintain 
high populations and elevated levels of metabolism. 

Because roots permeate throughout the upper 30 cm of the soil profile 
and often have very high surface areas, adsorption onto the root surface is a 
potentially important sink for hazardous organic compounds. A study of the 
adsorption of pesticides onto the roots of several agricultural plant species 
demonstrated that marked differences in adsorption capacity occurred among 
plant species and contaminants (17). Adsorption also can be affected by the 
stage of plant growth due to changes with age in root structure and properties 
of the cell membrane. 

The majority of the research in the field of biodegradation of organics in 
the rhizosphere has been limited to pesticides, with some work on trichloro-
ethylene (TCE) and PAHs. Rhizosphere organisms responsible for the degrada
tion of specific pesticides have been isolated (18) and enumerated (19). 
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Pesticide degraders were as much as 100 times more abundant in rhizosphere 
soil than in unvegetated soil (20). 

Degradation of [1 4C]TCE in rhizosphere soil after the roots had been 
removed was 15% greater than in non-rhizosphere soil (20). Similar results 
were observed in systems with the roots intact. Aprill and Sims (21) studied 
the effects of using deep-rooted grasses to remediate soil contaminated with the 
PAHs benzo[a]pyrene, benzo[a]anthracene, chrysene, and dibenzo[a,h,]an-
thracene. The fibrous nature of the roots resulted in very high surface areas 
and active microbial populations that maximized bioremediation. After 219 days 
of plant growth, PAH dissipation was greater in the rhizosphere soil than non
rhizosphere soil, and the extent of degradation was directly proportional to 
water solubility of the targeted PAH. 

Experimental Design. 

Soils contaminated with petroleum hydrocarbons are fairly common throughout 
the United States. These sites are frequently found in areas of active oil 
pumping and processing. In cooperation with Conoco, Inc. of Ponca City, 
Oklahoma, a greenhouse research project was initiated to investigate the use of 
vegetation to reduce the concentrations of PAHs in landfarmed soil. 

Contaminated and uncontaminated soil was collected from a disposal site 
near Davis, Oklahoma. The soil was mapped as a Lela clay. The Lela clays are 
Fine, mixed, thermic Udic Chromusterts. Three treatments were established: 
uncontaminated soil, uncontaminated soil spiked with PAHs, and contaminated 
soil spiked with PAHs. Several PAHs, including pyrene and anthracene, were 
added by dissolving in acetone and spraying onto the soil to achieve a 
concentration of 100 mg/kg for each compound. Anthracene and pyrene were 
chosen because they are found in petroleum-contaminated soils and differ in 
their resistance to degradation. One kilogram of soil was packed into a 
greenhouse pot and watered to field capacity. Pots were either left without 
plants or planted with tall fescue (Festuca arundinacea), sudan grass (Sorghum 
vulgare), switch grass (Panicum virgatum), or alfalfa (Medicago sativa). Plants 
were watered as needed; fertilized every 14 days; and harvested after 4, 8, 16, 
and 24 weeks. At harvest, plants were separated into shoots and roots, and the 
soil was collected from each pot. Each combination of soil and plant species 
was replicated four times for each time period. 

Plants were analyzed for PAHs by solvent extraction and gas 
chromatography (22). Soils were analyzed by solvent extraction, reverse phase 
chromatography for pre-enrichment, and gas chromatography (23). Extraction 
efficiencies for PAHs from soils and plant tissue were greater than 92%. Soil 
from the pots growing alfalfa was used to enumerate microbial numbers by plate 
counts (24). Soil from alfalfa pots also was used to study the evolution of 
14CO»2 from [14C]pyrene in microcosms containing 20 g of soil. Treatments 
included rhizosphere soil (no roots), rhizosphere soil amended with organic 
acids, non-rhizosphere soil, and sterilized non-rhizosphere soil (24). Adsorption 
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of naphthalene onto alfalfa and fescue roots was examined by equilibrating 
excised roots with solutions of different naphthalene concentrations and 
measuring the adsorbed and equilibrium solution concentrations (23). 

Results 

Plant Biomass. A prerequisite for the use of vegetative remediation is that the 
chosen plants must grow well in the contaminated medium. An excellent 
indication of plant health is total accumulated dry matter, or biomass. In this 
study, plant biomass followed a normal pattern of increase with time for all soils. 
After 24 weeks, the biomass of all species was well within the range expected 
for healthy plants (Table I). An initial concern existed that the contaminated 
soil was unsuitable for plant growth because soluble salts and sodium in the 
contaminated soil (2500 ppm salts and 4.8% exchangeable Na) were higher than 
in the uncontaminated soil (1200 ppm salts and 0.6% exchangeable Na). 
However, these plants apparently can survive in the presence of PAHs and 
other petroleum contaminants. 

Table I. Biomass of roots and shoots after growing for 24 weeks in test soils 
soil treatment fescue alfalfa sudan grass switch grass 

shoot root shoot root shoot root shoot root 

uncontaminated soil 11.3 3.3 4.2 2.2 g 
20.1 4.8 9.3 7.2 

uncontaminated+PAH 7.1 1.7 5.0 2.4 17.0 4.6 17.6 13.0 
contaminated+PAH 6.6 2.9 2.3 1.0 7.9 1.6 6.2 5.5 
l.s.d. (P<0.05) 11.2 5.1 2.2 2.0 12.5 2.9 7.4 6.8 

Plant Uptake. The mean uptake of pyrene per pot (Table II) for all plant 
species ranged from 0 to 30 ug (<0.03% of total applied). Many of the 
detections of pyrene were in plants growing in uncontaminated, unspiked soil. 
This may be explained by either atmospheric deposition of hydrocarbons on the 
leaves. Surface deposition has been described previously as the predominant 
means of accumulation of PAHs in the above-ground portions of plants (9,10). 
This is possibly due to uptake from vapor in surrounding air or external 
contamination of shoots by soil and dust followed by retention in the cuticle. 
Compared to the total mass of PAHs applied to the soils, the P A H content of 
the roots and shoots was negligible. 

Adsorption of Naphthalene onto Plant Roots. In the adsorption experiment, 
mature roots of alfalfa and fescue (22 weeks old) were equilibrated for 12 hours 
with solutions of naphthalene ranging in concentration from 0.5 to 5 mg/L. 
Equilibrium concentrations in solution ranged from 0.03 to 1.1 mg/L, and 
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Table II. Uptake of pyrene by alfalfa and fescue roots and shoots after 24 
weeks of plant growth 

compound soil treatment alfalfa fescue 
shoot root shoot root 

j/g/pot 
anthracene uncontaminated 0 0 0 0 

uncontaminated+PAH 0 0 10 10 
contaminated+PAH 0 10 0 0 

pyrene uncontaminated 10 10 20 30 
uncontaminated+PAH 10 0 30 10 
contaminated.+PAH 0 0 10 0 

concentrations adsorbed to the root ranged from 0.002 to 0.05 mg/g. A total of 
15 equilibrations (three replicates of five initial concentrations) were made for 
each plant species. 

Adsorption of naphthalene onto the roots was adequately described by 
the Freundlich isotherm: 

q = K f c 1 / n 

Freundlich parameters (K f and 1/n) and correlation coefficients (r2) for fescue 
and alfalfa are given in Table III. Alfalfa had a greater affinity for naphthalene 
than fescue as indicated by their respective K f values. The 1/n values were 
statistically equivalent. The highly significant r 2 values indicated that the 
Freundlich isotherm adequately described the adsorption behavior. However, 
the range of solution concentrations was fairly narrow and did not rigorously test 
the applicability of the isotherm. 

If naphthalene and pyrene can be assumed to have similar adsorption 
characteristics, then it is possible to predict the total pyrene adsorbed in the 
greenhouse experiment. With root biomass in the greenhouse pots ranging from 
I to 3 g, the total mass adsorbed to the root surface would be nearly equal to 
the total pyrene uptake (Table II). Therefore, root uptake reported in Table 
II may be due totally to surface adsorption with very little assimilation into the 
interior of the roots. 

Table III. Parameters for the Freundlich adsorption isotherms for 
adsorption of naphthalene on alfalfa and fescue roots 

plant species K t 1/n r* 
alfalfa 0.059 1.11 0.83 
fescue 0.028 1.13 0.90 

l.s.d. (P<0.05) 0.017 0.08 
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Microbial Studies. Microbial counts for soils with alfalfa and no plants in the 
three soil treatments were obtained at planting (0 weeks), 4, and 24 weeks after 
planting. As shown in Table IV, microbial numbers significantly increased with 
time for all soil treatments planted with alfalfa. Without plants, microbial 
numbers increased slightly for uncontaminated soil and uncontaminated+PAH 
soil, and decreased for contaminated+PAH soil. Microbial counts in soils with 
plants were substantially higher than microbial numbers in soils without plants. 
The results do not show any significant difference between microbial numbers 
for each soil type even though microorganisms in the contaminated+PAH soil 
were acclimated to the target compounds. 

Table IV. Microbial colony forming units (cfu) in soils with and without 
plants 

soil treatment treatment 0 weeks 4 weeks 24 weeks 
- cfu x 10' -• 

uncontaminated no plant 14 19 23 
uncontaminated plant 14 35 1640 
l.s.d (P<0.05) 2 7 309 

uncontaminated+PAH no plant 13 17 17 
uncontaminated+PAH plant 13 33 1620 
l.s.d. (P<0.05) 2 9 322 

contaminated+PAH no plant 7 5 6 
contaminated+PAH plant 7 16 1400 
l.s.d. (P<0.05) 2 3 312 

Dissipation of Pyrene in Contaminated Soil. Changes in pyrene concentrations 
demonstrated the typical pattern for soil bioremediation: very rapid dissipation 
in the early stages followed by slower rates. After 4 weeks, concentrations had 
declined from an initial level of 100 mg/kg to <2.2 mg/kg in the uncontam
inated+PAH and < 12.6 mg/kg in the contaminated+PAH soils (Table V). By 
24 weeks, concentrations were < 0.22 mg/kg in the uncontaminated+PAH soils 
and <2.4 in the contaminated+PAH soils. 

Pyrene degradation in the uncontaminated+PAH soils was significantly 
greater in the presence of plants than without plants (Table V). Al l species 
were equally effective at enhancing biodegradation. Only alfalfa in the contam
inated + PAH soil did not have statistically smaller concentrations of pyrene in 
the soil after 24 weeks when compared to soils without plants using a 5% 
confidence level (P<0.05). However, the difference was significant using a 6% 
level (P<0.06). 
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Overall, degradation of pyrene was much faster in the uncontaminated+ 
P A H soil than in the contaminated+PAH soil. For example, at 4 weeks, pyrene 
concentrations ranged from 0.7 to 2.2 for the uncontaminated+PAH soil and 
from 9.9 to 12.6 mg/kg for the contaminated+PAH soil. By 24 weeks, the 
range was 0.1 to 0.3 for the uncontaminated + P A H soil and 1 to 2.5 mg/kg for 
the contaminated+PAH soil. PAH concentrations were approximately 10 times 
higher in the contaminated+PAH soil, but the trends in degradation were 
similar to those in the uncontaminated + PAH soil. 

Throughout the greenhouse experiment, leachates were collected from 
selected pots and analyzed for PAHs. No PAHs were detectable (<10 g/L) 
in any of the leachates. Therefore, transport out of the soil by leaching was not 
a possible mechanism for soil dissipation. 

A soil sample containing 100 mg/kg pyrene was sealed in a plastic bag 
and stored at 4°C. The sample was kept at field moisture and analyzed 
periodically to determine the extent of irreversible adsorption and abiotic 
degradation. After 24 weeks, the concentration of pyrene in this sample was 
102 ±5 mg/kg. Therefore, neither non-extractable (bound) pyrene nor non-
biological degradation could account for the observed changes in pyrene 
concentration in the greenhouse experiment. 

Table V. Dissipation of pyrene in soils with or without plants 
soil treatment plant species pyrene concentration 

4 weeks 24 weeks 
- mg/kg 

uncontaminated+PAH none 2.18 0.22 
alfalfa 0.67 0.15 
fescue 0.75 0.15 
switch grass 1.15 0.16 
sudan grass 1.48 0.15 
l.s.d (P<0.05) 0.91 0.05 

contaminated+PAH none 12.6 2.36 
alfalfa 9.89 1.67 
fescue 10.2 1.49 
switch grass 10.8 1.48 
sudan grass 10.7 1.32 
l.s.d (P<0.05) ns 0.79 

Mineralization of [14C] Pyrene. To simulate the effect of root exudates, soils 
amended with [14C]pyrene (uniformly labeled) were incubated in the presence 
of organic acids normally found in the rhizosphere (formic, acetic, and succinic). 
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Soils were collected from the rhizosphere of alfalfa or from non-vegetated soils. 
Sterilized soil was used as a control. The production of1 4 C Q was highest in the 
rhizosphere soil periodically amended with organic acids (Table VI). The 
increased mineralization of pyrene was most likely the result of elevated 
microbial populations in response to the organic acid amendment. 

The rhizosphere and non-rhizosphere soils maintained at optimum 
moisture content with distilled deionized water exhibited no significant 
differences in the production of 1 4 CO^. This suggests that the enhanced 
degradation of hazardous organics in the rhizosphere is dependent upon the 
continuous exudation of organic acids or other carbon sources. The sterilized 
soil maintained at optimum water content with distilled deionized water 
produced "CQj at barely detectable concentrations. 

Pyrene mineralization in all soil treatments was fairly low. The highest 
amount of 14CQ> in Table VI accounted for only 0.17% of the total [14C]pyrene 
added. 

Table VI. Mineralization of 14C-pyrene in sterilized soil (control), 
unamended non-rhizosphere soil, unamended rhizosphere soil, and 

rhizosphere soil amended with organic acids 

treatment 5 days 20 days 60 days 
"COz (dpm) 

control (sterile) 336 1994 3617 
non-rhizosphere soil 5082 9580 12740 
rhizosphere soil 5142 9870 13600 
rhiz. soil + organic acids 5803 12580 18450 
Ls.d. (P<0.05) 1340 1630 2360 

Summary and Conclusions 

The fundamental premise behind vegetative bioremediation is that the root 
environment will stimulate microbiological activity and result in increased 
degradation. As indicated by plant biomass, the plants growing in the 
landfarmed, contaminated soil were healthy and supported a normal, active root 
system. Microbial counts in the soil were 70 to 200 times greater in the 
presence of plants than in the absence of plants. The actively growing and 
exuding roots provided an excellent environment for enhanced biodegradation 
of the organic contaminants. 

Concentrations of pyrene in the soil declined rapidly in the first 4 weeks 
of the experiment from 100 mg/kg to as low as 0.7 mg/kg. By 24 weeks, 
concentrations ranged from 0.15 to 2.4 mg/kg. Concentrations after 24 weeks 
were significantly lower in all vegetated soils than unvegetated soil (P<0.06 for 
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alfalfa, P < 0.05 for other plant species). Plant uptake of pyrene and adsorption 
onto the surface of the roots alone cannot explain the observed dissipation. 
Likewise, irreversible adsorption, abiotic degradation, and leaching of pyrene 
were not significant. Therefore, biological degradation by microbes in the 
rhizosphere is the most likely explanation for the enhanced dissipation. 

To further test the hypothesis that root exudates can stimulate 
degradation of PAHs, [14C]pyrene was added to soil and incubated in the 
presence and absence of organic acids. Complete mineralization of pyrene to 
1 4 CO^ was small (<0.17%), but mineralization was 36% greater when organic 
acids were added than when organics were not added. The organic acids added 
(formic, acetic, and succinic) are typically found in the rhizosphere, and these 
results strongly support the notion of enhanced biodegradation in the 
rhizosphere resulting from root exudation. 

Future Research. Many questions remain unanswered concerning the role of 
plants in remediation. The experiments described above were terminated after 
24 weeks; much more information is needed about long-term effects of 
vegetation. This approach also needs to be evaluated under field conditions to 
ensure that potential biases introduced in the greenhouse and laboratory are 
removed. The zone of influence of various plant species needs to be evaluated 
further; the depth of soil to which plants enhance biodegradation of hazardous 
organics is not known. The bulk of the root mass is usually found in the upper 
20 cm of the soil, but roots can extend as deep as several meters. 

The use of vegetation in bioremediation of contaminated sites is 
attractive because it is inexpensive and passive. With few inputs and little 
management, a successful vegetation remediation system could be superior to 
many alternative clean-up techniques. In this study, the use of plants to enhance 
the dissipation of PAHs in soil contaminated with petroleum hydrocarbons was 
investigated, and the results were promising. 
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Chapter 13 

Grass-Enhanced Bioremediation for Clay 
Soils Contaminated with Polynuclear 

Aromatic Hydrocarbons 

X. Qiu1, S. I. Shah1, E. W. Kendall2, D. L. Sorensen3, R. C. Sims3, 
and M. C. Engelke4 

1Central Research and Engineering Technology, Union Carbide 
Corporation, South Charleston, WV 25303 

2Department of Environmental Protection, Seadrift Plant, Union Carbide 
Corporation, North Seadrift, TX 77983 

3Department of Civil and Environmental Engineering, Utah State 
University, Logan, UT 84322 

4Texas Agricultural Experiment Station, Research and Extension Center 
at Dallas, Texas A&M University, Dallas, TX 75252 

In situ biotreatment of polynuclear aromatic hydrocarbon (PAH) 
contaminated clay soils is a challenge. A grass-enhanced bioremedia
tion system was conceived as a relatively passive but potentially effective 
remediation method. Our laboratory studies to date have shown that a 
statistically significant increase in PAH removal is possible through the 
use of a grass-enhanced system. A field demonstration for grass-
enhanced bioremediation for PAH contaminated soil is being conducted 
for a 2-yr period at a Union Carbide Plant. The objective is to evaluate, 
at pilot-scale level, the ability of a fibrous root system to facilitate the 
bioremediation of PAH in clay soils typical in the Gulf Coast area. The 
performance of the process is being evaluated by comparison of the PAH 
concentration reductions in soil planted with 'Prairie' Buffalograss to 
that in soil in the absence of grass. This pilot study will determine 
degradation kinetics of PAH compounds, formation of toxic metabolites, 
and the influence of soil characteristics and microbial populations in the 
field. Soil gas and solid phase of the top soil zone as well as the 
groundwater in the upmost aquifer are being monitored. A parallel 
experiment is being conducted to assess the performance of twelve 
warm-season grass species with various genetic origins. Randomized, 
complete block experiments were designed to appraise the effect of 
individual grass species. The visual differences in grass germination, 
establishment, survival, density, height, and root depth are being 
observed. 

Polynuclear aromatic hydrocarbons (PAHs) in low permeability clay soils are difficult to 
treat by conventional in situ biotechnology. PAHs partition into clay-soil organic matter 
complexes and oil globules trapped in soil pores, becoming unavailable for biodegra-

0097-6156/94/0563-0142$08.00A) 
© 1994 American Chemical Society 
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dation. The low flux of nutrients and electron acceptors through the low permeable clay 
soil may also restrict microbial activities. PAHs are generally resistant to biodegradation 
at low redox potential (under methanogenic or sulfate reducing conditions) typical of 
contaminated subsurface environments (7). Maintaining well aerated conditions in low 
permeable soil is a challenge. Furthermore, bacteria and fungi cannot use high 
molecular weight PAHs as a sole carbon source (2,5). A readily degradable organic 
carbon source is required for cometabolism of high molecular weight PAHs. 

PAHs are frequently observed in Union Carbide contaminated sites. Most 
PAH-contaminated soils contain a high percentage of clay, often greater than 50%. 
Union Carbide intends to develop a grass-enhanced soil bioremediation technology 
which would be low-cost, low-maintenance, effective at specific sites, and would avoid 
air pollution and LDR (land disposal restriction) impacts. Union Carbide and Utah State 
University jointly initiated a research in 1989. Since then, a series of laboratory studies 
has been conducted. Under laboratory conditions, the rates of PAH degradation in soil 
were enhanced in the presence of prairie grasses. Based upon the results, a field pilot-
scale study was initiated. The primary purpose of the pilot study is to evaluate the 
enhancement of the rate and extent of PAH biodegradation in the presence of a grass 
root zone in the field. The second purpose is to identify competitive grass species with 
high potential for degrading PAHs in situ. The field scale evaluation is undergoing its 
first year of operation. Preliminary results of the field study are reported here. 

Background 

Deep Fibrous Root Zone Effects. The deep fibrous root system of prairie 
grasses may improve aeration in soil and provide a means for bringing microbes into 
contact with PAH compounds through the large surface of the root hair-soil interface. 
The zone of increased microbial activity and biomass at root-soil interface is called the 
rhizosphere. The carbohydrates, amino acids, etc. exuded from roots sustain a dense 
microbial community in the rhizosphere, which may enhance biodegradation rates of 
organic contaminants (4,5). The consortium of bacteria and fungi associated with the 
rhizosphere may possess highly versatile metabolic capabilities. In addition, organic 
exudates from roots may induce microbial cometabolism of high molecular weight 
PAHs. 

Plant Uptake of PAHs. Many plant roots and shoots are capable of concentrating 
and detoxifying soil-borne chemicals such as pesticides and petroleum compounds. 

Concentration Factor. The concentration factor is defined as the ratio of 
the chemical concentration in roots (or shoots) to that in soil water. High plant 
concentration factors for PAHs have been reported (6). Plant roots accumulate soil-
borne pollutants with high octanol-water partition coefficient (Kow) values to 
concentrations many times those found in the soil (7). PAHs are most likely to be 
accumulated in the roots and not be translocated to plant shoots because of their high log 
KQW values (4.07 - 7.66) (6,8). Plant accumulation of PAHs provides an alternative 
pathway to remediate soils; however, the rate of such treatment may be slow. In PAH-
contaminated soils, a PAH is partitioned between clay-soil organic matter and the liquid 
phase. The plant root can only sorb the compound in the liquid phase. PAHs have a 
high tendency to be sorbed on soil organic matter. The process of PAH dissolution and 
the subsequent partitioning into plant roots to reach equilibrium is slow. 

Degradation and Polymerization of PAHs in Plants. Plants can 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 reported (9). Benzo[a]pyrene (B[a]P), 
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a five-ring PAH, can be metabolized into oxygenated derivatives in plant tissues (70). 
Although some of these derivatives are known to be more toxic than the original 
compounds, they appear to be polymerized into the insoluble plant lignin fraction, 
which may be an important mechanism for their detoxification. With plant seedlings, 
B[a]P was assimilated into organic acids and amino acids (77). Complete degradation 
of B[a]P to carbon dioxide was also observed with a wide range of plants. 

Short-Term Effects. Cleanup of PAH contaminated soils seems possible 
with the aid of grasses. While PAH degradation and polymerization may take 
considerable time, turf grasses provide short-term benefits by reducing the risk posed 
to human health and the environment. Dense turf grasses serve as a botanical cap to 
prevent exposure to soil-borne contaminants by direct ingestion, inhalation, and skin 
contact. Turf grasses also reduce potential contaminant migration through surface 
runoff and infiltration to groundwater. 

Methodology 

PAH degradation in sandy loam soils was enhanced by grasses under laboratory 
conditions. On the basis of laboratory results, the field pilot study was initiated. The 
approach of the field scale study includes: (1) selecting a representative demonstration 
site in a chemical manufacturing area, (2) evaluating the treatment performance by 
assessing degradation kinetics of PAH compounds at field scale, (3) applying a quality 
assurance/quality control plan to site characterization and performance evaluation tests, 
(4) applying statistics to die sampling and analysis plan and for evaluation of field scale 
variability in treatment, and (5) identifying competitive grass species by evaluating the 
performance of a variety of grasses. 

Laboratory Studies. The preliminary laboratory study showed that the 
concentration reduction of high molecular weight PAHs in a sandy loam soil was 
significantiy greater (minimum of 90% confidence) in the presence of prairie grasses 
and cow manure when compared to unvegetated controls (72). The eight prairie grasses 
tested were Big bluestem Andropogon gerardU Indiangrass Sorghastrum nutans, 
Switchgrass Panicum virgatum, Canada wild-rye Elymus canadensis, Little bluestem 
Schizachyrium scoparius, Side oats grama Bouteloua curtipendula, Western wheatgrass 
Agropyron smithii, and Blue grama Bouteloua gracilis. With an initial spiked 
concentration of 10 mg-PAH/kg-soil, vegetation mediated a 97.3% reduction in 
benz[a]anthracene, a 93.6% reduction in chrysene, a 88.3% reduction in 
benzo[a]pyrene, and a 45.3% reduction in dibenz[a,h]anthracene after 219 days of 
incubation. The study also indicated a significant reduction of water infiltration through 
the grass root zone. 

Subsequent laboratory mass-balance experiments, using radiolabeled 
compounds, indicated that mineralization rates of phenanthrene and pentachlorophenol 
(PCP) in a sandy loam soil were significantiy enhanced in the presence of Crested 
wheatgrass Agropyro cristatum (13,14). With an initial spiked concentration of 100 
mg/kg-soil, the phenanthrene mineralization by the plant system was 37% in two weeks 
compared to 7% by the control system. The fate of PCP spiked onto a sandy loam soil 
at a concentration of 100 mg/kg was evaluated in the presence of Crested wheatgrass. 
In 155 days the mineralization of PCP was 22% compared to 6% in a control system. 
For the planted system, 36% of PCP was associated with plant tissue (21% with roots 
and 15% with shoots), and 33% was remained in the soil and leachate. Volatilization 
rate of naphthalene in a sandy loam soil was enhanced in the presence of Bell's 
Rhodesgrass chloris gayanaprairie , which suggested that the grass roots improved soil 
aeration (75). 
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A preliminary test indicated that no significant detrimental effects were caused by 
the presence of PAHs on seed germination and root radical elongation for five prairie 
grasses (72). A subsequent Buffalograss seed germination test indicated that the grass 
was tolerant to high PAH concentrations (>300 mg/kg-soil) and may survive in clay soil 
with significant levels of PAHs, oil and grease (Sorensen, D. L., personal 
communication, Utah Water Res. Lab., Utah State Univ., 1992). 

Site Selection and Characterization. Site selection and characterization were 
based on available information regarding regional hydrogeology, contamination history, 
background soil sampling and analysis, as well as long-term land use planning and 
safety considerations. 

Site Selection. Soil samples were taken at 0.3 to 0.9-meter depths below the 
ground surface from ten candidate sites. Composite soil samples for each of the ten 
candidate sites were analyzed for PAH constituents. The final site was selected based 
on its PAH constituents and concentration levels. 

Contamination History. The pilot study plot was constructed between the 
subgrade foundations of an old olefins unit building at Union Carbide's Seadrift Plant 
The building had been demolished after operation was shut down in 1983. The soil 
underneath the building had been contaminated by process material, mainly pyrolysis 
gasoline, since 1954. The contaminants present in the soil were basically aromatic 
compounds and PAHs. 

Geological and Climatic Description. The Seadrift Plant is located in 
Calhoun County, a coastal area of Texas. The test site is a topographically leveled 
surface at an elevation of approximately 9 meters above MSL (Mediterranean Sea 
Level). The groundwater table occurs approximately 2 meters below the surface. The 
topsoil is fine clay called "Texas Gumbo". The top of the uppermost sandy aquifer is 
approximately 4 meters below the ground surface. The groundwater is not suitable for 
drinking because of its high salinity. 

Local weather records (1951-1980) showed that the mean annual precipitation 
was 100.3 cm and the mean annual lake evaporation was 149.9 cm. The annual average 
daily low and high temperatures were 17°C and 26°C, respectively. The monthly 
extremes were 7°C in January and 33°C in July and August. 

Site Characterization. Background sampling and analysis of soil samples 
were perf ormed to determine soil characteristics and contaminant composition and 
distribution. Details are presented in subsequent sections of this paper. 

Experimental Design of Remedial Performance Evaluation. Three test plots 
were constructed for the evaluation. Plot 1 was an unvegetated control. Plot 2 was 
planted with 'Prairie' Buffalograss (Buchloe dactyloides). Plot 3 was constructed to 
screen the performance of different grass species. Performance evaluation of grass 
enhanced bioremediation involves the comparison of extractable PAH concentration 
reduction in soil with time and depth between the testing Plot 1 and Plot 2. The 
experimental design for Plot 3 is presented in a subsequent section of this paper. 

Factorial Design of Experiments. Table I shows a three-factor, factorial 
experimental design for Plots 1 and 2 to evaluate the performance of grass-enhanced 
PAH biodegradation. 
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TABLE I. Experimental design for Plot 1 and Plot 2 
Source Description Number 
Replicates < 10a 

Factor A: Vegetation condition 2 Factor A: Vegetation condition 
Plot 1 - Unvegetated control 
Plot 2 - Vegetated 

Factor B: Sample depth 2 Factor B: Sample depth 
Surface (0 - 0.3 m) 
Subsurface (0.3 - 1.2 m) 

Factor C: Time Once per 4 - 6 months* 7 
Total soil samples 

Once per 4 - 6 months* 
<280 

a See sampling strategy in the Section "Sampling and analysis plan". 

Sampling and Analysis Plan. A sampling and analysis plan (SAP) was developed 
for site characterization and remedial performance evaluation. The primary purpose of 
the SAP was to determine the PAH concentration reduction. 

Variability. Field scale data variability was evaluated for an accurate estimate 
of PAH biodegradation rates. Physical and chemical properties of soils are rarely 
homogenous throughout a site. The variability of these properties may range from 1 to 
more than 100 percent of the mean value within relatively small areas(76). Contaminant 
concentrations often have the highest variability. The total variance in field data can be 
approximately defined by Equation 1. 

V t = V s / n + V a / k*n [1] 
where, n = the number of samples, k = the number of analyses per sample, Vt = the 
total variance, Va = the analytical variance, and Vs = the sample variance. Analytical 
procedures frequendy achieve a precision level of 1-10%, while soil sampling variation 
may be greater than 35% (16). Sampling should be designed to reduce the magnitude of 
Vs wherever possible. In general, sampling efforts to minimize Vt will result in the best 
precision. A systematic randomized sampling strategy was employed in this field study 
to reduce the sample variance. 

Systematic Randomized Sampling Strategy. The number of samples to 
be taken from the plots should be sufficient to accurately estimate the variation of 
contaminant concentration. In addition, sampling should be designed to minimize 
altering soil environmental factors which interfere with plant growth, soil moisture 
dynamics, and gas exchange. A limit of disturbance of less than 1% of the plot surface, 
by sampling, was chosen to protect against these interferences. The number of 
sampling points chosen on each plot was no more than ten per each sampling event. 

The number of sampling points was decided based on the expected mean and 
variance of the contaminant concentration and the level of error that can be tolerated in 
the test data. Equation 2 was used to calculate the appropriate number of samples (17). 

n = t2(CV)2/p2 [2] 
where, n = appropriate number of samples, t = the Student's t for the specified 
confidence, CV = s/x, the coefficient of variation, s = standard deviation, x = expected 
mean, and p = the allowed margin of error (%). 

Figure 1 illustrates the grid layout for a test plot Each cell contains a single 
sample point. The coordinates (a, b) for the sample points within the cell are chosen at 
random. The aligned square grid (dashed lines) design preserves a pattern of regular 
spacing between sample points. Table H shows the (a, b) coordinates for each sampling 
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event. The total number of sampling points for the subsequent sampling events may 
change depending on the spatial variation found in the previous sampling event. The 
concept of designating the sampling locations will be the same. 
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FIGURE 1. Sampling Points Layout for Plots 1 and 2 

TABLE II. The Randomized Coordinates For Sampling Locations 
Sampling Event 

(Event*) 
Coordinate 

(Inches) 
"a" 
(cm) 

Coordinate 
(Inches) 

"b" 
(cm) 

I 28 71 17 43 
II 06 15 18 46 
in 07 18 52 132 
IV 24 61 30 76 
V 35 89 22 56 
VI 45 114 11 28 
vn 19 48 05 13 

Sampling Frequency. The establishment of the grass root system and the 
microflora within the rhizosphere may take considerable time. The initial difference of 
PAH concentration reduction between vegetated and non-vegetated plots may not be 
significant. Therefore, sufficient time was allowed before intensive sampling. 
A sufficient number of samples per each event is required to allow statistical analysis of 
spatial variations. Fewer sampling events and more samples per event were planned for 
cost effectiveness. Sampling was tentatively scheduled for once every 4 to 6 months 
during the first two years. The schedule may need to be adjusted in response to the 
kinetics of degradation observed and the rate and depth of root penetration. 
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Parameters measured. Table III contains the parameters measured in the 
field study. The five categories of parameters are contaminant constituents, soil 
physicochemical characteristics, soil aeration condition, microbial population, and grass 
growth. Some of the parameters are to be analyzed in initial and final samples only. 
The details of the analytical methods listed on the table can be found in "EPA SW846 
Test Method for Evaluating Solid Waste" and "Methods for Soil Analysis" (18,19). 

Groundwater and Soil Gas Monitoring. The uppermost aquifer 
groundwater in up- and down-gradient wells is being monitored to evaluate potential 
contaminant migration. Five soil gas probes at 0.6 or 1.2 m deep were installed in test 
plots. Soil gas samples are taken by a vacuum pump and analyzed for CH4, CO2, and 
O2 by GC/TCD (gas chromatography with thermal conductivity detector) and oxygen 
analyzer. Soil gas composition indicates the soil aeration condition. 

Sample Collection, Packing, and Shipping. A power-driven Shelby 
tube sampler was used for soil sampling. For each sampling point, surface (0 - 0.3 m 
depth) and subsurface (0.3 -1.2 m depth) soil core samples were collected. The soil 
core was bisected radially on a clean plastic sheet. The half soil cores were then cut into 
approximately 3 cm long pieces. A fraction of the soil from each piece was immediately 
transferred into a clean glass container with a Teflon lined cap. Each sample jar 
contained approximately 500 grams of soil. Shelby tubes, cutting knives, and latex 
gloves were detergent and water washed between samples to minimize cross 
contamination. Groundwater samples were taken from the monitoring wells after half 
an hour purging. Sample containers were packed in a cooler and shipped to the Utah 
Water Research Laboratory, Utah State University by overnight transportation. 
Samples were stored at 5°C until analysis, but no more than two weeks. Back-up soil 
and groundwater samples were sent to Union Carbide Tech Center Research lab and 
stored at 5°C. 

Identification of Competitive Grass Species. Competitive grass species must 
have a deep and fibrous root system, be suitable for tight clay soils, and require minimal 
maintenance. In addition, competitive grasses must have high potential for PAH 
sorption and degradation, and be able to tolerate high concentration of PAH and other 
contaminants. The competitive grass species are to be selected from a broad range of 
species as part of the field performance evaluation. 

'Prairie' Buffalograss. 'Prairie' Buffalograss was planted in Plot 2. 
'Prairie' Buffalograss is cold-, heat-, and drought-resistant and highly competitive in 
marginal soils and requires minimal maintenance. Buffalograss evolved throughout the 
central and southern Great Plains of the United States and therefore has excellent 
biological traits for adaptation to the test site. 'Prairie' is vegetatively propagated with 
fine dense texture and an extensive, fibrous, deep, root system. Under normal manage
ment practice the grass will attain a mature non-mowed plant height from 10 to 15 cm 
'Prairie' Buffalograss will perform best on soil with a high clay content and a neutral to 
alkaline soil pH. Once established, 'Prairie' Buffalograss requires little or no 
supplemental irrigation. 
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TABLE III. Parameters Measured 

149 

Parameter Matrix Event Methods 
Contaminant constituents: 

Naphthalene 

2-methylnaphthalene 
biphenyl 
Acenaphthylene 
Fluorene 
Phenanthrene 
Anthracene 
Huoranthene 
Benzidine 
Pyrene 
B enzo[a] anthracene 
Chrysene 
Benzo[b]fluoranthene 
Benzo[k]fluoranthene 
Benzo[a]pyrene 
Indeno(l ,2,3-cd)pyrene 
Benzo[g,h,i]perylene 

Indicative reaction intermediates 
Soil aeration condition: 

0 2 

C 0 2 & C H 4 

Soil characteristics: 
Texture 
Cation exchange capacity 
C1-, S0 4

2 ' 
Na+, Ca 2 + , M g 2 + 

TKN, N H 4

+ , NO3-
Total P, soluble PO43-
PH 
Total organic carbon (TOC) 

Microbial Populations: 
Viable aerobic heterotrophic bacteria 
Viable fungal propagules 
Viable naphthalene utilizing bacteria 

Grass growth: 
Overall appearance 
Density, height 
Root density and penetration depth 

Soil, groundwater 
& grass tissue 

all 

Soil gas 

Soil 

all 

Soil & roots Initial/ final 

all 

Grass all 

Soxhlet extraction; 
HPLC or GC/MSb 

Soxhlet extraction; GC/MS 

Oxygen analyzer 
GC/TCDC 

Initial Hydrometer 

IC* 
ICPe 

Dist.; Color; IC 
Color; IC 
Electrode 
TOC analyzer 

Plate Count 

Plate count/Activity assay 

Visual observation 

Estimate from soil core 
b High performance liquid chromatography or gas chromatographic/mass spectroscopy 
c Gas chromatography with thermal conductivity detector 
d Ion chromatography 
e Inductively coupled argon plasma spectroscopy 
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Twelve Grass Species being Evaluated in Plot 3. The effects of a 
grass root zone system on PAH removal may be species-dependent. Each specific grass 
species influences characteristics of the grass root zone, including: (1) the microbial 
diversity and metabolic capability associated with the rhizosphere, (2) the highly 
specialized, soil-inhabiting fungi in mycorrhizal association, (3) the characteristics of 
organic exudates from grass roots, and (4) the texture and depth of the root zone. 
Twelve warm season grass species from different genetic origins are being tested on 
Plot 3. These are naturally adapted to the Great Plains and Coastal areas of Texas. 
Table IV lists their names and application forms. 

TABLE IV. Twelve Species To Be Tested On Plot 3 

ID Name Application Form 
"T Seashore Paspalum Paspalum vaginatum var. 'Adalayd' Sod 
2 Buffalograss Buchloe dactyloides var. 'Prairie' Sod 
3 Bermudagrass Cynodon dactylon var. Texturf 10' Sod 
4 Zoysiagrass Zoysia japonica var. 'Meyer1 Sod 
5 St. Augustinegrass Stenotaphrum secundatum Raleigh Sod 
6 K.R. (King Ranch) Bluestem Bothriochioa ischaemwn Seed 
7 Common Buffalograss Buchloe dactyloides Seed 
8 Weeping Lovegrass Eragrostis curvula Seed 
9 Kleingrass Panicum cohratum var. 'Verde' Seed 
10 Blue grama grass Bouteloua gracilis Seed 
11 Texas Bluebonnet Lupinus texensis Seed 
12 Winecup Callirhoe involucrata Seed 

Tall grasses. Short grasses are preferred to ensure safety in chemical 
manufacturing areas. Tall grasses may increase hazards of fire and hide snakes. Most 
grasses selected are short species except Weeping Lovegrass and Kleingrass (0.9 m -
1.2 m). Weeping Lovegrass is a vigorous bunch grass with a deep fibrous root system. 
It is well adapted to a wide range of soil types (acidic to alkaline) and highly competitive 
against weeds. 'Verde' Kleingrass is a bunch-type forage grass with good fibrous root 
system, generally well adapted to a broad range of soil conditions. It is a prolific seed 
producer developed specifically for its potential use as bird seed to attract game birds in 
pasture and reclamation sites. 

Sodded and seeded Buffalograsses. Both sodded and seeded cultivars of 
Buffalograss are being tested to assess the importance of inoculum of microbes which 
are already symbiotic with the grass sods. Seeded Buffalograss does not have the 
competitive ability of sodded 'Prairie' Buffalograss; however, it possesses most other 
biological attributes of the genus. 

Other sodded grasses. Bermudagrass is well adapted to low maintenance 
conditions. It is highly competitive and develops a deep fibrous root system. 
Zoysiagrass is adapted to broad conditions including extremes in soil pH (4.0 - 9.0), 
relatively low water and nutritional requirements. Once established and mature, the turf 
will be low-growing and highly competitive against weeds. St. Augustinegrass is an 
aggressive warm season turf with an extensive coarse leaf texture and a coarse deep 
rooting system. It is well adapted to a broad range of soil types, relatively low growing 
with a moderate to high water and nutritional requirement. 
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Other seeded grasses. K. R. Bluestem is well acclimated to the road sides and 
marginal distributed soils of South Texas. This species is well adapted to minimal 
maintenance and is an important species in the conservation and stabilization of Texas 
land resources. Bluegrama is truly a native short grass prairie plant It is bunch type 
with a low-growing fibrous root system. 

Natural flowers. Texas Bluebonnet and Winecup are natural flowers, which are 
aesthetically pleasing at remediation sites. The flowers were planted mixed with 
Buffalograss or Bluegrama. Using forbs affords us the opportunity to examine the 
potential for plants other than those in the grass family. Texas Bluebonnet is a legume 
(nitrogen fixing plant) and should stimulate microbial activity (20). 

Experimental Design. The experiments on Plot 3 were designed to assess 
the performance of the twelve grass species. The assessment is based on visual 
observation. Frequent sampling and analysis are not required. After 2 years, a 
composite sample from each subplot will be analyzed to complete the assessment. 

Plot 3 is divided into 36 subplots with a size of 1.5 m x 1.5 m. Figure 2 shows 
a randomized complete block design with three replicates. The number marked on each 
subplot refers to the ID number of the species listed in Table IV. 

Visual observations were conducted plot by plot with 30 cm x 30 cm as a 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 system. A statistical analysis of the visual obser
vations in conjunction with final soil core analysis will be performed by the end of the 
two-year test. 

Rep. 1 Rep. 3 

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 0 3 7 1 2 9 2 
3 m 

9 3 6 1 7 1 2 1 0 2 1 1 5 4 8 4 6 1 5 8 1 1 
3 m 

R e p . 2 
M 18m > 
4 27 m • 

FIGURE 2. Randomized Complete Block Design Of Plot 3. 
Numbers within blocks correspond to the ID numbers in Table IV. 

Results 

Soil Characteristics. Soil samples were analyzed for soil texture, physicochemical 
properties, and nutrient status. The results are presented in Table V. The soil is clay 
type with more than 50-60% clay content The organic carbon content is approximately 
2%. The cation exchange capacity (CEC) was found to be relatively high at approxi
mately 40 meq/100 g, which indicates a high sorption capacity of the soil. The soil is 
neutral to weakly basic with a pH value of 7.5. The nutrient status of the soil seemed 
to be suitable for vegetation. The soil has relatively high calcium concentration (7800 
mg/kg-soil), which causes phosphorus precipitation. The high sulfate concentration 
(205 mg/kg-soil) indicated that the black colored soil may be under a sulfate reducing 
condition. The soil turned gray after exposure to air. 
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T A B L E V. Physicochemical Characteristics of the Soil 
Sample 

Characteristic CHARf COMP& 
Texture (Hydrometer) Clay Clay 

% Sand 29 25 
%Silt 20 15 
% Clay 51 61 

Organic Carbon (%) 2.6 1.3 
Cation Exchange Capacity (meq/100 g) 42.7 34.0 
pH 7.5 7.6 
Cations (mg/kg)c 

Na + 84 72 
Ca2+ 7800 7500 
Mg2+ 3 3 

Anions (mg/kg)c 

ci- 150 NA e 

SO4 2 - 205 120 
HCO3- 16300 17600 

Nutrients 
Total KjeldahlN(%) 0.05 0.05 
NO3-N (mg/kg)h 90 13 
NH4

+(mg/kg)i <5 <5 
Total phosphorus (%) 0.007 0.009 
Soluble PO43- (mg/kg) < 1 <1 

* CHAR = Soil sample collected from Plot 2 
8 COMP = Composite sample made up of samples taken from Plot 1 and Plot 3 
h 1:10, soil:water, extractable; d 1:10, soil: IN KC1, extractable 
1 NA = Not analyzed 

Contaminant Analysis. Normal and lognormal probability plots for contaminant 
concentration disttibution were developed for the background soil data set (27). 
The correlation coefficient was tested against the null hypothesis of normality or 
lognormality. The soil concentrations of PAHs were not normally distributed but 
lognormally distributed. The geometric mean with its corresponding confidence limit 
was the appropriate estimate for the site soil concentrations of PAHs. The mean and 
standard deviation for PAH concentrations in background soil samples are summarized 
in Table VI. Figure 3 shows the spatial concentration distribution of total PAHs in soil. 

The average contaminant concentrations in surface soils were generally higher 
than those in subsurface samples. Analysis of variance showed that PAH compound 
concentrations in surface soil samples were significantly higher than those in subsurface 
soils, except acenaphthene. There were no significant difference between PAH 
concentrations of plots 1 and 2, except for naphthalene. Naphthalene concentration in 
Plot 1 was significantly higher than mat in Plot 2 (27). 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
01

3

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



13. QIU ET AL. Grass-Enhanced Bioremediation 153 

(vegetated 
Buffalograss) 

FIGURE 3. Spatial Variation Of Total PAH Concentrations in Soil 
The columns on the left side represent the sampling points of unvegetated control 
plot 1. The columns on the right side represent the sampling points on Buffalograss 
vegetated plot 2. The shaded columns are concentrations in surface (0- 0.3 m below 
ground surface) soil samples. The blank columns are concentrations in subsurface (0.3 
-1.2 m below ground surface) soil samples. 

Concentration Variation and Appropriate Number of Samples. As 
identified in the sampling and analysis plan, the appropriate number of samples depends 
on the concentration variation. Table VI shows that the coefficient of variance for PAH 
concentrations ranged from 51% -119% in surface soil samples and 42% -128% in 
subsurface soil samples. 

The appropriate numbers of samples (n) in plots 1 and 2 for surface and 
subsurface soil were calculated (Table VI) based on a ±40% of error allowance (p). 
The total number of sample points per plot, needed to meet the goal, ranged from 6 to 
52 at 95% confidence level for the five target PAHs. However, because of the limited 
plot size, the total sample points per plot for each event should not exceed ten (<1% of 
the plot surface) so as not to interfere with the test. Based on ten soil core samples per 
plot (n' = 10), the error margin (p') that can be achieved varied from ±36% to ±85% for 
surface soil and from ±30% to ±91% for subsurface soil. The precision of concentra
tion measurement for PAHs could hardly meet a ±40% error allowance. The error of 
concentration measurement was less than ±60% for acenaphthylene, acenaphthene, and 
anthracene, ±70% for phenanthrene, and 91±% for naphthalene. 
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TABLE VI. Concentration Variation and Appropriate Number 
of Samples 

Plot Naphthalene Acenaphthylene Acenaphthene 
ID (mg/kg-soil) (mg/kg-soil) (mg/kg-soil) 

Surface Subsurface Surface Subsurface Surface Subsurface 
1 Mean V 206.14 56.25 8.40 3.86 5.97 3.80 

Count 10 10 10 10 10 10 
Std. dev. 's" 154.61 72.00 4.28 1.62 3.82 2.58 

CV 0.75 1.28 0.51 0.42 0.64 0.68 
P 0.40 0.40 0.40 0.40 0.40 0.40 

Student V 2.26 2.26 2.26 2.26 2.26 2.26 
n = t 2 CV 2 /p 2 

nf 

1 7 . 9 6 5 2 . 3 0 8 .30 5 .63 1 3 . 0 8 1 4 . 7 6 n = t 2 CV 2 /p 2 

nf 10 10 10 10 10 10 
p' 0 . 5 4 0 .91 0 . 3 6 0 . 3 0 0 . 4 6 0 . 4 9 

2 Mean 'x' 70.61 55.53 7.26 3.86 4.63 4.85 
Count 10 10 10 10 10 10 

Std. dev. 's" 84.03 45.53 4.36 1.62 2.45 3.69 
CV = s/x 1.19 0.82 0.60 0.42 0.53 0.76 

P 0.40 0.40 0.40 0.40 0.40 0.40 
Student Y 2.26 2.26 2.26 2.26 2.26 2.26 

n = t 2 CV 2 /p 2 4 5 . 2 1 2 1 . 4 6 1 1 . 4 9 5 .63 8 . 9 7 1 8 . 4 4 
n' 10 10 10 10 10 10 

0 . 8 5 0 . 5 9 0 . 4 3 0 . 3 0 0 . 3 8 0 . 5 4 

TABLE VI. Concentration Variation and Appropriate Number 
of Samples (cont') 

Plot Phenanthrene Anthracene Total PAHs 
ID (mg/kg-soil) (mg/kg-soil) (mg/kg-soil) 

Surface Subsurface Surface Subsurface Surface Subsurface 
Mean Y 15.15 6.96 3.82 2.74 245.80 82.97 
Count 10 10 10 10 10 10 

Std. dev. V* 12.88 4.80 3.21 1.37 169.60 73.84 
CV 0.85 0.69 0.84 0.50 0.69 0.89 
p 0.40 0.40 0.40 0.40 0.40 0.40 

Student V 2.26 2.26 2.26 2.26 2.26 2.26 
n = \k:v2iv2 

n' 
2 3 . 0 6 1 5 . 2 0 2 2 . 5 2 7 . 9 8 1 5 . 2 0 2 5 . 2 9 

n = \k:v2iv2 

n' 10 10 10 10 10 10 
P' 0 .61 0 . 4 9 0 . 6 0 0 . 3 6 0 . 4 9 0 . 6 4 

Mean Y 17.43 12.05 4.93 2.82 125.94 87.75 
Count 10 10 10 10 10 20 

Std. dev. V 16.91 10.97 3.99 1.38 102.01 57.04 
CV 0.97 0.91 0.81 0.49 0.81 0.65 
p 0.40 0.40 0.40 0.40 0.40 0.40 

Student *t' 2.26 2.26 2.26 2.26 2.26 2.26 
n = t 2 CV 2 /p 2 

n1 

3 0 . 0 4 2 6 . 4 4 2 0 . 9 4 7 .66 2 0 . 9 4 1 3 . 4 9 n = t 2 CV 2 /p 2 

n1 10 10 10 10 10 10 
p' 0 . 6 9 0 . 6 5 0 . 5 8 0 . 3 5 0 . 5 8 0 . 4 6 
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Microbial Enumeration. Table VII shows the data for viable bacteria and 
fungi enumerated from the soil sample. The native viable bacteria and fungi in soil are 
representative of agricultural soil. The large population of naphthalene utilizing bacteria 
indicated that native bacteria are capable of degrading PAHs, provided the available 
nutrients and electron acceptors are not limited. 

TABLE VII. Microbial Enumeration of Background Soil Samples 
Plot Colonv Forming Units per Gram 
ID Total Viable Bacteria Fungal Propagules Naphthalene Utilizing 

Bacteria 
Surface Subsurface Surface Subsurface Surface Subsurface 

Plot 1 Mean 1.33E+07 1.04E+07 2.48E+04 4.44E+04 4.75E+06 1.93E+06 
Std. dev. 2.11E+07 1.03E+07 3.95E+04 8.71E+04 8.01E+06 2.34E+06 

Plot 2 Mean 6.33E+07 3.46E+07 3.68E+05 1.04E+06 1.91E+07 1.45E+07 
Std. dev. 2.52E+07 4.88E+07 7.99E+05 2.21E+06 1.23E+07 2.18E+07 

Plot3 Mean 7.65E+06 3.10E+05 1.65E+05 2.00E+02 2.28E+06 3.00E+05 
Std. dev. 4.74E+06 1.91E+05 2.44E+06 

Discussion 

The most popular way to characterize a site with regard to the contaminant concentration 
is to estimate an arithmetic mean concentration and some degree of variation associated 
with the mean. However, examination of the soil analysis data set from the grass plots 
indicated that soil concentrations of PAHs were shown to be lognormally distributed. 
The geometric mean, with its corresponding variance, was the most appropriate estimate 
for on-site soil concentrations. Calculating the appropriate sample number based on the 
normal distribution may not be appropriate for a specific contaminated site. 

Statistical design was critical to a field scale soil remediation study. Quantitative 
data variability should be evaluated for an accurate estimate of PAH concentration 
reduction. Determination of site spatial concentration variability is a prerequisite for 
identifying sample number requirements. The number of soil samples should be 
sufficient to accurately estimate the variation of contaminant concentration. However, 
the number of samples may have to be limited to minimize disturbing soil environment 
A compromise was made to meet both requirements. The site contamination was highly 
heterogeneous. The high variance in soil may cause the estimate of PAH concentrations 
less accurate (±70 - 90% error). A performance evaluation may not be reliable unless a 
significant concentration reduction is achieved. The field scale study may need longer 
time to fulfill an appropriate performance evaluation. 

While PAH degradation in sandy loam soils was enhanced by grasses in 
laboratory reactors, clay soils in field situations represent a more difficult challenge. 
The site soil had approximately 2% organic carbon content (OC%) and a cation 
exchange capacity (CEC) of approximately 40 meq/100 g. The relatively high OC% and 
CEC values indicated a high sorption capacity. The site soil has been contaminated for 
more than 20 years. PAHs were firmly adsorbed onto the soil particle surface. The 
bioavailability of PAHs may be extremely low in such an aged contaminated soil. For 
soils freshly spiked with PAHs in laboratory reactors the contaminants would be 
expected to be more easily removed or bioavailable. In addition, decontamination of a 
clay soil is more difficult than the sandy soil used in laboratory studies due to poorer 
aeration and higher sorption (higher surface area) characteristics of the clay soil. 

A large population of naphthalene utilizing bacteria in the site soil indicated that 
the native bacteria are capable of degrading PAHs, provided the nutrients and electron 
acceptors are available. A PAH acclimated microbial community seemed to be present at 
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the site. The native microbial activity may be enhanced in the presence of grass root 
zone system due to the improved aeration condition and the available nutrients (amino 
acids and carbohydrates) in rhizosphere. It would be interesting to find out which 
consortia of bacteria may be effective for PAH degradation in the rhizosphere. It is also 
interesting to find out how specific is the rhizosphere effect. Is it highly plant specific? 

Conclusions 

The site soil concentrations of PAHs were lognormally distributed. The spatial variation 
of PAH concentrations in soil is significant. The coefficient of variation of PAH 
concentrations ranged from 42% to 128% in the site soil. The number of soil samples 
should be sufficient to reliably estimate the variation of contaminant concentration. 
However, the number of samples may have to be limited to minimize disturbing soil 
environment. For each sampling event ten soil sample cores were taken from each plot. 
The error in the concentration measurement for PAHs was less than ±70%, except for 
naphthalene. The error of naphthalene measurements was less than ±91%. 

The site soil was neutral to slightly basic with relatively high calcium and sulfate 
concentrations. The soil had approximately 2% organic carbon content (OC%) and a 
cation exchange capacity (CEC) of approximately 40 meq/100 g, which indicated a high 
sorption capacity. The bioavailability of PAHs may be low. A PAH acclimated 
microbial community seemed to be present at the site. The native bacteria are capable of 
degrading PAHs, provided the nutrients and electron acceptors are available. 

The rate and extent of PAH degradation with the aid of grasses and competitive 
grass species can be determined, upon completion of this two-year field test Further 
research needs are to identify the specific microbial consortium acclimated for PAH 
degradation in the presence of particular grasses and the plant specific rhizosphere 
effects. 
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Chapter 14 

Propanil Metabolism by Rhizosphere 
Microflora 

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 

Propanil [N-(3,4-dichlorophenyl)propanamide] is a widely-used rice 
(Oryza saliva L.) herbicide. Greenhouse and in vitro rhizosphere 
suspension studies indicate a rapid dissipation of propanil by rice 
rhizosphere microflora [>90% dissipated in 48 h with up to 70% 
accumulating as 3,4-dichloroaniline (DCA)]. Aryl acylamidases are 
responsible for the initial degradation of propanil to DCA and 
propionic acid. This enzyme is found in a wide range of rhizosphere 
microflora, including fungal genera such as Fusariun and 
Trichoderma, and Gram-negative bacteria genera including 
Alcaligines, Bradyrhizobium, Pseudomonas, and Rhizobium. Bacterial 
strains have been isolated from rice rhizospheres that can completely 
metabolize 10 μg ml - 1 propanil to DCA within 30 min. Microbes with 
potential for rapid metabolism of propanil can be obtained, but their 
potential for bioremediation may be limited by the formation of more 
toxic products if appropriate downstream biotransformation 
mechanisms are lacking. 

The use of agrochemicals to provide nutrients to crops and to control weeds, insects, 
and diseases allows production of adequate quantities of affordable, high-quality food 
and fiber. Weeds are costiy to food production, and herbicide sales approach 50% 
of the total pesticide sales per year on a global basis (7). In the U.S. alone, annual 
herbicide use in the 1980s was between 173 to 204 million kg (2). Propanil [#-(3,4-
dichlorophenyl)propanamide] is a herbicide used worldwide for weed control in rice 
(Oryza sativa L.) production. In the two major rice-producing states in the U.S. (AR 
and LA), 3.4 million kg of propanil were applied to rice fields in 1992 (3). Because 
large quantities of herbicides such as propanil are used, knowledge of the long-term 
environmental impact of these compounds and their metabolites or degradation 
products is important. The purpose and scope of this paper is to briefly review some 

This chapter not subject to U.S. copyright 
Published 1994 American Chemical Society 
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of the pertinent literature on the development, use, toxicology, metabolism, and 
environmental fate of propanil, and to present some recent findings from our 
laboratory on propanil metabolism by microflora from the rice rhizosphere. This 
pertinent information and new data will be discussed in relation to potential problems 
and oppportunities for bioremediation of propanil and its downstream catabolic 
products. 

Discovery and Use of Propanil 

The herbicidal chemistry of propanil (Figure 1) was discovered in 1958 (4). Studies 
of a large variety of acylanilide analogs indicated that maximum phytotoxicity was 
obtained with 3,4-dichloro- substitution as opposed to monochloro- or other dichloro-
analogs (5). The primary molecular mode of action of propanil in plants is inhibition 
of photosynthesis by disruption of e" transport in photosystem II (6). This contact 
herbicide alone is effective in the selective postemergence control of grasses and 
various broadleaf weeds in rice, and is also formulated with other herbicides such as 
MCPA, BAS 514, molinate, oxadiazon, 2,4-D, and bromoxynil to broaden the weed 
control spectrum in some other crops. For example, propanil plus MCPA is used in 
hard red spring and durum wheat (Triticum durum L.) to control Setaria spp. grasses 
and broadleaf weeds (7). 

Propanil Metabolism 

Plants. The first metabolic step in propanil metabolism is enzymatic (aryl 
acylamidase; EC 3.5.l.a) cleavage of the amide bond to yield 3,4-dichloroaniline 
(DCA) and propionic acid (Figure 1). Early investigations of propanil metabolism 
in rice seedlings indicated a rapid conversion to DC A and propionic acid (8-70). 
Later, an aryl acylamidase was isolated and characterized in rice (77) and shown to 
be the biochemical basis of propanil selectivity in the control of barnyardgrass 
[Echinochloa crus-galli (L.) Beauv.] in rice since barnyardgrass tissue could not 
detoxify absorbed propanil due to very low enzymatic activity. Rice leaves contained 
a 60-fold greater amount of aryl acylamidase activity than did barnyardgrass leaves. 
Rice plants also form complexes of DC A, including iV-(3,4-
dichlorophenyl)glucosylamine (Figure 1) (72). The metabolic fate of the propionic 
acid moiety has also been reported (9). Catabolism was found to proceed via )8-
oxidation with both susceptible and tolerant plant species converting a large amount 
of the 14C-propanil labeled in either the C- l or C-3 of the propionate moiety to 
1 4 C 0 2 . DCA can also be conjugated into lignin complexes in rice (13). Aryl 
acylamidases capable of propanil hydrolysis have been shown to occur in various 
weed and crop plants (14, 15), and some plant aryl acylamidases have been isolated 
and partially characterized from tulip (Tulipa gesnariana v.c Darwin) (76), dandelion 
(Taraxacum officinale Weber) (77), and red rice (Oryza saliva L.) (78). Red rice is 
a serious conspecific weed pest in cultivated rice fields in the southern U.S. (19). 
Recently propanil degradation by aryl acylamidases has been examined in ten wild 
rice (Oryza) species (20). 

Microbes/Soils/Water. Although propanil may undergo oxidative polymerization 
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reactions (21), propanil hydrolysis giving rise to DCA (22, 23) is the major 
mechanism for dissipation in soil. The major fraction of the DCA, however, 
undergoes covalent binding to soil organic matter, supposedly via spontaneous 
chemical reactions (24, 25). This DCA-humus-bound material is immobilized and 
detoxified since high concentrations do not inhibit microbial respiration (26). 

DCA can then be catabolized via microbial peroxidases (27) to TCAB (22, 28-
31), TCAOB (27, 32), l,3-bis(3,4-dichlorophenyl)triazene (33), and 4-(3,4-
dichloroanilido)-3,3',4,4'-trichloroazobenzene (34) (Figure 1). Subsequent 
dechlorination, ring cleavage, and mineralization to C 0 2 of DCA and these other 
metabolites from propanil in soil is a slow process. Thus there is a persistent nature 
to some of these metabolites (35, 36). However, the persistence and turnover rate of 
these compounds is dependent on the amount of propanil applied and the soil type 
(35). Polymeric and residual DCA in humus complexes were metabolized to C 0 2 , 
and Aspergillus versicolor and Penicillium frequentans released DCA from these 
humic complexes (25). In flooded rice field water, the applied propanil concentration 
was reduced rapidly, and only metabolites of propanil were found ~ 15 days after 
application (37). 

Many diverse microorganisms have the ability to hydrolyze propanil to DCA 
(Table I), and enzymes from some have been isolated, partially purified, and 
characterized. Other microorganisms have been examined for potential metabolism 
of the major hydrolytic metabolite of propanil, i.e., DCA. As discussed earlier, DCA 
is resistant to biodegradation in pure and mixed cultures in soils. 

E. coli (54), Pseudomonas putida (46), and a mixed microbial culture (55) 
have been shown to have very active metabolic rates on DCA. The most rapid 
dechlorination of dihalogenated aromatics occurs under reductive/anaerobic conditions 
(56, 57). Under these anaerobic conditions, dehalogenation of the para position to 
form 3-chloroaniline is the major product which occurs rapidly with acclimated 
cultures. Zeyer and Kerney isolated a pseudomonad (Pseudomonas strain G) that was 
capable of growth on p-chloroaniline as a sole carbon source (58). The metabolic 
pathway includes hydroxyl substitution of the amide group and formation of 
chlorocatechol as the intermediate prior to ring cleavage to form 2-hydroxy-5-
chloromuconic semialdehyde (Figure 2). An isolated P. multivarans that used aniline 
as a sole nitrogen and carbon source could also degrade 3-chloroaniline and 4-
chloroaniline via chlorocatechol formation to C 0 2 in the presence of glucose and 
aniline (59, 60). An Alcaligenes faecalis strain could also degrade 3-chloroaniline and 
4- choloroaniline in the presence of aniline to 4-chlorocatechol and then to 2-hydroxy-
5- chloromuconic semialdehyde (61, 62). In both cases, aniline was necessary for this 
metabolic route because 2,3-catechol oxidases were induced by aniline and not by 
chloroanilines alone. Pseudomonas strain G was capable of mineralizing 3,4-DCA 
only when supplied with p-chloroaniline, but Moraxella strain G (63) exhibited little 
or no mineralization of DCA. 

TCAB found in soils can arise from contaminated herbicide products (64, 65), 
phototransformation (66, 67), and via microbial transformation of DCA (22, 68-70). 
Although propanil degradation in soils is generally quite rapid, the catabolic turnover 
rates for DCA, TCAB, and TCAOB in soil are relatively slow (35, 36) and can vary 
depending on quantity of propanil applied, soil type, and the ability of the soil to form 
TCAB and related products (35). 
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Table I. Examples of Microbial Enzymes that Metabolize Propanil to DCA 

Organism Reference 

Algae, blue-green 

Anabaena cylindrica 38 

Anacystis nidulans 38 

Gloeocapsa alpicola 38 

Tolypothrix tenuis 38 

Algae, green 

Chlamydomonas reinhardii 38 

Chlorella vulgaris 38 

Bacteria, Gram positive 

Arthrobacter spp. 39 

Bacillus sphaericus 40 

Norcardia spp. 39 

Streptococcus avium 41 

Bacteria, Gram negative 

Alcaligenes spp. 42 

Pseudomonas spp. 43 

P. fluorescens 44 

P. pickettii 42, 45 

P. /wtfwfci 41, 46 

P. striata 47 

Fungi 

Aspergillus nidulans 48 

Fusarium oxysporum 49, 50 

F. j f l /a/H' 51 

Paecilomices varioti 52 

Penicillium spp. 53 
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Propanil is a photosynthesis inhibitor and could affect oxygen concentration 
of pond waters by inhibiting phytoplankton photosynthesis, resulting in a deleterious 
effect on fish (77). Propanil inhibited growth of an alga, Nostoc calcicola, and was 
lethal to the organism at 30 fimol ml' 1 (72). Various phytoplankton organisms were 
unable to metabolize propanil (75). 

As evidenced by this brief survey of propanil literature, propanil and its 
products can be transformed in the environment via enzymatic or other degradative 
pathways. Our experimental objectives were to examine propanil metabolism by 
rhizosphere microorganisms using greenhouse experiments, in vitro studies of 
rhizosphere suspensions, and in vitro studies using enrichment cultures and/or pure 
cultures of some of these organisms. Details of the methodologies used and our 
results are presented in the following sections. 

Materials and Methods 

Chemicals. Propanil (99.0% purity) was purchased from Chem Service, West 
Chester, PA. Uniformly ring-labeled 14C-propanil (sp. act. = 21.05 /xCi/mg) was 
generously provided by Rohm and Haas Company, Philadelphia, PA. 

Cell-free Enzyme Preparation. Fungal cultures were grown for 7 days in potato 
dextrose broth still-culture at 22° C. Hyphal mats were harvested by filtration, 
ground in glass homogenizers with K-phosphate buffer (KPi, 0.1 M , pH 6.8), 
sonicated, centrifuged, and the supernatants filtered (0.2 nm filter). Bacterial cultures 
were grown for 2 to 3 days in full strength tryptic soy broth (TSB) in shake-cultures 
(24° C), and cell-free extracts were prepared as for the fungi. 

Aryl Acylamidase Assay. Reaction mixtures contained 0.8 ^mol propanil and K-
phosphate buffer (0.05 M , pH 7.5). Assays were initiated by enzyme addition and 
incubated at 30° C for 0.5 to 3 h. Termination was achieved with IN HClrglacial 
acetic acid mixture (8:1, v/v). DCA was quantitatively determined using a 
diazotization procedure (74). Protein concentration was determined with the Bradford 
reagent (75). 

Radiolabeled Propanil Studies. Uniformly ring-labeled 14C-propanil was used in 
soil, rhizosphere, and whole cell studies. Extracted 1 4 C from various fractions was 
quantified by liquid scintillation counting (LSC) using Ecolume as cocktail (ICN, 
Costa Mesa, CA). 1 4 C 0 2 trapped in mineralization studies was quantified by LSC 
using Hionic scintillation cocktail. 

Thin-Layer Chromatography (TLC). TLC was performed on silica gel (250 /xm 
thick) coated glass with a preabsorbent zone. Plates were developed for 10 cm in 
benzene:acetone (10:1, v/v), benzene:hexane:ethanol (90:210:30, v/v/v), or benzene 
(100%). Plates were spotted (25 to 50 pi) using a multi-spotter. Distribution of 
radioactivity on developed plates was analyzed with an imaging scanner (Bioscan 
200). Rf values for unlabeled standards on chromatograms were determined using a 
Shimadzu CS-9000 dual-wavelength flying-spot scanning densitometer. Reflection at 
240 nm was recorded in the zigzag mode. Analysis of standard concentrations 
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indicated that propanil and DCA gave linear responses at 10 to 50 fig ml - 1 and 5 to 
50 fig ml' 1, respectively. 

Greenhouse Study on Propanil Dissipation in Rice Rhizospheres. Rice seedlings 
were grown in Conetainers (one seedling per cone) filled with a sandy loam soil (200 
g per cone; no herbicide history; pH 6.5), arranged in a randomized complete block 
of four replicates. Al l cones were watered periodically with amounts adequate to 
maintain soil dampness, yet prevent leaching from the bottom of the cone. Seven 
days after planting, propanil was applied as a liquid drench to achieve a soil 
concentration of 3 fig g'1 soil. Additional watering was not necessary until 48 h after 
propanil application, when cones were watered sparingly. At 4, 24, 48, and 96 h 
after treatment one cone from each block was sacrificed for determination of propanil 
and DCA. The contents of each cone (soil and fibrous roots) were homogenized and 
50 g of the moist soil-root mixture was extracted twice with 80 ml of MeOH. Soil 
moisture was determined on a 20-g subsample, by drying at 85° C for 48 to 72 h. 
The two MeOH extracts were combined and reduced to 20 ml with a centrifugal 
evaporator. The remaining liquid was brought up to 100 ml with distilled water and 
eluted through a C-18 solid phase extraction (SPE) column. Propanil metabolites 
were eluted from the SPE column with 3.0 ml of MeOH. Propanil and DCA were 
determined by TLC (benzene:acetone, 10:1, v/v) based upon reflection at 240 nm, 
as described above. 

Bacterial populations of root-free soil and rhizospheres were determined from 
soil and rice rhizospheres that were untreated or treated with propanil 7 days after 
treatment. One entire rice seedling root or 10 g of soil was extracted in 100 ml and 
95 ml of KPi (0.1 M , pH 7.0), respectively, shaking for 1.0 h. Root washings were 
gently sonicated in a sonicator bath (Branson 5200) for an additional 2 min to aid 
recovery of rhizosphere microflora, prior to serial dilution. Total bacterial and Gram-
negative bacterial populations were estimated on 10% tryptic soy agar (TSA) and 
crystal violet media, respectively. Soil moisture was determined as described above. 
Weights of soil recovered from rice roots were also determined. Bacterial populations 
are reported as log (10) cfu g"1 oven-dried soil. 

Propanil Degradation by Rice Rhizosphere Bacterial Populations. Propanil 
metabolism was studied by total recoverable rhizosphere populations and rhizosphere 
bacterial enrichments. Bacterial enrichment cultures were established here by 
amplification of given species by growth on 10% TSB. Total rhizosphere populations 
were recovered from rice roots (14 days after propanil application). Approximately 
8 g of roots were extracted in 100 ml KPi as described above. After initial 
extraction, roots were removed and the soil suspension was allowed to stand for 20 
min for the coarser soil particles to settle. Rhizosphere washings were removed and 
centrifuged at 8,000 xg for 10 min. The pellet was suspended in 10 ml KPi buffer 
and plate counts determined as described above. Propanil was added to 1.0 ml of cell 
suspension to achieve a concentration of 10 fig ml"1 containing 0.2 fid ml*1. 
Incubations were conducted in triplicate, and a control of KPi without cells. Aliquots 
(100 fil) were removed at 0, 2, 4, 21, 31, 48, 56 and 71 h. MeOH (100 fil) was 
added and extraction proceeded via vortexing (30 sec), sonication (2 min), and 
centrifugation (10,000 xg, 5 min). The supernatant (25 fil) was spotted on silica plates 
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and developed for 10 cm with benzene:acetone (10:1, v/v). The distribution of 
radioactivity was monitored by linear imaging scanning. After the final aliquot was 
taken, total radioactivity remaining in each incubation tube was determined by LSC. 

With increased incubation time, lower recovery of readily-extractable 1 4 C 
material was observed using the above short-term MeOH extraction. Thus, a more 
intense or long-term sequential extraction was conducted. The remaining cell 
suspension (250 /d) was extracted with MeOH (400/xl) for 1 h, centrifuged, and the 
pellet extracted using ethyl acetate:KPi (3.5:0.5, v/v; pH 6.8) for 1 h, centrifuged, 
and the ethyl acetate layer removed. The remaining pellet aqueous layer was 
extracted with benzene (4.0 ml) for 24 h. Radioactivity was determined from 100 jd 
aliquots of each sample and the remaining pellet. The ethyl acetate and benzene 
extracts were reduced to 100 fd, and 40 pi aliquots of all three extracts were spotted 
on TLC plates and developed in benzene:acetone (10:1) and benzene alone solvent 
systems. Chromatograms were analyzed for distribution of radioactivity by linear 
image scanning. 

Propanil Metabolism by Rhizosphere Enrichment Cultures. Rhizosphere 
enrichments from rice roots (7 days after propanil application) were prepared as 
described elsewhere in this volume (76). Propanil metabolism was determined as 
described above for radiolabelled propanil except that samples were removed at 2 and 
24 h with Pseudomonas cepacia strain AMMD included as a reference strain. Aryl 
acylamidase activity was also determined on cell-free extracts. Nine individual 
colonies were selected from TSA plates from replicates A and B (high activity). Both 
aryl acylamidase assays and metabolism of 14C-labeled propanil tests were conducted 
on cell-free extracts and whole cell preparations. 

Mineralization/Metabolism Studies. Small biometer flasks (25 ml) were used to 
assay for propanil mineralization by cell suspensions of three rhizosphere bacterial 
strains (AMMD, RA2, and RB4). The flasks were inoculated with 200 pi propanil 
(50 jig ml"1; 55,000 dpm) and 1.8 ml of bacterial cells (log 10.5 cells ml"1). Flasks 
were sealed with rubber septum stoppers and fitted with a C 0 2 trap containing 400 
1*1 IN NaOH. Trapped 1 4 C 0 2 was collected at 0, 0.5, 1, 24, 48, 72, and 96 h after 
treatment, and quantified via LSC in Hionic scintillation cocktail. 

Following the 96-h incubation, a modified extraction scheme was implemented. 
Liquids from all three replicates were combined, centrifuged, and the supernatant 
concentrated by SPE C-18 columns with MeOH as the extractant. The remaining 
pellet was sequentially extracted with neutral ethyl acetate (1 h), followed by acidic 
ethyl acetate (1 h), and finally benzene (24 h). Radioactivity was monitored in all 
extracts and in the final pellet by LSC. Solvent extracts were concentrated to 
approximately 100 /d, and 40 /xl aliquots were spotted on TLC plates and developed 
in each of the three solvent systems previously described. 

Results and Discussion 

Propanil-Aryl Acylamidase Activity in Bacterial and Fungal Reference Cultures. 
Hydrolysis of propanil to DCA by the enzyme aryl acylamidase has been reported for 
several genera of bacteria, including Gram-positive and Gram-negative species, as 
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presented earlier (Table I). In a first approach to study propanil metabolism, we 
initiated a survey of propanil-aryl acylamidase (Pro-AAA) activity among isolates of 
rhizobacteria (typically biological control and/or plant growth-promoting strains) for 
which taxonomic identification was available. The objective was to ascertain whether 
certain genera of bacteria may be dominant in propanil degradation in the rhizosphere. 
Pro-AAA was assayed in a collection of 24 rhizosphere-competent bacteria as 
summarized in Table n. No Pro-AAA activity was detected in the 7 Gram-positive 
bacterial strains tested (3 Arthrobacter and 4 Bacillus). Pro-AAA activity was 
observed among all strains of Alcaligines, Bradyrhizobium, and Rhizobium tested. 
Among isolates of the Pseudomonadaceae, high activity was observed in the non-
fluorescent P. cepacia strain AMMD, with a trace of activity found among 
fluorescent P. fluorescens and P. putida strains, and no activity detected in the 
Xanthomonas campestris strain. Also, no Pro-AAA activity was detected in any of 
the six Enterobacteriaceae isolates {Citrobacter, Enterobacter, Klebsiella, and 
Serratia). 

Table II. Propanil-Aryl Acylamidase Activity Among Reference Strains of 
Rhizobacteria 

Genus 
Gram stain 
response Strains tested 

Specific Activity 
nmol mg'1 protein h"1 

Alcaligines negative 2 1.7 to 2.7 

Arthrobacter positive 3 nd 

Bacillus 4 nd 

Bradyrhizobium negative 2 0.7 to 1.5 

Citrobacter N 1 nd 

Enterobacter W 2 nd 

Klebsiella n 2 nd 

Pseudomonas i i 1 11.5 
cepacia 
P. fluorescens i t 3 trace 

P. putida n 1 trace 

Rhizobium N 1 15.0 

Serratia n 1 nd 

Xanthomonas it 1 nd 

Based on previous reports in the literature, Pro-AAA activity was observed in 
the Gram-positive bacteria Arthrobacter and Bacillus; but we have not observed any 
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activity in the 3 Arthrobacter or 4 Bacillus rhizobacterial strains examined in this 
study. The rhizosphere bacterial population can be dominantly Gram-negative, thus 
genera such as Pseudomonas, Alcaligines, and Rhizobium may be dominant 
contributors to propanil metabolism to DCA in the rhizosphere. 

We examined 14C-propanil metabolism in whole cell suspensions of AMMD 
and other rhizobacterial strains. 14C-Propanil was not autohydrolyzed in aqueous 
suspension over a 24-h period. However, strain AMMD metabolized 14C-propanil 
after 24 h, yielding 1 4 C-DCA and two other major labeled peaks at the origin and Rf 
0.18. Negligible hydrolysis of propanil was observed during this time period by other 
whole cell suspensions of Pseudomonas strains listed in Table n (data not shown). 

Propanil hydrolysis by several species of Fusarium, namely F. solani (51) and 
F. oxysporum (49, 50) has been reported. A collection of Fusarium species was 
available at our laboratory. This study was conducted to assess the contribution of 
this dominant genus of rhizosphere-competent fungi for Pro-AAA activity in the 
rhizosphere. Pro-AAA activity was observed among isolates of all five species of 
Fusarium studied (Table HI). Although a wide range of activity has been observed 
among isolates within each species, F. solani had more active strains than the other 
species studied. Pro-AAA activity was also observed in two other fungi studied, 
Trichoderma harganinum and Phenacrycete chryosporium. F. solani is the dominant 
Fusarium in many soils and rhizospheres of crop plants (77). The fusaria may 
contribute to propanil metabolism under well-drained soil conditions, however under 
the flooded soil conditions encountered in rice culture their populations rapidly decline 
(78). Other microbes can rapidly metabolize propanil to DCA in anaerobic soils (79). 
Propanil hydrolysis under anaerobic conditons was slightly faster when nitrate-
reducing conditions existed, while DCA was reductively dehalogenated, but not 
mineralized, in methanogenic soil slurries (80). 

Table in. Propanil Aryl Acylamidase Activity Among Fusarium Isolates and 
Other Fungal Species 

Specific Activity, 
Number of nmol DCA mg'1 

Genus species strains tested protein h'1 

(range/# > 1.0) 

Fusarium equisiti 2 nd -1 .3 /1 

F. moniliforme 6 nd -13.8 / 2 

F. oxysporum 6 nd - 4 . 6 / 2 

F. semitectum 2 2.5 - 4 . 7 / 2 

F. solani 10 nd - 8 . 2 / 8 

Trichoderma harzaninum 1 0.5 

Phenacrycete chryosporium 1 0.1 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
01

4

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



14. HOAGLAND ET AL. Propanil Metabolism by Rhizosphere Microflora 111 

Greenhouse Studies on Propanil Dissipation in Rice Rhizospheres. Studies of 
propanil in rice rhizospheres indicated that after 4 h, only 65% of the initial propanil 
was found in the MeOH-soluble fraction (Figure 3), and DCA was observed in all 
samples within hours after application. MeOH-extractable propanil declined rapidly 
over the 4-d time course. MeOH-extractable DCA increased from 4 h to 2 d and then 
declined. Since non-labeled propanil was used in these studies, we were limited in 
ability to further evaluate metabolism of propanil beyond DCA. However, it is 
evident that a major fraction of propanil metabolites are bound to soil, mineral, or 
organic colloids, as previously reported (24, 25). 

Analysis of bacterial populations after propanil application indicated tittle or 
no effect on bacteria in soil, but there was a slight effect on reducing the rhizosphere 
Gram-negative bacterial population (Table IV). Gram-negative bacterial populations 
were enriched 30-fold in the rhizosphere soil, and the total bacterial populations were 
enriched 11-fold in the rhizosphere soil compared to the bulk soil. 

Table IV. Effect of Propanil on Soil and Rhizosphere Bacterial Populations and 
Rhizosphere Enrichment8 

Log cfit/g soil R:S ratio 

Source Gram neg. Total Gram neg. Total 

Rhizosphere 

Propanil 6.88 8.35 26.3 13.41 

Nontreated 7.21 8.46 33.1 10.2 

Pr* > F 0.075 0.465 0.223 0.202 

Soil 

Propanil 5.47 7.34 na na 

Nontreated 5.69 7.32 na na 

Pr > F 0.496 0.557 

* Mean of four samples. 
b Colony-forming units = cfu. 
c Probability of data value being greater than F due to treatment effect (F-test) . 

Propanil Degradation by Rice Rhizophsere Bacterial Popluations. Our second 
approach to characterize propanil metabolism in the rhizosphere was to extract native 
rhizosphere populations from rice roots previously exposed to propanil. Microbial 
populations consisted of log 7.8 (total bacteria), log 6.7 (Gram-negative bacteria), log 
4.3 fluorescent pseudomonads and log 4.4 total fungi cfu ml"1. 

During the first 21 h, MeOH-extractable propanil remained relatively constant 
and thereafter declined rapidly (Figure 4A). DCA was first detected at the 21-h 
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Time, days 

Figure 3. Propanil dissipation in rice rhizospheres. 
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sample and continued to increase until 48 h and declined thereafter (Figure 4B). At 
least two additional metabolites were first detected at 48 h and continued to 
accumulate until termination, one with an Rf of 0.18 and one (or more) remained at 
the origin (immobile in the benzeneracetone solvent). This data was based upon a 
rapid MeOH extraction technique similar to that used in other bacterial propanil 
metabolism studies (46). By 48 and 70 h approximately 32 and 8% of the initial 1 4 C 
added was recovered, respectively, indicating sorption of propanil and or metabolites 
to cellular components. 

At the termination of the study a more rigorous extraction methodology was 
implemented (Table V). Longer duration exposure (1 h) to 50% MeOH resulted in 
an 83% recovery versus 8% as described above, while less than 13% was recovered 
in the two subsequent extractions using ethyl acetate and benzene. These results 
demonstrate that approximately 95% of the propanil was metabolized to DCA and at 
least five additional products. About 3% of the applied 1 4 C was unextractable and a 
total recovery of applied 1 4 C was 98.3% indicating that at most, less than 2% was 
mineralized to 1 4 C 0 2 during this study. Generally, the ethyl acetate extraction was 
more efficient in the extraction of four metabolites with Rfs of 0.18, 0.45, 0.81, and 
0.95. The two nonpolar metabolites (Rf 0.81 and 0.95) may be TCABs since these 
compounds have similar Rfs in the hexane:benzene:ethanol system as reported for 
TCABs in the literature (81) and in 100% benzene as a solvent system (82). These 
two metabolites represent about 4% of the propanil initially added, and in our studies 
both compounds were either present or absent. We have not, as yet, identified the 
remaining unknown metabolites. One possible metabolite, /--chloroaniline, could be 
masked since it migrates with DCA in all three TLC solvent systems used in our 
studies. The TLC profiles observed for these studies are quite similar to profiles 
observed in studies with P. cepacia strain AMMD. 

Propanil Metabolsim in Rhizosphere Enrichment Cultures. The third approach 
we used to study propanil metabolism by rice rhizospheres was the use of rhizosphere 
enrichment cultures (83). Four rhizosphere enrichment cultures, with bacterial 
populations of log 10.3 to 10.6 cfu ml"1 (47 to 76% Gram-negative) were obtained 
from rice roots exposed to propanil (Table VI). Pro-AAA activity was observed in 
cell-free extracts of all four enrichments. However, two mixed cultures, RA and RB, 
exhibited Pro-AAA activity in crude enzyme preparations ranging from 3 to 9 times 
greater than we have previously encountered in our laboratory. Radiological assays 
on whole cells of these mixed cultures with 14C-propanil indicated that all propanil 
was converted to DCA within 2 h by both RA and RB while less than 10% of the 
added propanil was hydrolyzed to DCA by cultures RC and RD within a 24-h 
incubation. 

Nine dominant colony types were isolated from mixed cultures RA and RB 
and purified to single strains (RA1-4 & RB1-5). These were again characterized by 
both Pro-AAA activity in cell-free extract and 14C-propanil metabolism in whole cell 
studies. Although Pro-AAA activity was observed in 6 of the 9 strains isolated, two 
isolates, RA2 and RB4, were the organisms predominantly responsible for high the 
Pro-AAA activity in the original mixed cultures (Table VI). 

Preliminary taxonomic analysis of strains RA2 and RB4 indicates that both are 
Gram-negative rods with multiple polar flagella. Further taxonomic classification/ 
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100 

Time, hours 

Figure 4. Propanil metabolism in rhizosphere suspensions. A. Propanil 
dissipation. B. Metabolite profile. 
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identification of these two strains is in progress. The specific activity of strains RA2 
and RB4 are several fold greater than that previously reported for crude enzyme 
preparations of soil Alcaligines and Pseudomonas isolates (45). 

Table VI. Propanil-Aryl Acylamidase Activity of Rice Rhizosphere Enrichment 
Cultures and Single Colony Isolates From These Enrichments 

Specific Activity, 
Culture or Isolate nmol DCA, mg'1 protein h 

Enrichment cultures 

RA 134.0 

RB 45.6 

RC 0.6 
RD 3.4 

Single colony isolates 

RA1 2.0 

RA2 2,250 - 15,320 

RA3 8.4 

RA4 nda 

RBI nd 

RB2 nd 

RB3 3.0 
RB4 3,980 - 12,360 

RB5 3.1 

11 None detected (<0.05). 

Pure Culture Propanil Metabolism Studies. Two additional 14C-propanil 
metabolism studies were conducted with P. cepacia strain AMMD and isolates RA2 
and RB4. The first study was conducted for 24 h and the second study for 96 h. The 
potential for mineralization of 14C-propanil to C 0 2 was evaluated in these studies. 

In the first study, > 98% of readily extractable 1 4 C was recovered as DCA 
within 30 min by RA2 and RB4, while DCA (5%) was observed by AMMD after 2-h 
incubation (data not shown). After 24 h, the study was terminated by extraction with 
50% MeOH (1 h) followed by a neutral ethyl acetate extraction (1 h). Approximately 
85% of the 1 4 C was recovered in the first MeOH extraction and 8 to 10% in the ethyl 
acetate extraction in all three strains (data not shown). Propanil was observed in both 
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extracts from AMMD (43 and 31%), but only small amounts of propanil (5%) were 
observed in the ethyl acetate fractions from RA2 and RB4 (Table VII). The polar 
metabolite (Rf 0.18) was the dominant metabolite formed by AMMD, while 22 to 
41% of the radioactivity from all three strains remained at the origin in the MeOH 
extracts. AMMD likewise accumulated greater nonpolar metabolites (potential 
TCABs, Rf 0.85 and 0.95) than did RA2 or RB4. 

The same three bacterial strains (RA2, RB4, and AMMD) were examined over 

Table VII. 1 4 C -Propanil Metabolites by AMMD, RA2, and RB4 in Two 
Studies 

% Recovery, 
14Cin 

Propanil and 
Metabolites Rf (Benzene:Acetone; 10:1, v/v) 

Propanil DCA Origin 0.07 0.18 0.47 0.85 0.95 

AMMD. 24 h 
50% MeOH 43 2 24 nd 31 nd nd nd 
EtOAC (neutral) 31 9 17 nd 11 3 5 24 

AMMD. 96 h 
KPi 26 nd 9 14 55 nd nd nd 
EtOAC (Neutral) 10 5 16 6 20 2 nd 21 

RA2. 24 h 
50% MeOH nd 78 22 nd nd nd nd nd 
EtOAC (neutral) 5 74 7 3 8 nd 6 nd 

RA2. 96 h 
KPi nd 100 nd nd nd nd nd nd 
EtOAC (neutral) nd 71 12 5 3 5 nd 3 

RB4. 24 h 
50% MeOH nd 53 41 nd nd nd 6 nd 
EtOAC (neutral) 5 71 5 nd 8 nd 5 6 

RB4. 96 h 
KPi nd 81 11 nd 5 nd nd 2 
EtOAC (neutral) 4 80 7 nd 4 3 nd 2 
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a long time course (96 h) for propanil metabolism/mineralization in whole cell 
suspension studies. After 96 h, the aqueous or buffer-soluble fraction from each 
culture contained the largest amount of extractable radioactivity, but the range of the 
aqueous-soluble 1 4 C differed; i.e., RA2 = 86%, RB4 = 79%, and AMMD = 65%. 
Subsequent organic solvent extractions (neutral ethyl acetate, acidic ethyl acetate, and 
benzene) contained lesser amounts of 1 4 C , but only the neutral ethyl acetate fraction 
differed among cultures. Unextractable or residual 1 4 C was ~ 1% for RB4 and 
significantiy less in the other two cultures. 

Total 1 4 C 0 2 evolved during the 96 h study was low; i.e., -1.5% for RB4 and 
AMMD, and only 0.4% for RA2. Less than 0.05% volatilization of propanil was 
captured in the NaOH trap in the uninoculated controls. Total 14C-recovery was very 
high (> 98%) for strains RA2 and RB4, but only -75% for AMMD. During 
concentration of the KPi extractable fraction, ~ 95% of applied 1 4 C was retained by 
the C-18 SPE column for strains RA2, RB4 and noninoculated control, while only ~ 
63 % of the 1 4 C was retained for AMMD. This indicates that a high percentage of the 
propanil originally applied was converted to highly polar metabolites by strain 
AMMD. It is also possible that 1 4 C 0 2 may have been underestimated in the AMMD 
culture because of NaOH-trap saturation. 

As observed in previous studies, radiochromatographic scans of TLC plates of 
recovered l4C-propanil and 14C-metabolites from KPi and neutral ethyl acetate fractions 
showed that a significant portion of initially applied propanil was recovered only in 
AMMD (26% in KPi-soluble fraction and 10% in the neutral ethyl acetate extract). 
Again the Rf 0.18 metabolite was the dominant 14C-labeled product from AMMD, and 
DCA was the major product observed in both RA2 and RB4. The non-polar 
metabolite at Rf 0.95 was not observed in any of the KPi-soluble fractions but was one 
of the major neutral ethyl acetate-soluble products from AMMD, while a lesser 
amount (2 to 3%) was observed in both RA-2 and RB4. We followed the extraction 
protocol previously described by Kearney and Plimmer (87) to attempt to find 
products of ring cleavage. Very little of the radioactivity was observed in the 
acidified ethyl acetate fraction which should have contained the catechol and 2-
chloromucuronic semialdehyde, if present 1%). 

The accumulation of DCA by strain AMMD varied in the three whole-cell 
metabolism studies. In the first study, DCA accounted for 25 % of the 1 4 C recovered, 
while in these two studies most DCA was already metabolized to other products. 
Some of the polar metabolites, i.e., materials remaining at the origin and Rf 0.18, 
may be conjugated products, a strategy found in many organisms to detoxify DCA. 
Two patterns of propanil metabolism have been observed in these three strains. 
Strains RA2 and RB4 rapidly hydrolyze propanil to DCA with very little further 
metabolism. Metabolically, strain AMMD is more interesting because the DCA that 
is formed is readily metabolized into several other compounds, including possible 
TCABs. As described previously in the rhizosphere suspension studies, the AMMD 
metabolite (Rf 0.95, benzeneracetone, 10:1) was verified in two additional solvents, 
hexane:benzene:ethanol (90:210:30) and benzene (100%) (data not shown) with Rfs 
similar to those reported for TCAB (87, 82). Similar Rfs were reported for TCAB 
(data not shown). Purification and identification of some of these metabolites is 
currently in progress. 
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Conclusions/Potential for Bioremediation 

Progress has been made in the past few years in the knowledge of microbial 
degradation mechanisms of halogenated aromatic molecules. There is recent and 
considerable interest in developing methods for microbiological in situ clean-up of 
water and soil contaminated with organic halogen compounds, as evidenced in reviews 
(83, 84). Inoculation of soils with selected bacterial cultures to detoxify specific 
pesticides has been somewhat successful. For example, pentachlorophenol residues 
have been decreased by soil amendments of an Arthrobacter sp. (85). Success was 
also demonstrated with a pentachlorophenol-degrading Flavobacterium sp., but several 
innoculations were required for the removal of PCP from soils (86). Also, a 2,4,5-T-
degrading P. cepacia strain was useful in decontamination of high 2,4,5-T residues 
in soils (87). Studies on pesticide metabolism in pure cultures of microbes play an 
important role in the understanding of biodegradation, and in some instances have led 
to the isolation and characterization of specific degradation enzymes. Pure culture 
metabolic studies can aid in the understanding of processes relating to regulation of 
metabolic pathways and lead to an understanding of expression of the active enzymes 
under various physical-chemical interactions. 

Several factors make bioremediation with microbes a very complex process. 
For successful bioremediation, the amendment organism must be able to adapt and 
compete with the existing native microflora. Therefore, the ecology, physiology, and 
biochemical degradative mechanisms must be adequate to cope with the specific 
environmental conditions in a given clean-up situation and perhaps to tolerate other 
agrochemicals in the soil. As pointed out earlier, the complete metabolism of propanil 
presents some problems since several down-stream metabolites (DCA, TCAB, 
TCAOB, and others) are more persistent and toxicologically more harmful than 
propanil itself. However, it is also noteworthy to point out that compounds from 
other herbicide classes, such as the ureas and carbamates, can also degrade to DCA. 
There are several potential pathways for conjugation of DCA; e.g. acetylation and 
glucosylation that can detoxify DCA. These metabolic pathways can minimize the 
formation of some of the more toxic diazo compounds. Furthermore, the fact that 
DCA and some of its metabolites are bound/complexed with organic or humic acid 
soil fractions has obscured the real toxicological significance and impact of these 
compounds (88). 

As pointed out in earlier literature and in our work presented here, initial 
propanil metabolism via aryl acylamidases is quite widespread among bacteria and 
fungi. Our strategy, however, is somewhat unique in that we examined rhizosphere 
microorganisms rather than total bulk soil microorganisms. Three approaches have 
been taken to study propanil metabolism in the rhizosphere (greenhouse study, in vitro 
studies with native rhizosphere suspensions, and in vitro rhizosphere enrichment 
experiments). Data from these three approaches suggest that bacterial metabolism in 
the rhizosphere may be a dominant factor in propanil dissipation in rice-production 
soils. 

We have observed an enrichment of bacteria, especially Gram-negative 
bacteria, in the rhizosphere of rice, as reported elsewhere (78, 89, 90). Our 
taxonomic studies, as well as the work of others, indicate that several genera of Gram-
negative bacteria (especially Alcaligines, Pseudomonas, and Rhizobium) are capable 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
01

4

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



180 BIOREMEDIATION THROUGH RHIZOSPHERE TECHNOLOGY 

of rhizosphere competence and possess the enzymatic potential for propanil 
degradation. Initial selection procedures have obtained rhizobacteria (RA2 and RB4) 
with potential to rapidly transform propanil to DCA. Further work will be necessary 
to select the most valuable rhizosphere organisms for further study for bioremediation. 
However, if such rhizosphere organisms are found, they may inherentiy be more 
competent and have higher survival potential due to their association with plant roots 
and plant exudates. Their proximity to roots and root exudates would also enable 
rapid metabolism of translocated residues from foliar-applied agrochemicals and/or 
prevent crop plant uptake of phytotoxic or toxicological residues existing in soils. As 
mentioned above, bioremediation organisms will have to tolerate the presence of 
naturally-occurring chemicals and agrochemcials. This could pose a problem for the 
first step in propanil metabolism, since aryl acylamidases are known to be inhibited 
by organophosphorus and carbamate insecticides (77, 91, 92). 

Although strain AMMD exhibits lower aryl acylamidase activity than our 
native rhizosphere community, propanil degradation profiles were similar. Strain 
AMMD may be valuable for pure culture simulations of propanil dissipation in the 
rhizosphere environment. 

Propanil (3 to 5 kg ha"1) is typically applied post-emergence and usually 1 to 
2 days prior to flooding, depending upon the degree of barnyardgrass infestation. 
Although the rice soils will remain flooded during the remainder of the season, 
aerobic metabolism in the rhizosphere will still be dominant because the rice root 
system provides for an oxygen rich environment under this otherwise reduced 
environment (93). Studies on biological control of fungi using bacterial inoculants 
have indicated that certain pseudomonads can be introduced to the rice rhizosphere and 
maintain satisfactory populations despite the flooded conditions (94). Enhanced 
propanil degradation via modification of the rice rhizosphere may be a worthy effort 
for future research. 
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Chapter 15 

Glutathione 5-Transferase Activity 
in Rhizosphere Bacteria and the Potential 

for Herbicide Detoxification 

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

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

Glutathione S-transferase (GST; EC 2.5.1.18) activity was found in 
isolates of Gram-negative rhizobacteria, especially Pseudomonadaceae 
and Enterobacteriaceae. GST-mediated dechlorination of 
chlorodinitrobenzene and the herbicide alachlor and GST-mediated 
cleavage of the ether bond of the herbicide fluorodifen was observed for 
some strains. No atrazine-GST activity was found. Certain fluorescent 
pseudomonads can dechlorinate 75 to 100 μM alachlor in 48 to 96 h, 
with the cysteine conjugate as the major accumulating intermediate. 
Levels of alachlor-GST catabolism observed in native rhizosphere 
communities were lower than most Pseudomonas fluorescens strains 
identified in this work. Activities of γ-glutamyltranspeptidase (EC 
2.3.2.2), and cysteine-P-lyase (EC 4.4.1.6 and 8) enable a rapid 
metabolism of glutathione-conjugates. Rhizosphere-competent bacteria 
selected for high GST activity and downstream catabolism may have 
potential as seed/soil inoculants in bioremediation/detoxification of 
certain herbicides or other xenobiotics. 

The interface between plant roots and soil (the rhizosphere) is a unique niche for 
the proliferation and selective enrichment of various microbial populations (1). 
This enrichment, due to exudation of carbohydrates, amino acids, and other 
carbonaceous materials by plant roots, serves as a rich substrate for microbial 
activity (1,2). The concentrations of these substrates are several orders of 
magnitude greater than those observed in bulk soil. Accelerated degradation of 
certain pesticides and xenobiotics (e.g. two organophosphorous insecticides 
parathion (3,4), diazinon (3)) and trichloroethylene (5), has been observed in the 
rhizosphere compared to bulk soil. 

Glutathione S-transferase (GST) catalyzes the conjugation of the bioactive-
thiol glutathione (GSH) with a wide range of electrophilic substrates 
(nucleophilic displacement reactions). GST's are dimeric proteins with subunits 

This chapter not subject to U.S. copyright 
Published 1994 American Chemical Society 
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of 25 to 29 kDa and can be found as multiple forms (isozymes), with various 
substrate specificity. GST-mediated conjugation is a major mechanism of 
detoxification in animals (6), plants (7), and certain microorganisms (8,9). 
Glutathione conjugation, catalyzed by the enzyme GST, has been shown to be 
a mechanism of plant metabolism and detoxification of various herbicides (7). 
These include chloroacetamides (acetochlor, alachlor, metolachlor, propachlor), 
diphenyl-ethers (acifluorifen, fluorodifen), triazines (atrazine, metribuzin), and 
thiocarbamates (EPTC, molinate). 

Pioneering work by Lamoureaux (10) implicated the role of GST-mediated 
GSH conjugation in the metabolism of the herbicide propachlor in soil as well 
as plants. The role of GST-conjugation in the dechlorination of another 
chloroacetamide herbicide, acetochlor, in soil has also been established (77). 
Microbial products of GSH conjugates of the chloroacetamides in soil include the 
sulphonic, oxanillic and sulphinylacetic acid derivatives (10,11). 

Most research characterizing the role of GST in bacterial detoxification has 
focused on non-herbicide substrates such as l-chloro-2,4-dinitrobenzene [CDNB] 
(8,12). The role of GST in the dechlorination of dichloromethane (13,14) by a 
strain of Methylobacterium as well as a unique GSH-mediated reductive 
dechlorination of tetrachloro-/>-hydroquinone by a strain of Flavobacterium (15) 
has recently been demonstrated. Unpublished research from our laboratories 
indicate that CDNB and alachlor-GST activity is observed in cell-free enzyme 
preparations from certain Gram-negative rhizosphere-competent bacteria. This 
paper addresses the potential of herbicides as substrates for rhizobacterial GST. 
These substrates include three groups of herbicides: chloroacetamides (alachlor), 
triazines (atrazine), and diphenyl-ethers (fluoridifen). We have also examined 
GST activity in bacterial rhizosphere communities with CDNB and alachlor as 
substrates. 

Alachlor Metabolism by Rhizobacteria 

Alachlor-GST activity has been demonstrated by various Enterobacteriaceae and 
Pseudomonadaceae strains in cell-free extracts (unpublished data). Time course 
studies of alachlor metabolism by cell suspensions were conducted to further 
elucidate the contribution of the GST pathway to the dechlorination of alachlor 
by these strains. 

Cell suspensions (approximately log 10.5 cells ml"1) were obtained from 
stationary tryptic soy broth (TSB) cultures of the following strains: P. fluorescens 
( UA5-40, BD4-13, and PRA25), P. cepacia (AMMD), P. putida (M-17), 
Enterobacter cloacae (ECH1), Citrobacter diversus (JM-92), Klebsiella 
planticola (JM-676) and Serratia plymutica (SP). Alachlor was added to 1.0 ml 
of cell suspension in KPi (potassium phosphate buffer, 0.1 M , pH 6.8) to achieve 
a final concentration of 100 pM (0.56 pCi, 14C-ring labelled alachlor per tube) 
and were incubated for 96 h at 24°C on a rotary shaker. Samples (lOOpl) were 
removed at least every 24 h. The reaction was terminated by addition of 100 pi 
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acetonitrile, which lyses the cells and aids in extraction of alachlor and 
metabolites. The supernatant fluid was recovered by centrifugation at 10,000 x 
g for 15 min. 

The acetonitrile extract was spotted onto silica gel plates and developed with 
butanone (methyl ethyl ketone):acetic acid: water (10:1:1; solvent system A) for 
10 cm. The plates were redeveloped for 5 cm from the original solvent front in 
a 180° rotation with hexane:methylene chloride:ethyl acetate (12:2:6: solvent 
system B). The distribution of radioactivity on the TLC plates was determined 
by linear scanning (Bioscan 200, Bioscan Inc, Washington, D.C.). Standards of 
alachlor-glutathione (AL-SG), alachlor-cysteineglycine (AL-CysGly), alachlor-
cysteine (AL-Cys) and alachlor-sulfonic acid (Al-sulf) were synthesized 
according to methods described in the literature (16). All standards were at least 
95% radiochemical purity. Typical Rf values following the second development 
were: AL-SG (0.03), AL-CysGly (0.10), AL-Cys (0.18), AL-sulf (0.40), alachlor 
(0.67). Alachlor initially developed at an Rf of 0.95 in solvent system A, 
however it migrated approximately 3 cm following the second 5 cm development 
with solvent system B. Verification of product identity in a third solvent system, 
C (butanohacetic acid:water, 12:3:5;) and by HPLC/radioactivity detection was 
conducted for several samples. Data presented are typical observations for an 
experiment of 2 replicates. These experiments were repeated at least twice. 

During a 96 h incubation, 22 to 100% of the alachlor initially present was 
metabolized by all strains tested except P. cepacia strain AMMD and S. 
plymutica strain SP. Representative patterns of alachlor metabolism for several 
strains are presented in Figure la-d. After the 96 h incubation, 75 to 100% of the 
alachlor was metabolized by active pseudomonads (Figure la -c), while only 22 
to 35% of the alachlor was metabolized by the enterics: JM-676, JM-92 and 
ECH1 (Figure Id). It should be noted that one P. fluoresceins strain, UA5-40, 
dechlorinated 100% of the alachlor within 48 h (Figure la). 

Al l alachlor-metabolizing bacteria produced two of the AL-SG metabolites, 
AL-CysGly and AL-Cys. AL-SG was occasionaly observed only in strain UA5-
40. AL-CysGly was a transient minor metabolite in all strains except UA5-40, 
in which it accounted for 60% of the alachlor at 24h. In the other strains, AL-
Cys was the major accumulating intermediate which may be due to higher 
alachlor-GST activity and lower alachlor-GGTP (GGTP = y-
glutamyltranspeptidase) activity in UA5-40 than in the other pseudomonads 
tested. 

All alachlor metabolizing strains produced an unidentified moderately polar 
compound (Rf of 0.95, solvent system A) as the major end-product. This 
metabolite was immobile in solvent system B. Two P. fluorescens strains (UA5-
40 and PRA25) accumulated a second final product with an Rf of approximatley 
0.75 in solvent system A. This product was also immobile in solvent B. We are 
presently attempting to identify both compounds. A series of potential products 
can be derived from GSH-conjugation with alachlor as presented in the metabolic 
pathway summarized in Figure 2, 3 and 4. 
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188 BIOREMEDIATION THROUGH RHIZOSPHERE TECHNOLOGY 

The growth of 12 strains of rhizosphere competent bacteria was assessed in 
TSB amended with 0, 50, 100, 200 and 400 pM alachlor. The highest 
concentration (400 pM) represents the maximum solubility of alachlor in water. 
Al l alachlor metabolizing strains tested (UA5-40, PRA-25, M-17, BD4-13, 
ECH1, JM-92) exhibited similar growth patterns (generation times and final cell 
yield) at all concentrations of alachlor as in unamended broth . All four strains 
incapable of metabolizing alachlor (P. cepacia - AMMD, S. plymutica - SP, and 
two bacilli, (B. subtilis -GB07 and B. thuringiensis- HD-2) exhibited a 20 to 
50% reduction in generation time during the logarithmic growth stage at alachlor 
concentrations greater than 50 or 100 pM compared to unamended broth. 
However only B. subtilis strain GB-07 exhibited a 50% reduction in final yield 
at all alachlor concentrations compared to unamended broth. 

Hydrolytic Enzymes and Glutathione Conjugate Metabolism. 

In most organisms, glutathione conjugates are further catabolized by sequential 
hydrolysis of amino acids from the GSH tripeptide (Figure 2). The first 
peptidase, y-glutamyltranspeptidase, is specific for cleavage of the glutamic acid 
moiety, followed by a second carboxypeptidase- or peptidases- cleaving glycine 
from the CysGly-conjugate. Several possibile pathways for further catabolism of 
the Cys-conjugate exist A family of cysteine-P-lyases (77, 18,19 20, 21) can 
vary in specificity with the products being the corresponding mercaptan, 
ammonia, and pyruvate (Figure 3). In mammalian systems the activities of GST 
and the downstream catabolic enzymes are compartmental in various organs (77, 
18% while bacterial enzymes are observed in die cytosol. 

Alachlor-GGTP activity and subsequent metabolism of AL-CysGly in cell-
free enzyme preparations of various rhizobacteria was studied. Assay mixtures 
included cell-free extract (3 to 4 mg protein), 200 nmoles AL-SG (0.06 pCi Be
ring labeled AL-SG), and 100 pmole KPi (pH 6.8) in a final volume of 1.0 mL. 
Incubations were conducted for 4 h at 25°C, with 100 pi samples removed at 
1, 2 and 4 h. The assay was terminated by adding 100 pi acetonitrile, and 
processed as described in the whole cell-alachlor metabolism study. 

The ability to degrade the AL-SG conjugate was found in all rhizobacterial 
strains evaluated, regardless of their ability to metabolize alachlor (Table I). P. 
putida (M-17) and P. fluorescens strain BD4-13 completely degraded the AL-SG 
conjugate to AL-CysGly in 1 h with 40 to 50% of the AL-CysGly degraded to 
AL-Cys within 4 h. Activity of the carboxypeptidase, responsible for glycine 
hydrolysis, was detected in all strains tested, but was ten-fold slower than AL-
SG-GGTP activity. 

Cysteine-P-lyase activity was determined in cell-free extracts of 
rhizobacterial strains using S-benzyl-L-cysteine, cystathionine or S-ethyl-L-
cysteine as substrate. The assay was based upon production of pyruvate (20, 21) 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
01

5

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



15. ZABLOTOWICZ ET AL. Glutathione S-Transferase Activity 189 

C H 2 C H 3 O N H 2 

r=( C H j - O - C H 3 H - N - C - C H j - C H r C H - C O O H 

£ \ - N - C - C H 5 - C I ^ H S - C H 5 - C H 

^ ( O C - N H - C H 5 - C O O H 
* I ,, 

GST 0 
C H 2 C H 3 i 

H 3 

C H 2 C H 3 O N H 2 

j - Z ^ C H 2 - O - C H 3 H - N — C - C H r C H r C H - C O O H 

- C - C H 5 - S - C H 3 - C H 
II I 
O C - N H - C H j - C O O H 

V H 3 I O 

GGTP 

C H 5 - O - C H , N H -
I 2 3 I 
N - C - C H * — S — C H = — C H 

II I 
O C - N H - C H j - C O O H 

C H j C H g I [J 

C H 2 C H 3 

I Carboxypeptidases 

/Z=( C H j - O - C H g N H 2 

C - C H 5 - S - C H 5 - C H 
II ^ I 
O C O O H 

C H 2 C H 3 

Figure 2. Catabolic pathways for glutathione conjugation of alachlor and 
initial catabolism of the glutathione conjugate. 
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Figure 3. Catabolic pathway of alachlor-cysteine based upon cysteine P-
lyase. 
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Table I. Alachlor-7-glutamyltranspeptidase Activity and Subsequent Al-
CysGly Catabolism by Cell-free Extracts of Rhizobacterial Strains 

Bacterial 
Strain 

AL-SG GGTP activity 
nmoles mg' protein h~' 

AL-Cvs formed 
nmoles after 4 h 

M-17 >50 105 ± 82 

BD4-13 47 + 5 82 ± 7 
UA5-40 32 ± 4 10 + 3 
PRA25 41+3 31 ± 6 
ECH1 28 ± 6 11 ± 4 
AMMD 38 + 4 5 ± 5 
JM92 24 + 5 12 ± 5 

Activity determined following 1 h incubation. 
2Mean and standard deviation of three replicates. 

and the reaction mixture consisted of substrate (1 pmole), NADH (0.5 pmole), 
pyridoxal phosphate (0.125 pmole), lactate dehydrogenase (10 units), KPi (100 
pmole, pH 8.0), and 3 to 4 mg of protein (cell-free extract) in a final volume of 
1.0 ml. The reaction mixture (minus substrate) was incubated 2 min prior to 
adding substrate. The decrease in absorbance at 340 nm (NAD formation) was 
measured spectrophometrically for 90 sec. Control reactions (all components 
except substrate) were determined for each strain and included in the corrected 
calculation of specific activity. 

Cysteine-P-lyase activity was detected in all strains tested (Table II). 
However, the activity was substrate-dependent, i.e., some strains had greater 
alkyl versus aryl cysteine-P-lyase activity. Strain UA5-40 had the greatest 
activity on all three substrates, while P. cepacia, AMMD and E. cloacae, ECH1 
had only a trace of activity. 

Activities of cysteine-P-lyase observed in these studies were similar to those 
observed for certain intestinal bacteria and enrichments from aquatic and 
terrestrial environments (77). Cystathione-p-lyase is a component of the 
methionine biosynthesis pathway and would be expected to be present in most 
bacteria. The products of cysteine-P-lyase, mercaptans, are short lived and readily 
methylated and / or oxidized (77). Identification of end- products of alachlor 
metabolism can aid in elucidating the role of cysteine-P-lyases in metabolism of 
herbicide-SG conjugates in rhizobacteria. The p-cleavage of the C-S bond is only 
one of several potential metabolic fates of the cysteine conjugate. Other possible 
pathways of the cysteine conjugate are outlined in Figure 4. An a-cleavage of 
the C-S bond can give rise to die corresponding acetamide or hydroxyacetamide. 
The hydroxyacetamide can be further oxidized to the oxanilic acid. Deamination 
of the cysteine conjugate results in the sulfmyl acetic acid. 
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Table II. Cysteine-0-Iyase Activity of Cell-free Extracts of Rhizobacterial 
strains 

Bacterial nmoles mz1 protein min1 

Strain Ethyl-Cys Benzyl-Cys Cystathionine 

UA5-40 1.6 ± 0.51 1.6 ±0.4 0.8 + 0.3 
PRA25 1.3 + 0.6 0.2 ±0.1 0.6 ±0.1 
BD4-13 1.0 ±0.2 0.4 ±0.2 0.6 ± 0.2 
M-17 0.8 ± 0.3 0.4 ± 0.1 0.4 ± 0.1 
AMMD <0.1 <0.1 0.2 ±0.1 
ECH1 <0.1 <0.1 0.2 ±0.1 

*Mean and standard deviation of 3 or 4 replicates 

CDNB-GST and Alachlor Metabolism of Rhizobacterial Populations 

The CDNB-GST activity and potential for alachlor metabolism was studied in 
enrichment cultures of rhizosphere populations, similar to procedures used to 
study cysteine-P-lyase in environmental populations (77). One gram of rice 
(greenhouse-grown) or soybean (field-grown) roots were shaken in 100 ml of 0.1 
M KPi (pH 7.0) for 30 min and 5.0 ml was transferred to 400 ml of dilute (10%) 
TSB. The cultures were incubated for 72 h on a shaking incubator (24° C, 150 
rpm). Cells were harvested by centrifugation, rinsed twice in KPi (0.1 M, pH 
6.8) and brought to a final cell density of log 10.5 ± 0.3 cells ml"1. Cell counts 
were determined by serial dilution and plating on 10% tryptic soy agar (TSA) 
or crystal violet (2.0 pg ml"1) TSA (total and Gram-negative counts respectively). 
CDNB-GST activity was determined on cell-free extracts (8). Alachlor 
metabolism by whole cells was determined after a 24 h incubation as described 
previously. 

A range of CDNB-GST activity comparable to UA5-40 and M-17 was 
observed for most rhizosphere enrichments (Table III). Alachlor metabolism via 
the GST-pathway was also observed in all enrichments. In the rice samples, AL-
Cys was the major metabolite (>75%), AL-CysGly was detected in all four rice 
rhizosphere enrichments, but AL-SG was not. In the soybean cultures alachlor-
SG was the major product observed (41 to 76%) with the AL-Cys (10 to 36%) 
conjugate observed in all cultures. All rice and soybean rhizosphere cultures 
exhibited a lower level of alachlor metabolism compared to the more active 
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alachlor catabolizing Pseudomonas strains. Gram-negative bacteria accounted for 
44 to 77% of these enriched rhizosphere populations. In most studies Gram-
negative bacteria are several fold higher compared to root-free soil (22, Hoagland 
et al., this volume). 

Formation of AL-SG and / or the subsequent metabolic products AL-CysGly 
or AL-CYS in rhizosphere cultures from both rice and soybeans indicate that 
GSH conjugation may have ecological significance in the detoxification/ 
dechlorination of alachlor in rhizobacterial communities. 

Individual bacterial strains capable of mineralizing alachlor have not been 
reported (25, 24), however these studies have been successful in the isolation of 
bacteria capable of degrading alachlor to polar metabolites. GSH-mediated 
catabolic pathways are one of several possible pathways for the biodegradation 
of chloroacetamide herbicides. Other possibile pathways include oxidation of 
alkyl chains (25, 26) and arylacylamidase-mediated hydrolysis (24). 
Arylacylamidase-mediated hydrolysis of propachlor by mixed bacterial 
communities has been reported (24). A unique amidase cleavage of propachlor 
by a species of Moraxella forming 2-chloro-N-isopropylacetanilide and a catechol 
has also been reported (27). 

Table III. CDNB-GST Activity of Cell-free Extracts and Whole Cell 
Alachlor-GST Activity of Rhizosphere Enrichments from Rice and Soybean 

Roots, and Reference Rhizobacteria Cultures 

Culture CDNB-GST Alachlor-GST Culture 
nmol mg'' protein h~' nmol mg'' protein 24h' 

Rice A (75% GNB)' 1.2 ± 0.5 2 1.2 3 

Rice B (47% GNB) 1.4 + 0.5 1.4 
Rice C (77% GNB) 1.2 + 0.1 1.0 
Rice D (63% GNB) 0.8 + 0.2 0.6 
Soybean A (67% GNB) 0.8 ± 0.2 1.3 
Soybean B (39% GNB) 0.5 ± 0.1 1.1 
Soybean C (53% GNB) 0.7 + 0.1 0.6 
Soybean D (49% GNB) 1.2 ± 0.2 0.8 
UA5-40 0.9 ± 0.3 6.7 
PRA-25 2.8 + 0.4 2.1 
M-17 1.4 + 0.4 2.4 
ECH1 2.9 ± 0.5 1.5 

*%GNB = % Gram-negative bacteria of the total bacterial population. 
2Mean and standard deviation of 3 replicates. 
3Average of two replicates based upon total AL-SG, AL-CysGly and AL-Cys 
formed during a 24 h incubation. 
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Atrazine-GST Studies 

Atrazine-GST assays were conducted on cell-free extracts using a phase-
partitioning assay modified from Lamoureaux and Rusness (28). Assay reaction 
mixtures included 50 nmoles atrazine (25 nCi, 14C-ring-labelled atrazine diluted 
with nonlabelled atrazine), GSH 2.0 pmoles, 2 to 10 mg protein (cell-free 
extract), KPi 100 pinoles, pH 6.8 in a final volume of 600 pi. Following 
incubations of 30 min to 4 h reactions were terminated by the addition of 600pl 
of methylene chloride. Phase separation was enhanced by centrifugation at 
14,000 x g for 5 min and radioactivity in the aqueous fraction was determined 
by liquid scintillation counting. Controls minus enzyme preparations were also 
included. Aliquots were spotted on silica gel TLC plates, developed with solvent 
system C, and analyzed for distribution of radioactivity by linear scanning. 
Strains tested include Pseudomonas strains (UA5-40, BD4-13, M-17, AMMD 
and PRA25), E. cloacae strains (EC399 and ECH1), and strains of Alcaligines, 
Arthrobacter, Citrobactert Klebsiella, Serratia and Xanthomonas. Atrazine 
metabolism by whole cells was determined by addition of 50 nmoles atrazine 
(0.4 pCi diluted with nonlabelled atrazine) to 1.0 ml of cell suspensions of the 
above strains containing approximately log 10.5 cells ml'1 as in the previously 
described alachlor metabolism studies. 

Atrazine-GST activity was not observed in any bacterial strains tested to date 
in our studies with whole cells or cell-free extracts. We did not observe 
metabolites of atrazine (based upon the TLC analysis) by whole cells of any 
strain during a 72 to 96 h incubation. In most studies of atrazine degradation by 
various soil bacteria, dealkylation appears to be the major degradation pathway 
(29, 30, 31). Dealkylation may likewise precede dechlorination of atrazine, 
although the dechlorinated product hydroxy-atrazine is found in soils (57). A 
recent report (32) has indicated that rapid mineralization of atrazine can be 
observed by mixed cultures from enrichment procedures, the dechlorinated 
product hydroxyatrazine is one of the intermediates observed in this study. 

Fluorodifen-GST activity 

Cell-free extracts were prepared as described in the previous studies except that 
pH 8.0 KPi was used. Enzyme assays were modified from Frear and Swanson 
(33) and Lamoreaux and Rusness (28). The assay mixture included cell-free 
extract (3 to 5 mg protein), KPi 100 pmoles, pH 8.0, fluorodifen 100 nmoles 
(added in 25pl of acetone) and 2.0 pmoles glutathione. Changes in absorbance 
at 405 nm were observed over a 30 min incubation at 25 C. Production of the 
hydrolysis product p-nitrophenol was verified by TLC. Due to unavailability of 
labelled material, verification of the GSH conjugate was not feasible. The assay 
mixture of three to four replicates were combined and extracted twice with 10 
ml of ethyl ether. The ether extracts were combined, evaporated to dryness under 
N 2 and dissolved in 25 pi of methanol. The methanol extract was spotted on 
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silica gel plates and developed for 10 cm with benzene:acetic acid (100:4, solvent 
system D). 

Fluorodifen-GST activity, based upon an increase in absorbance at 405 nm 
(p-nitrophenol production), was observed for the limited strains tested (Table 
IV). Formation of the hydrolysis product, /Miitrophenol, during a 30 min 
incubation, was verified for three of the more active strains (M-17, AMMD and 
PRA25) by TLC. 

Table IV. Fluorodifen-GST Activity in Cell-free Extracts of Rhizosphere-
Competent Bacteria 

Strain nmoles mg'1 protein h'1 Strain 

Pseudomonas 
M-17 1.86 + 0.021 

AMMD 1.12 + 0.06 
PRA25 0.60 ± 0.09 
BD4-13 0.19 ± 0.02 
UA5-40 0.18 ± 0.02 
Enterobacter 
EC39979 0.22 + 0.04 

1 Mean and standard deviation of four replicates. 

Conclusions and Relevance to Bioremediation 

The GST-pathway of metabolism / detoxification by rhizobacteria has been 
demonstrated for two families of herbicides (chloroacetamides and diphenyl 
ethers) and the non-herbicide substrate CDNB. We have also demonstrated GST-
activity in bacterial rhizosphere communities and the role of GSH-conjugation 
in the degradation/detoxification of alachlor. Rates of GST-mediated 
dechlorination of alachlor by reference strains and rhizosphere communities were 
several orders of magnitude lower than optimized in vitro rates reported in 
mammalian liver cytosol fractions (0.6 to 6 nmoles mg"1 protein 24 h"1 versus 11 
to 70 nmoles mg'1 protein min'1 , respectively [16]). The abundance of Gram-
negative bacteria in plant rhizospheres relative to soil (22) can favor the 
rhizosphere as a site for bacterial GST-mediated detoxification or herbicides and 
other xenobiotics. 

Numerous bacterial strains have been isolated for various bioremediation 
strategies (34, 35). Poor ecological fitness upon reintroduction of the degrading 
bacteria to the environment has been one limiting factor in the use of certain 
bacterial inoculants for bioremediation (35). Dicamba-degrading bacteria have 
been introduced by soil inoculation to protect susceptible species from herbicide 
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toxicity (36). Detoxification has been proposed as a potential mode of action of 
plant growth-promoting rhizobacteria (37). The alacUoT-dcgjtadmgPseudomonas 
spp. described here have been characterized as either plant growth-promoting 
rhizobacteria or biological control agents [M-17 (38), PRA25 (39), BD4-13 (40), 
and UA5-40 (Eugene Milus, personal communication])], with excellent 
rhizosphere competence. Fluorescent pseudomonads can be introduced as seed 
inoculants and be dispersed through the soil by both root colonization and water 
percolation. The strains described here have high tolerance for alachlor (400 pM) 
and moderate to good detoxification potential (several-fold higher than 
indigenous rhizosphere bacteria) in addition to rhizosphere competence. These 
strains have been identified from a survey to ascertain the potential for GST-
mediated detoxification. Bacterial isolates with greater potential for degradation 
of alachlor and other GST-substrates, may be derived from a greater selection 
pressure. 
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Chapter 16 

Biological Degradation of Pesticide Wastes 
in the Root Zone of Soils Collected 

at an Agrochemical Dealership 

Todd A. Anderson, Ellen L. Kruger, and Joel R. Coats 

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

Evidence for enhanced microbial degradation of xenobiotic chemicals 
in the rhizosphere, a zone of increased microbial activity at the root-soil 
interface, continues to accrue, suggesting that vegetation may play an 
important role in facilitating bioremediation of contaminated surface 
soils. For sites tainted with pesticide wastes, such as at agrochemical 
dealerships, establishing vegetation may be problematic because of the 
presence of herbicide mixtures at concentrations severalfold above field 
application rates. Nonetheless, herbicide-tolerant plants exist that can 
survive in these environments, and they are ideal candidates for testing 
the influence of rhizosphere microbial communities on the degradation 
of pesticide wastes. Experiments in this laboratory have tested whether 
a commodity plant such as soybean could survive in soil from a 
pesticide-contaminated site containing a mixture of three predominant 
herbicides, atrazine, metolachlor, and trifluralin, and if its presence 
could enhance biodegradation. Although soybean survival in this soil 
was high, its presence did not enhance the degradation of the 
chemicals. Tests with nonvegetated soils and rhizosphere soils from 
Kochia sp., a herbicide-tolerant plant, showed enhanced degradation of 
these chemicals in rhizosphere soil. Also, Kochia sp. seedlings have 
emerged from rhizosphere soils spiked with additional concentrations 
of the three test chemicals, indicating the ability of these plants to 
survive in soils containing high concentrations of herbicide mixtures. 

The plant rhizosphere (Figure 1) sustains microbial populations an order of magnitude 
or more above populations in unvegetated soil by secreting mucilaginous substances 
collectively known as root exudate (7). In addition, the rhizosphere fosters 
interactions among populations of microorganisms at the molecular, physiological, and 
ecological levels. These observations suggest that the dense, diverse, and synergistic 
microbial community in the rhizosphere may contribute to greater rates of metabolism 
of xenobiotic compounds compared with microbial metabolism in unvegetated soils. 
Seminal work on the fate of pesticides in the rhizosphere by Hsu and Bartha (2), 
Reddy and Sethunathan (3), Sandmann and Loos (4), and Lappin and coworkers (5) 

0097-6156/94/0563-0199$08.00/0 
© 1994 American Chemical Society 
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200 BIOREMEDIATION THROUGH RHIZOSPHERE TECHNOLOGY 

Figure 1. The rhizosphere, or root-soil interface, of a grass 
illustrating the gross morphology of a fibrous root system. 
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provided precedent for enhanced microbial degradation in the root zone and 
subsequently was further supported in similar studies with industrial chemicals by 
Rasolomanana and Balandreau ((5), Aprill and Sims (7), Walton and Anderson (8), 
and Knaebel and Vestal (9). The previous research on enhanced microbial degradation 
of organic compounds in the rhizosphere has been recently reviewed (70,11,12). In 
this paper, we review the literature germane to selecting appropriate plant species for 
enhancing microbial degradation at sites contaminated with pesticide wastes. In 
addition, our present research on microbial degradation of pesticides in rhizosphere 
and nonvegetated soils from a herbicide-contaminated site in Iowa is described. 

Microorganism-Plant-Chemical Interactions in Soil 
Critical to the concept of using vegetation to enhance microbial degradation is the 
ability of plants to survive in the contaminated environment For sites tainted with 
industrial chemicals such as chlorinated solvents or petroleum hydrocarbons, the toxic 
effect of the chemical on the plant usually does not prohibit establishment. However, 
in pesticide-contaminated sites, in which mixtures of herbicides can be present at 
concentrations severalfold above field application rates, establishing vegetation may be 
more problematic. Not only are there high concentrations of chemical mixtures, but 
also the chemicals present are designed to inhibit the growth of vegetation. 
Nonetheless, herbicide-tolerant plants that can survive in these soils exist Regardless 
of the type of chemical contamination, plants present at these contaminated sites are 
ideal candidates for testing the influence of the rhizosphere on microbial degradation of 
hazardous organic compounds. Clearly, plants that can survive in these environments 
have been selected and have special mechanisms for dealing with the potentially 
detrimental effects of the chemicals. 

The interaction between plants and microbial communities in the rhizosphere is 
a complex association that has evolved to the mutual benefit of both groups. In 
addition to the established relationships between plants and soil microorganisms 
regarding crop productivity, other relationships undoubtedly exist, such as the 
potential role of the rhizosphere microbial community in protecting the plant from 
chemical injury (Walton et al., this volume). Previous research has shown that plants 
increase root exudation in the presence of xenobiotic chemicals (13,14). In 
hydroponic cultures of com, the presence of simazine (2-cMoro-4,6-fcw-ethylamino-s-
triazine), a preemergence herbicide used for controlling weeds in corn, caused a 
twofold increase in exudation of organic acids (15). In addition, simazine increased 
the length and weight of roots, but only if microorganisms also were present in the 
medium. It is not clear whether the increase in exudation is an evolved response by 
the plant to attract and nourish more microorganisms (and possibly accelerate 
degradation) or simply a physiological effect of the chemical on the plant. The 
tolerance of com to the herbicidal effects of simazine may be predominantly the result 
of rapid metabolism of the compound by the plant. Most herbicides used to control 
weeds are readily metabolized by nontarget plants. Nonetheless, rhizosphere 
microbial communities may also play a role in protecting the plant from chemical 
injury. This idea is further supported by the works of Herring and Bering (16) and 
Krueger et al. (17). Herring and Berring (16) found that the toxic effect of phthalate 
esters on spinach and pea seedlings could be abated or reversed by the presence of 
microorganisms in the soil. In a similar study, Krueger and coworkers (17) showed 
that three strains of microorganisms capable of degrading dicamba (3,6-dichloro-2-
methoxybenzoic acid) could be used to reduce the herbicidal activity of dicamba in the 
rhizosphere of peas at 8-fold above the normal field application rate. This rapid 
removal of dicamba was such that this susceptible plant could then grow in the treated 
soil. 
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The ability of the plants to select for different microbial communities in both 
composition and size is intriguing from the standpoint of exploring whether this 
selection translates into differences in the rates of microbial degradation of organic 
compounds in the rhizosphere. The literature suggests that this is the case for both 
industrial and agrochemicals; however, the raison d'itre for these selections seems to 
differ. For sites contaminated with herbicides, plants that can enhance the size or 
stature of the degradative microbial community in the root zone seem less sensitive to 
the chemical. Indeed, the degradation of certain herbicides is enhanced in the 
rhizosphere of plants that are relatively insensitive to the herbicidal effects of the 
chemical (Table 1). For example, Sandmann and Loos (4) observed an increase in the 
numbers of 2,4-D-degrading microorganisms in sugarcane rhizosphere compared with 
African clover. The authors suggested that the increase in degraders was a possible 
mechanism by which sugarcane is protected from the toxic effects of 2,4-D and that 
phenolic analogs in the exudate selected for the microbial community responsible for 
degrading 2,4-D. The interaction of leguminous plants with nitrogen-fixing bacteria 
results in increased microbial biomass, plant growth, and root exudation, perhaps 
because of the increased availability of soil nitrogen in the presence of nitrogen-fixing 
bacteria. This, in turn, may lead to enhanced microbial degradation of herbicides in 
the rhizosphere by these bacteria (18). With insecticides, toxicity of the chemical to 
the plant usually is not an issue. Thus, the degradation of insecticides such as 
diazinon and parathion, which are cometabolized, is accelerated in the rhizosphere, 
probably because of the large microbial community present and its enhanced 
cometabolic activity rather than because of the composition of that community (2). 

Plants may play a completely different role in sites contaminated with industrial 
chemicals. For example, legumes provide an important source of nitrogen for 
microbial degradation in petroleum-contaminated sites (79). In addition, the plant may 
select for a certain type of microbial community capable of degrading the 
contaminant(s), but selection is not as critical for plant survival as is the case with 
herbicide-contaminated sites. Anderson and Walton (20) observed differences in 
microbial degradation of trichloroethylene (TCE) in the rhizospheres of five plant 
species. In whole-plant studies, the mineralization of 1 4C-TCE was enhanced in three 
of the species tested (Pinus taeda, Lespedeza cuneata, and Glycine max) although only 
two (P. taeda and L. cuneata) were indigenous to the contaminated site. Degradation 
rates for TCE in the rhizospheres of Solidago sp. and Paspalwn notation, both present 
at the site, were not significantly different from TCE-degradation rates in nonvegetated 
soil from the site. In addition, toxicity studies with TCE were conducted on soybean 
as well as rhizosphere soil samples from each of the plants. Extremely high TCE 
concentrations (400 pg/g) were needed to significantly reduce soybean net 
photosynthesis, whereas plant biomass production was unaffected in soil containing 
TCE as high as 1600 pg/g (ppm) (27). In most instances, microbial respiration in soil 
samples from the rhizosphere was unaffected by TCE concentrations as high as 500 

Current Research 
Background. Since the early 1950s, production and use of pesticides in agriculture 
has dramatically increased. Coupled with the increase in pesticide usage has been the 
rapid growth of retail agrochemical dealerships. Unfortunately, many of these 
dealerships have, through normal operating procedures, contaminated the soil and 
water at these sites. It is estimated that most dealerships throughout die Midwest have 
some type of problem from chemical contamination, creating one of the most ominous 
issues facing the agrochemical industry (22,23,24). 

The expense of most of the current technologies for cleanup of contaminated 
soil and water preclude their use at agrochemical dealership sites. In addition, dealers 
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face difficulties in acquiring insurance coverage for cleanup of major spills, especially 
when some contamination already exists from minor accidental spills that have 
occurred over a prolonged period. Although stopping or minimizing additional 
pollution input has decreased pesticide detections in soil and groundwater at these 
sites, in most cases additional remediation is warranted (23). Currently, there is a 
need to provide dealerships with viable technologies for remediating soils and 
groundwater. 

Site Description. We are working with an agrochemical dealership in Iowa 
plagued by herbicide contamination in the groundwater since the mid-1980s. 
Although three of the city's six drinking water wells lie within the boundaries of the 
site, the State of Iowa determined that minimal imminent human health hazards exist 
through drinking water contamination. A variety of herbicides such as atrazine, 
metolachlor, alachlor, and trifluralin have been detected in both surface soil and 
groundwater below the site. 

JTC / C H 2 ° C H 3 N ^ N 

\ / v R JL I C H 3 
X = < NIcH.C. _ _ ! A A H _ I 

N C H 2 C H 3 C j H s — N N C H 

Alachlor Atrazine 

, C H 3 ? H a 

3 

I 
if ^ -CH-CH2OCH3 

Ml 
C C H 2 C I 

^ C H 2 C H 3 

Metolachlor Trifluralin 

In most cases, the contaminants are confined primarily to the upper 40 cm of soil. The 
pesticide wastes, however, are not homogeneously distributed within the site; some 
specific areas contain concentrations severalfold above field application rates while 
other areas contain concentrations less than field application rates. Physicochemical 
properties of a composite soil sample from the site are reported in Table 2. 

Although chemical concentrations in certain samples from the site were several 
times field application rates as revealed by residue analyses, there was abundant plant 
growth. An initial vegetation survey of the site revealed several herbicide-tolerant 
plant biotypes including Kochia sp., knotweed (Polygonum sp.), and crabgrass 
(Digitaria sp.). That soil contaminants have been present at least 10 years provides for 
probable selection of microorganisms and vegetation able to survive die toxic effects of 
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the numerous agrochemicals. The presence of these plants is consistent with previous 
observations in the literature of their tolerance of certain herbicide classes, as well as 
with the types of chemicals present in the soil. 

Degradation and Toxicity Studies. Experiments in the greenhouse have focused 
on testing whether a commodity plant such as soybean could survive in this soil and if 
its presence could enhance biodegradation of the three predominant chemicals-
atrazine, metolachlor, and trifluralin. Although soybean survival in these soils was 
high, its presence did not seem to enhance the degradation of the chemicals. Because 
soybean is particularly sensitive to damage from these chemicals, the results are in 
keeping with our hypothesis that the degradation of herbicides may be enhanced only 
in the rhizosphere of tolerant plants. The time that these chemicals have been present 
in the soil has undoubtedly affected their bioavailability (and, thus, toxicity) to 
soybean. This is further illustrated by the fact that the addition of similar 
concentrations of chemicals to uncontaminated soil prohibited the growth of soybean 
seedlings. 

Preliminary tests in the growth chamber with nonvegetated soils and 
rhizosphere soils collected from the root zone of Kochia sp. indicated enhanced 
degradation of the three test chemicals in the rhizosphere soil. In a second set of 
experiments, soils from the site were spiked with additional concentrations of the test 
chemicals. Although chemical concentrations in all soils were near or exceeding field 
application rates, these soils were spiked with additional amounts of the three 
chemicals so as to increase the concentrations to levels typical of point-source spills. 
Enhanced degradation in the Kochia sp. rhizosphere soil was observed in these tests 
(31%, 57%, 51% vs. 52%, 76%, 72% remaining for trifluralin, atrazine, and 
metolachlor after 14 days in rhizosphere and nonvegetated soil, respectively). Values 
are reported as a percentage of sterile control (autoclaved) soil. This represents a 
significant (p < 0.10) decrease in persistence of the herbicide mixture in the 
rhizosphere soil compared with the nonvegetated soil. Because plants were absent in 
these tests, root uptake of the herbicides was eliminated and therefore did not obscure 
the degradation data. However, the absence of a living plant in the rhizosphere soil 
during the degradation experiments may have reduced the impact of the rhizosphere 
microorganisms by changing the composition of the microbial community. 
Nonetheless, degradation of the parent compounds was significantly accelerated in the 
rhizosphere soil. In addition, Kochia sp. seedlings have emerged from the 
rhizosphere soils spiked with additional concentrations of the three test chemicals, 
indicating the ability of these plants to survive in soils containing elevated 
concentrations of herbicide mixtures (> 10 ppm). 

Microbial Counts and Respiration. Estimates of microbial numbers (colony-
forming units per gram of soil) in Kochia sp. rhizosphere soil and nonvegetated soil 
were made by the spread plate technique on trypticase soy agar. The rhizosphere soil 
had an order of magnitude higher numbers (4.2 x 105) as compared with the 
nonvegetated soil (3.5 x 104). In addition to the initial plate counts, determinations of 
colony-forming units were also conducted on pesticide-treated soils over the course of 
the degradation experiments. Microbial numbers increased in both soils after herbicide 
treatment. After 14 days, microbial numbers were 1.3 x 108 and 1.8 x 106 in 
rhizosphere and nonvegetated soil, respectively. 

Microbial respiration, measured as carbon dioxide efflux from soils, in 
rhizosphere and nonvegetated soils corroborated the plate count data. Initial 
respiration rates in untreated Kochia rhizosphere soil were 1.6 to 2.4 times greater than 
respiration rates in nonvegetated soils, indicating more microbial biomass in the 
rhizosphere soil. However, differences in respiration rates between rhizosphere and 
edaphosphere soils decreased as the experiment progressed, suggesting that a living 
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plant in the rhizosphere soil was necessary to maintain the elevated biomass. 
Respiration rates in both rhizosphere and edaphosphere soils treated with 10 ppm of 
the herbicide mixture were greater than respiration rates in control (untreated) soils 
suggesting that the herbicide mixture was not toxic to the microorganisms in the 
contamined site soil. 

Conclusions 
Microorganisms play a vital role in maintaining the environment in its current state 
through their metabolic activities. The highly versatile metabolic capabilities of fungi 
and bacteria can be used to reclaim polluted ecosystems and to minimize the potential 
adverse effects of hazardous chemicals released to the environment provided that a 
sufficient consortium of microorganisms capable of degrading the contaminant(s) are 
present and that environmental conditions conducive to degradation are maintained. 
Occasionally, environmental conditions onsite may significantly hinder microbial 
degradation of toxicants. In such instances, microbial degradation may be enhanced 
by altering conditions through nutrient additions, irrigation, tillage, or other 
interventions. The addition of external carbon sources may be especially important 
when the contaminant is degraded cometabolically. 

The information presented herein illustrates the role that rhizosphere microbial 
communities could play in maintaining and/or remediating soil systems through 
metabolism of hazardous organic compounds in the root zone. The rhizosphere 
contains a diverse microbial community capable of vast metabolic activities. A better 
understanding of the complex relationship between plants, microorganisms, and 
chemicals in die root zone could be aided by characterizing the microbial communities 
associated with different plant species under contaminated and uncontaminated 
conditions, determining the role of exudates in selection of those communities, and 
investigating the role of mycorrhizae in biological degradation in the root zone. 

The purpose of these experiments was not to obtain information for 
remediating the specific site described, but, rather, to attempt to understand why plants 
at these sites, in relation to the type of chemical contamination, enhance microbial 
degradation in the root zone. Ultimately, such information will help provide 
management strategies that may facilitate the biological remediation of these 
contaminated sites. 
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Chapter 17 

Plant and Microbial Establishment 
in Pesticide-Contaminated Soils 

Amended with Compost 

Michael A. Cole, Xianzhong Liu, and Liu Zhang 

Department of Agronomy, University of Illinois, 1102 South Goodwin, 
Urbana, Il 61801 

Pesticide-contaminated soil (obtained from an agrichemical retail facil
ity) was mixed with uncontaminated soil or with compost to determine 
the impact of compost compared to soil on plant establishment and growth, 
rhizosphere populations, and development of soil microbial populations 
and activity. Plants were established and grew well in pesticide-contain
ing soil when consideration was given to compatibility between plant her
bicide tolerance and the specific herbicide(s) present. Rhizosphere fun
gal and bacterial populations developed to a range of 100,000 to several 
billion units g-1 root, respectively. Soil bacterial populations were signifi
cantly higher in compost-containing mixes when compared to contami
nated soil alone, while populations in soil mixes were not affected by any 
treatment. Fungal populations were significantly higher in planted mixes 
and in unplanted mixes with compost than they were in contaminated soil 
alone. Dehydrogenase activity was significantly higher in compost-con
taining mixes than in soil mixes. 

Surveys of agrichemical retail sites in Wisconsin (7) and Illinois (2) demonstrated that 
soils at some sites contained pesticides at concentrations above recommended applica
tion rates. Because of potential contamination of groundwater and surface water by 
these pesticides, site owners may be required to conduct remedial activities. Such 
remediation can be prohibitively expensive and there is a definite need for simple, effec
tive, and relatively inexpensive methods to degrade the pesticides as well as restore 
biological activity in contaminated materials. Other investigators (5) working with soils 
from similar sites found that it was difficult to enhance microbial activity and also found 
that pesticide degradation during attempted remediation was rather slow. 

Direct land application of contaminated soils can be used as a remedial method in 
some cases, but this method is not possible with particular combinations of pesticides 
which are active against broad-leaf and grassy plants. Such application would also be 
prohibited if contaminants other than pesticides or if banned or restricted-use pesticides 

0097-6156/94/0563-0210$08.00/0 
© 1994 American Chemical Society 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
01

7

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



17. COLE ET AL. Pesticide- Contaminated Soils Amended with Compost 211 

were present. There can also be potential long-term legal liabilities associated with trans
port, disposal, or dispersal of soils whose contaminants have not been exhaustively iden
tified. 

Growth of plants in contaminated soils has a number of potential benefits for the 
remediation process. As described elsewhere in this volume, pesticide degradation in the 
rhizosphere can be rapid, thereby decreasing the time required for remediation. Second, 
plant uptake of soil water results in upward movement of water (4), which may reduce 
downward flow of contaminated water to groundwater. Third, successful plant estab
lishment results in decreased erosional transport of contaminated soil to adjacent surface 
water. Finally, plant growth improves soil structure and provides organic materials which 
may stimulate microbial cometabolism of pesticides. 

All of the soils we have obtained from contaminated agrichemical sites had one 
or more primary impediments to plant growth other than pesticide content. These im
pediments included inappropriate pH values for good plant growth, high soluble salts 
content, high bulk density, low organic matter content, low plant nutrient availability, 
low microbial activity, and the presence of phytotoxic organics such as diesel fuel. While 
it would be possible to deal with impediments individually on a site-by-site basis, we 
were also interested in developing more generic and less analytically intensive methods 
for remediation of these sites. The use of compost is emphasized in the present work 
because it has many virtues as a soil amendment resulting from its high organic matter 
content as well as a large and diversified microbial population. 

With these considerations in mind, this work was conducted with the objectives 
of: 

(1) Determining whether or not healthy plants could be established in soils con
taining a mixture of herbicides, some of which were present at several times recom
mended application rates, 

(2) Comparing the benefits to plant growth and microbial proliferation and activ
ity of mixing contaminated soil with uncontaminated soil or with compost derived from 
yard trimmings, and 

(3) Comparing the rate and extent of herbicide degradation in mixes of contami
nated soil with either uncontaminated soil or compost. 

This paper describes results related to the first two objectives. Results of pesti
cide degradation studies will be published when that work has been completed. 

EXPERIMENTAL 

Soil and Compost Samples. Pesticide-contaminated soils were obtained during soil 
samplings at agrichemical retail sites in Illinois (2). The research reported here was 
conducted with material collected at Site 20. The specific sampling locations were near 
loading docks and other areas at which spills were more likely to occur. Cores of 8.1-cm 
diameter were collected to a depth of 457-cm and a composite sample of all contami
nated cores was used for the present work. Contamination was restricted to the top 20 to 
60 cm of material, most of which was road pack consisting of gravel, silt, and sand. The 
samples were passed through a 4 mm screen to remove large gravel and then used with
out further processing. A total of 22 pesticides were found in the combined sample when 
analyzed by USEPA methods 8080 and 8141 (5,d). Concentrations of the major com-
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pounds in the composite samples were calculated to be (in mg kg1): pendimethalin, 3.1; 
metolachlor, 1.5; trifluralin, 1.3; alachlor, 0.4; ethalfluralin, 0.25; chlordane, 0.2; atra
zine, 0.15, and cyanazine, 0.12, for a total of about 7 mg kg-1 total pesticides. These 
analyses must be qualified by our observations that there was good control of both grassy 
and broadleaf weeds when the contaminated soil was diluted with uncontamined soil to 
give 1.5% (w/w) contaminated soil. At this dilution, the total concentration of analyti
cally identified pesticides would be only 0.1 mg kg 1, a concentration at which there 
should be little weed control. Since there was good weed control, the presence of an 
unidentified herbicide must be suspected. 

Mature compost derived from yard trimmings was obtained from DK Recycling 
Systems, Inc., Lake Bluff, IL. The material which passed a 6-mm screen was used. 

Control soil was a 50:50 (w/w) mixture of sand with Drummer silty clay loam 
soil obtained from a local gardener. No pesticides had been applied to the soil for four 
years. Material which passed a 6 mm screen was used. 

Blends which contained 0, 1.5, 6, 12.5, 25, and 50% (w/w) contaminated soil 
and either control soil or compost were prepared and transferred into 15-cm diameter 
pots for greenhouse studies. 

Plant Growth Procedures. Four pots of each soil mixture were planted with 6 seeds of 
sweet corn (Zea mays, cv. 'Golden Beauty') and placed in a greenhouse. Plants were 
watered weekly with NPK fertilizer. Four unplanted pots were treated in an identical 
manner. Two additional pots of soil were placed in 4° C storage as no-incubation con
trols. Sweet com was chosen as the plant for these studies because of its tolerance to 
the major identified pesticides in the contaminated soil. Since one of the objectives of 
this work was to assess the impact of roots on pesticide degradation, smaller than opti
mally sized pots were used to ensure extensive root development in the soil mixes. 

Plant Analysis. Plants were harvested at 40 d after planting and separated from soil. 
Roots and shoots were separated, and the roots were washed in tap water to remove 
adherent soil. Root samples used for rhizosphere analysis were processed within 15 min 
of collection. Dry weights of roots and shoots were determined by drying at 90° C to a 
constant mass. 

Microbial Culture Media and Solutions. Buffer solution used to blend root samples 
for rhizosphere populations and to dilute samples for plate counts contained 0.28 g L 1 

K H ^ , 0.28 g L 1 ^HPO, , and 0.18 g L 1 MgS04. 
Bacterial populations of soil and rhizosphere samples were assessed on glucose-

tryptone agar (7), and fungal plate counts were determined on rose bengal agar (8). 

Determination of Rhizosphere Microbial Populations. Approximately 1-g wet weight 
of roots was transferred to 30 mL of buffer and blended for 2 min in a high-speed mixer 
(Waring blender) operated at maximum speed. Samples were diluted and plated on 
glucose-tryptone agar or rose bengal agar. Plates were incubated at 30° C until colonies 
were large enough to count. For fungi, a 5 d incubation period was typical and 7 d 
incubation was typtical for bacteria. Population counts were calculated as colony form
ing units (cfu) g 1 dry weight of root. The rhizosphere: soil ratio (R:S ratio) of bacterial 
and fungal populations was calculated as: 
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K:S = Mean population in rhizosphere (cfu g1 root) 
Mean population in soil (cfu g1 soil) 

Determination of Soil Microbial Populations. About 2-g wet weight of soil were 
added to 100 mL sterile buffer and shaken at 100 rpm on a rotary shaker for 10 min. 
Dilutions were prepared and plated on glucose-tryptone agar (bacteria) or rose bengal 
agar (fungi) and incubated as described above. 

Soil Dehydrogenase Activity. Dehydrogenase activity was determined by a variation 
of the method described by Benefield, et al. (9). Two grams wet weight of soil were 
mixed with 4.5 mL of a 1% (w/v) solution of triphenyltetrazolium chloride (TTC, Sigma 
Chemical Co.) and incubated at 30° C for 24 h. The red, water-insoluble formazan, 
which is produced by reduction of TTC, was extracted from soil by shaking with 5 mL w-
butanol for 1 h, followed by centrifuging to separate butanol and aqueous phases. The 
butanol phase was removed and its absorbance at 485 nm was determined. Dehydroge
nase activity is expressed as n mol formazan produced g 1 dry soil 24 h 1 . 

RESULTS AND DISCUSSION 

Plant Growth. Corn plants grew well in all mixes with the exception of roots from 
100% contaminated soil. In this case, the roots did not fully occupy the soil volume, 
were non-fibrous and displayed cortical hypertrophy. Shoot growth was normal-ap
pearing in all cases. 

As the data in Table I indicate, there were no significant differences in root mass 
among treatments. 

Shoot production was not significantly different among mixes containing control 
soil + contaminated soil (hereafter referred to as "soil mixes"), as shown in Figure 1. 
Shoot production was significantly greater in mixes of compost + contaminated soil 
(hereafter referred to as "compost mixes") containing 1.5,25, and 50% compost. These 
values were also significantly greater than shoot production in 100% control soil. 

Total plant production (roots + shoots) was not significantly different among soil 
mixes, (Figure 2), but total plant production was significantly greater in compost mix 
containing 50% compost. 

Microbial Populations in the Rhizosphere. There were no significant differences among 
treatments in fungal or bacterial populations of the rhizosphere (Table n). Fungal popu
lations in the range of 105 cfu g"1 dry weight of root and bacterial populations of 109 cfu 
g 1 soil were similar to values reported by other researchers (10, 11) for plants growing in 
uncontaminated soils. The rhizosphere:soil (R:S) ratio was calculated from the data in 
Table n. The ratio for fungi was 1.17:1 (soil mixes) and 1.03:1 (compost mixes). The 
corresponding ratios for bacteria were 45.4:1 (soil mixes) and 14.3:1 (compost mixes). 
These ratios are also consistent with previously published values (10,11). There was no 
significant difference between soil and compost mixes in the R:S ratio for fungi. The R:S 
ratio for bacteria was significantly lower for compost mixes than for soil mixes. The 
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Figure 1. Shoot production by plants grown in soil or compost mixes. 
Bars indicate 95% confidence limits. 
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Figure 2. Total dry matter production by plants grown in soil or compost mixes. 
Bars indicate 95% confidence limits. 
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Table I. Root Production in Soil and Compost Mixes 

% contaminated soil Soil Mixes* Compost Mixes'1 

g dry weight pot"1 g dry weight pot'1 

0 1.54*" 1.12 x 

1.5 1.17* 1.80 x 

6 1.66* 1.03 x 

12.5 1.52 * 1.34* 

25 1.40 a; 1.43 x 

50 1.39 x 1.34* 

100 1.97x 1.97 x 

8 Values are means of four pots per treatment. 
b Values in columns followed by different letters (x,y,z) are significantly different 

(P = 0.05). 

Table EL Microbial Populations in the Rhizosphere of 
Plants Grown in Soil or Compost Mixes 

% 
contami
nated soil 

Soil Mixes, 
Fungi 

Compost 
Mixes, 
Fungi 

Soil Mixes, 
Bacteria 

Compost 
Mixes, 
Bacteria 

cfu g 1 mix (X 104) * cfu g"1 mix (X 10*)* 

0 20.4 * b 56.2 x 31.6* 12.6* 

1.5 33.9 x 26.3 x 7.9* 12.6* 

6 30.2 x 14.1* 15.8* 25.1* 

12.5 17.0 x 29.5* 15.8* 25.1* 

25 7.2 x 23.4* 63.1* 10.0* 

50 11.8* 28.8* 126* 20.0* 

100 15.8 x 15.8* 12.6* 20.0* 

• Values are means of four pots per treatment. 
b Values in columns followed by different letters (x,y,z) are significandy different 

(P = 0.05). 
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difference was the result of the much higher bacterial populations in compost mixes 
compared to soil mixes. 

Taken together, the results indicate that corn roots growing in soil containing 
herbicide concentrations above label recommendations can still produce roots which 
sustain typical rhizosphere populations. 

Microbial Populations in Soil and Compost Mixes. 

Bacterial Populations in Soil and Compost Mixes. There were no significant 
differences in bacterial populations in any of the soil mix treatments (Table HI). Popula
tions in planted compost mixes were not significantly greater than 100% contaminated 
soil. Values for compost mixes that were unplanted or stored at 4° C were significantly 
greater than 100% contaminated soil. Bacterial populations were significantly higher in 
nearly all compost mixes when compared to soil mixes. What is not evident from the 
population values is that microbial diversity, as indicated by the variety of colony types 
appearing on dilution plates, was much higher in all mixes than it was in the contami
nated soil. Contaminated soil had a very large population of a single colony type for 
bacteria, in contrast to the mixes with 10 to 20 colony types. 

Between-sample variability was very high in compost mixes and in planted treat
ments. This variability is probably was the result of slow bacterial movement from the 
compost into adjacent soil. In such a situation, a single sample might contain a larger 
amount of compost with a very high bacterial population and relatively little soil with a 
smaller population, whereas the next subsample might contain more soil and less com
post and have a smaller overall population. We have encountered similar variability in 
microbial populations and activity when sampling recently reconstructed soils following 
surface mining (unpublished results). 

Fungal Populations in Soil and Compost Mixes. There were no significant 
differences in fungal populations in soil mixes with or without plants (Table IV), while 
most values for samples stored at 4° C were significantly greater than 100% contami
nated soil. Fungal populations in 100% contaminated soil with plants was significantly 
greater than observed in either unplanted soil or in 4° C control. The results demon
strated that dilution of contaminated soil had a beneficial effect on fungal proliferation, 
probably due to the reduced toxicity of the diluted soil mixes. 

Compost mixes, which had not been planted or which were stored at 4° C, had 
significantly higher fiingal populations than 100% contaminated soil (Table IV). There 
were no significant differences among compost mixes in which corn had grown (Table 
IV). 

Comparison of fungal populations in unplanted soil mixes with unplanted com
post mixes indicates that compost addition (Table IV) resulted in an approximately ten
fold greater fungal population than seen with soil mixes (Table IV). Fungal diversity was 
also low in contaminated soil with only two species growing on the dilution plates, in 
contrast to 10 to 15 recognizably different fungal species in mixes containing control soil 
or compost. 
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Dehydrogenase Activity in Soil and Compost Mixes. 

Dehydrogenase Activity in Soil Mixes. Dehydrogenase activity has been used 
by numerous investigators as an indication of overall microbial activity in soil (72). There 
were no significant differences among treatments in dehydrogenase activity in soil mixes, 
although differences among treatments were substantial. Variability of results within 
treatments was large with this assay. Other researchers who conducted soil restoration 
activities following surface mining have encountered similar variability problems (73). 

Dehydrogenase Activity in Compost Mixes. Dehydrogenase activity was sig
nificantly greater in all compost-containing mixes when compared to 100% contami
nated soil (Table V). Activity was significantly lower in planted and unplanted mixes 
containing 50% or 75% contaminated soil. 

Dehydrogenase values were lower than would be predicted on the basis of no 
interaction between contaminated soil and compost. For example, the predicted activity 
in mixes containing 25% contaminated soil + 75% compost would be about 1100 mol 
product g 1 mix. This value was obtained by formula: 

Total activity = (Activity of soil x fraction of soil) 

+ (Activity of compost x fraction of compost). 

The expected value for 25% contaminated soil with plants would be: 

Total activity = (18 x 0.25) + (1464 x 0.75) = 1102 mol product. 
The observed activity was approximately one-half of the predicted activity, which sug
gested that the contaminated soil had significant inhibitory effects on microbial activity. 
In spite of this inhibition, microbial activity was still 10- to 20- fold higher in compost-
containing mixes than in soil mixes (Table V). These results indicated that compost had 
a dramatic, positive impact on microbial activity in mixes containing contaminated soils. 
Preliminary results showed that degradation of some pesticides is also stimulated when 
compost rather than uncontaminated soil is mixed with contaminated soil. 

CONCLUSIONS 

Addition of compost to pesticide-contaminated soil significantly increased plant 
dry matter production. No attempt was made to identify specific reasons for plant 
growth stimulation by the compost; this phemenon is commonly reported (14). Com
post contains water-soluble trace elements (Cole, unpublished data) which may have 
been unavailable in the contaminated soil and it also improved soil physical properties by 
reducing bulk density. Adsorption of pesticides by the organic matter in compost may 
have reduced phytotoxicity as well. 

Microbial populations and activity are often reduced in xenobiotic-impacted soil 
and introduction of exogenous organisms produced in the laboratory has not been very 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
01

7

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



Ta
bl

e 
V

. 
D

eh
yd

ro
ge

na
se

 A
ct

iv
ity

 i
n 

So
il 

an
d 

C
om

po
st

 M
ix

es
 

% 
co

nt
am

in
ate

d 
so

il 

So
il 

M
ix

es
 

C
om

po
st

 M
ix

es
 

Pl
an

te
d 

N
ot

 P
la

nt
ed

 
4°

C
 S

to
ra

ge
 

Pl
an

te
d 

N
ot

 P
la

nt
ed

 
4°

C
 S

to
ra

ge
 

//m
ol

 
fo

rm
az

an
 

g"
1 m

ix
 2

4 
h"

la
 

/im
ol

 
fo

rm
az

an
 

g"
1 m

ix
 2

4 
h

1 

0 
68

 J
C"

 
40

 x
 

54
 y

 
14

64
 x

 
12

99
 x

 
12

13
 jc

,;y
 

1.5
 

67
 x

 
43

 x
 

57
 y

 
10

80
 

70
3 

x 
16

21
 JC

 

6 
50

 x
 

24
 x

 
50

 y
 

10
75

 x
 

97
2 

x 
12

22
 y

 

12
.5

 
54

 x
 

33
 x

 
54

 y
 

10
52

 x
 

82
5 

JC
 

13
96

 >>
 

25
 

59
 x

 
25

 x
 

38
 J

C
 

57
5 

y 
61

3 
y 

10
52

 J
C

 

50
 

32
 x

 
25

 x
 

21
 x

 
37

0 
y 

33
6 

y 
32

4 
z 

10
0 

18
 x

 
16

 x
 

12
 x

 
18

 z
 

16
 z

 
12

 w
 

a V
al

ue
s 

ar
e 

m
ea

ns
 o

f f
ou

r 
po

ts
 ea

ch
 fo

r 
pl

an
te

d 
an

d 
no

t p
la

nt
ed

 tr
ea

tm
en

ts
 a

nd
 tw

o 
po

ts
 fo

r 
4°

 C
 st

or
ag

e.
 

b V
al

ue
s 

in
 co

lu
m

ns
 fo

llo
w

ed
 b

y 
di

ffe
re

nt
 l

et
te

rs
 (

w
,x

,y
,z

) 
ar

e 
sig

ni
fic

an
tly

 d
iff

er
en

t 
(P

 =
 0

.0
5)

. 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
2,

 1
99

4 
| d

oi
: 1

0.
10

21
/b

k-
19

94
-0

56
3.

ch
01

7

In Bioremediation through Rhizosphere Technology; Anderson, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1994. 



17. COLE ET AL. Pesticide-Contaminated Soils Amended with Compost 221 

successful. In contrast, survival of bacteria and fungi added in compost was very good. 
Bacterial and fungal populations in compost mixes were several-fold higher than popula
tions in soil mixes. Although bacterial populations were lower in unplanted mixes when 
compared to 4° C storage (Table III), they were still higher than seen when uncontami
nated soil was used as an inoculum. Fungal populations in unplanted soil were similar to 
values for 4° C storage, which suggests that compost is a particularly good inoculum for 
introduction of fungi into soil. Successful introduction of fungi with biocontrol capabili
ties using compost as an inoculum has been demonstrated (75). 

It should be noted that, as a result of potential inhibition of microbial activity by 
contaminated soil, addition of the relatively small amounts of compost and other organic 
materials that are more typically used as a soil amendment (about 20 to 40 tons hectare" 
1 ) is not likely to have the large beneficial effect on microbial populations and activity 
that addition of high rates of compost have. 
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Conjugation of xenobiotics, plant 
adsorption, 77 

Conservative tracer, use in measurement 
of gas phase concentration, 120 

Constant capacitance model, wall 
adsorption by maize and soybean, 77 

Contaminant(s) 
constituents, parameter in vegetative 

bioremediation, 148,149? 
degradation, competition between 

plant and microorganism uptake, 
114 

dissipation by plants, 133 
examples, 3 
migration, determination, 148 

Contaminated environments, 3 
Contaminated soil, cleanup methods, 93 
Copolymerization of toxicants, 

rhizosphere microorganisms and humic 
substances, 13 

Com 
growth in pesticide-contaminated soil, 

213,216 
sensitivity to atrazine, 204? 
use in biodegradation study, 56,60 

Com treatment, effect on microbial 
activity, 64 

Coupling reactions 
dependence on number of free radicals, 

108 
free radicals from 2,4-dichlorophenol, 

106/ 
Crabgrass, tolerance for herbicides, 205 
Cunninghamella elegans, metabolism of 

PAHs, 19 
Cyanazine, occurrence in pesticide-

contaminated soil, 212 
Cyanobacteriales, associations with 

vascular plants, 14? 
Cycadales, associations with 

nitrogen-fixing prokaryotes, 14? 
Cysteine-p-lyases 
activity in rhizobacteria, 191,193? 
in glutathione conjugate metabolism, 

188,191,193? 

Cytochrome P-450 mixed function 
oxidase (MFO) system 

excretion of lipophilic organic 
substrates, 84/ 

mechanism of detoxication in animals, 
83,84/ 

D 

DDT 
degradation by anaerobic microorganisms, 4 
degradation by rhizosphere-competent 

fungus, 204? 
Decomposition processes, micro- and 

mesofauna, 12 
Deep fibrous root zone, effects on PAH 

degradation, 143 
Defense against toxicants, forms, 83 
Degradation, effect of plants, 11,70-81 
Degradation of environmentally persistent 

chemicals by anaerobic microorganisms, 4 
Degradation of PCP, effect of nutrient 

concentration, 53 
Degradation of toxicants, resultant 

detoxication, 11 
Degradation rates, stimulation by 

phytoremediation, 2 
Dehalogenation 
chlorinated phenols, immediate cause, 

103,104 
chlorophenols during oxidative coupling 

processes, 105? 
role in decomposition of organic 

compounds, 109 
Dehalogenation number (DN) 
binding to humic acid vs. 

polymerization, 107-108 
chlorophenols, 105? 
definition, 104 

Dehydrogenase 
activity in soil and compost mixes, 

219,220? 
calculation of total activity, 219 
indicator of microbial activity, 219 

Detoxication 
factors, 11 
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Detoxication—Continued 
hypothetical mechanism, 86/ 
in plants, 84 

Diazinon 
accelerated degradation in rhizosphere, 

184,202 
effects of plants on degradation rates, 123 
mineralization in bush bean rhizosphere, 

203? 
Dibenz[a,/i]anthracene, effect of grasses 

on degradation, 123,134,144 
Dicamba, reversal of toxic effects by soil 

microorganisms, 201 
3,4-Dichloroaniline 
conjugation pathways, 179 
fate in soil, 163 
metabolic fate in plants, 161 

2,4-Dichlorophenol (2,4-DCP) 
coupling of free radicals, 106/107-108 
dehalogenation due to binding to humic 

acid, 107 
free radical dimerization, 104 
incorporation into humic acid, 76 
soil adsorption, effect on 

degradation, 76 
2,4-Dichlorophenoxyacetic acid (2,4-D) 
carbon source for microbes in wheat 

root, 203? 
concentration in hydroponic solutions, 78/ 
degradation 
availability of xenobiotics, 79 
by fungi, 93,96 
effect of soil adsorption, 76 
in sugarcane rhisozphere, 203? 

effect on bacteria in rhizosphere, 203? 
mineralization 
experimental methodology and 

results, 77 
in soil amended with wheat cell 

wall, 78/ 
in soil exposed to dicot and monocot 

root exudates, 74/ 
Dicots, results of mineralization, 72 
Dicotyledons 

2,4-D and 2,4,5-T degradation rates, 13 

Dicotyledons—Continued 
roots, 13 
soil requirements, 13 

Dieldrin, degradation by rhizosphere-
competent fungus, 204? 

Digitaria sp., tolerance for herbicides, 205 
Dihalogenated aromatics, dechlorination 

under anaerobic conditions, 163 
3,4-Dihydroxybenzoic acid 
effect of A. lipoferum, 31,38,40 
incubation with A. lipoferum enzymes, 

37-38 
UV spectra after reaction with A. 

lipoferum cells or cell-free extract, 37? 
Dimer formed by chlorophenol coupling, 

108-109 
Dioxygenase enzymes, role in bacterial 

detoxication, 83 
Diphenyl ethers, metabolism by 

glutathione conjugation, 185 
Donnan system, use as cell wall model, 77 

E 

Earthworms, recycling of soil organic 
matter, 2 

Ectendotrophic mycorrhizae, growth in 
axenic culture, 94 

Ectomycorrhizae, associations with 
vascular plants, 17? 

Ectomycorrhizal fungi 
bioremediation agents, 93 
growth in axenic culture, 94 
lignin mineralization, 95 

Ectotrophic mycorrhizae, formation of 
hyphal network, 94 

Electron acceptors 
anaerobic environments, 4 
metabolism of phenolics, 29 
metabolism of polyphenolics, 40 
phenolics, 40 

Electron donors, phenolics, 40 
Electron-transfer properties, phenolics, 40 
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Elymus canadensis effect on PAH 
degradation, 144 

Endomycorrhizae 
association with plant roots, 76 
association with vascular plants, 17? 

Endospore-forming bacteria, description 
and location, 15? 

Endosulfan, degradation by 
rhizosphere-competent fungus, 204? 

Endotrophic mycorrhizae, penetration of 
host cells, 94 

Enterobacter cloacae, alachlor 
metabolism, 186,187/ 

Enterobacter spp., 
description and location, 15? 
propanil aryl acylamidase activity, 

169? 
Enterobacteriaceae strains, alachlor 

glutathione S-transferase, 185 
Environmental conditions, effects on 

detoxication, 11 
Environmental impact of pesticides, 

significance of pesticide-tolerant 
bacteria, 50 

Environmental pollutants, effect of 
mycorrhizal fungi, 96-97 

Environmental Protection Agency, 
promotion of bioremediation, 8 

Environmentally persistent chemicals, 
degradation by anaerobic 
microorganisms, 4 

Enzymatic electron-transfer system, 
phenolics, 40 

Enzymatic oxidation, reduction, and 
hydrolysis, use by plants in 
detoxication, 84 

Enzyme activity, measurement, 31 
Enzyme immobilization, use in 

bioremediation, 7 
Ericaceous mycorrhizae, growth in axenic 

culture, 94 
Ericales, associations with 

endomycorrhizae, 17? 
Ericoid mycorrhizal fungi, lignin 

mineralization, 95 

Escherichia coli, use of 3,4-
dichloroaniline as substrate, 163 

Ethalfluralin, occurrence in 
pesticide-contaminated soil, 212 

Eubacteriales, associations with vascular 
plants, 14? 

Eukaryotes, metabolism of PAHs, 19 
Eukaryotic oxidative pathways, 

mineralization of polycyclic aromatic 
hydrocarbons, 22/ 

Evaporation vs. transpiration, effect on 
phenol concentration, 117 

Excretion, defense against toxicants, 83 
Extraction-treatment techniques of 

bioremediation, 5-6 
Exxon Valdez oil spill cleanup, results of 

in situ remediation, 70-71 

F 

Fatty acids, in organic rhizosphere 
exudates, 72 

Fe-deficient monocot and dicot roots 
accumulation of organic acids, 75 
proton release, 75 

Fertilizers, effect in agricultural soils, 56 
Fescue 
adsorption of naphthalene, 135-136 
biomass of roots and shoots, 135? 

Festuca arundinacea, use to reduce 
amounts of PAHs in soil, 134-135 

Fibrous root system 
gross morphology, 200/ 
monocotyledons, 13 

Fish, biochemical defense against 
toxicants, 83 

Fixed-media reactors, biological treatment 
of wastes, 3 

Flavobacterium sp. 
degradation of pentachlorophenol, 179 
use as inocula for bioremediation, 6 

Flax, degradation of 2,4-D, 203? 
Fluidized bed reactor, biological 

treatment of wastes, 3 
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Fluoranthene 
distribution in soil organic matter in 

presence of M. alba, 89? 
results of 1 4 C uptake experiment with Af. 

alba, 89 
uptake and accumulation in plants, 133 

Fluorodifen, metabolism by glutathione 
conjugation, 185 

Fluorodifen-GST (glutathione 
S-transferase) studies, 195-196 

Free radicals 
coupling reactions, mechanism, 102 
from chlorinated phenols, 104 
from 2,4-dichlorophenol oxidation, 106/ 
horseradish peroxidase-mediated binding 

of chlorophenols to humic acid, 
mechanism, 107 

role in humification, 5 
Freundlich isotherm to describe 

adsorption of naphthalene to roots, 136 
Fulvic acid 
association with 1 4C-PAH, 82 

incorporation from 14C-PAHs, 87 
uptake experiment with Af. alba, 89 

complexes, use with surfactants, 61 
density of stable free radicals, 107 
mineralization 
effect of bound surfactants, 68 
LAE and LAS, 67/ 

root exudates, role, 58 
Fumigation, partial sterilization effect, 46 
Fungal enzymes, decomposition of 

anthropogenic pollutants, 19 
Fungal populations 
rhizosphere, 12 
soil and compost mixes, 216,218? 

Fungi 
benefit from host plant, 94 
benefit to plants, 16 
detoxication of hazardous organic 

compounds, 11 
mycorrhizal, 93-99 
oxidoreductase activity, 103 
pathogenic root-infecting, 93 

Fungi—Continued 
recycling of soil organic matter, 2 
role in catabolism of organic 

substances, 12 
Fusarium isolates, propanil aryl 

acylamidase activity, 170? 

G 

Galacturonic acids, role in fixed charge 
of cell walls, 77 

Gas phase organics, analysis, 115 
Gasoline tank leaks, cleanup by 

bioremediation, 6 
Gautieria crispa, degradation of atrazine, 96 
Gene transfer in bacteria, processes, 4 
Genetic alteration of microorganisms, 

manipulation of mineralizing ability, 4 
Gestrichum candidum, peroxidase 

activity, 103 
Glucose 
effect on PCP degradation, 43 
use in PCP degradation study, 53-54/ 

Glutamate-treated soil, effect of PCP on 
bacterial population, 46,47/ 

y-Glutamyltranspeptidase, in glutathione 
conjugate metabolism, 188 

Glutathione conjugates, metabolism, 
188,191,193 

Glutathione conjugation, mechanism of 
detoxification, 185 

Glutathione 5-transferase, action, 184 
Glycine 
effect of PCP on degradation, 46,47/ 
effect on bacterial flora in percolated 

soil, 45/ 
Glycine max, enhanced mineralization of 

trichloroethylene, 202 
Glycine-treated soil 
effect of PCP on bacterial population, 

44-46,48 
microbiological processes, 46,47/ 

Gram-negative bacteria 
in glycine-treated soil, 44 
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Gram-negative bacteria—Continued 
potential for propanil degradation, 

179-180 
Grass 
growth as parameter in vegetative 

bioremediation, 148,149? 
mineralization of atrazine, 203? 
naphthalene volatilization, 19 
PAH degradation, 144 
PAH removal, 150 
roots, 13 
soil remediation, 134 
suitability for bioremediation, 148,151 

Grass-enhanced bioremediation of clay 
soils, 142-157 

Groundwater toluene levels, results, 
116-118 

Gymnospermae, associations with 
endomycorrhizae, 17? 

H 

Halogenated aliphatics and aromatics, 
degradation by bacteria in the 
rhizosphere, 18? 

Halogenated compounds, microbial 
degradation, 19,21 

Hazardous compounds, degradation rate 
in rhizosphere, 102 

Hazardous waste, amount generated in the 
United States, 3 

Heavy metals, binding with mycorrhizal 
fungi, 96 

Hebeloma crustuliniforme, catabolic 
enzymes, 94 

Hebeloma cylindrosporum, degradation of 
chlorpropham, 97 

Herbicide 
bioremediation in the rhizosphere, 19 
chemical stress to plants, 90 
degradation by mycorrhizal fungi, 

96-97 
enhanced degradation in rhizosphere, 

202,203?-204? 

Herbicide—Continued 
nitrogen concentration, effect on 

degradation, 96 
rhizobacterial glutathione S-transferase, 

potential substrates, 185 
Herbicide metabolism in higher plants, 84 
Herbicide-tolerant plants, examples, 205 
Heterotrophic processes, effect of PCP, 46 
Hexazinone 
effect on ectomycorrhizae, 96 
immobilization by mycorrhizal fungi, 97 

Holocellulose, degradation by 
mycorrhizae, 95 

Horseradish peroxidase 
oxidative coupling of chlorophenols, 

104,105? 
wastewater treatment, 7 

Host plant 
benefit from fungi, 94 
effects on detoxication, 11 

Humic acid 
association with 1 4C-PAH, 82 
binding to chlorinated phenols, 103 

incorporation from 14C-PAHs, 87 
uptake experiment with M. alba, 89 

complexation, effect on mineralization 
of bound surfactants, 68 

covalent binding to chlorophenols, 109 
mineralization of LAE and LAS, 67/ 
role of root exudates, 58 
stable free radicals, 107 
use of complexes with surfactants, 61 

Humic substances 
binding to aromatic compounds, 7 
copolymerization of toxicants, 13 
modes of binding to xenobiotics, 109 
rhizosphere microorganisms, 13 

Humification 
definition, 5 
role in detoxication, 86/ 

Humus 
binding to chlorinated phenols, 102-111 
effect on toxic pollutants, 5 
from unmineralized organic matter, 3 
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Hydrocarbon(s), degradation by bacteria 
in the rhizosphere, 18? 

Hydrocarbon spills, cleanup by 
bioremediation, 6 

Hydrolases, role as mediator in plant 
detoxication reactions, 84 

Hydrolytic enzymes, metabolism of 
glutathione conjugates, 188,191,193 

Hydroponic growth media, 
bioremediation studies, 91 

4-Hydroxybenzoic acid, effect on growth 
of A. lipoferum strains, 32 

2-Hydroxyphenylacetic acid, effect on 
growth of A. lipoferum strains, 32 

Hymenoscyphus ericae 
degradation of 2,4-D, 96 
degradation of PCBs, 97 
metabolism of phytotoxic compounds, 96 

Hyphae, position in mycorrhizal fungi, 94 
Hyphal mats, produced by 
ectomycorrhizae, 95 
Hyphal network, formation by ectotrophic 

mycorrhizae, 94 
Hysterangium gardneri, degradation of 

PCBs, 97 
Hysterangium setchellii 
formation of hyphal mats, 95 
mat soils vs. nonmat soils, 95 

I 

Immobilization 
effect of plants, 11 
fate of chemical contaminants, 57 

Immobilization vs. translocation, studies 
of phenol and bromacil, 114 

In situ remediation 
bioremediation, 5-8 
cell-free enzymes, 7 
phytoremediation, 7 
soil remediation, 70 

In situ rhizosphere degradation, influence 
of plants, 70-81 

Industrial wastewaters 
biological treatment, 3 
use of bioreactors for treatment, 6 

Industrially-impacted soil 
contamination by pollutant chemicals, 56 
sources of contamination, 57 

Inoculation methods of bioremediation, 6 
Insect(s) 
biochemical defense against toxicants, 83 
recycling of soil organic matter, 2 

Insecticides 
accelerated degradation in the 

rhizosphere, 202 
chemical stress to plants, 90 

Ion exchange, in plant cell wall, 77 

K 

K. R. Bluestem, seeded grass, 151 
Kidman fine sandy loam, physiochemical 

properties, 126? 
Kinetic parameters, mineralization of 

surfactants, 64? 
Klebsiella planticola, alachlor 

metabolism, 186 
Klebsiella spp., propanil aryl acylamidase 

activity, 169? 
Knotweed, tolerance for herbicides, 205 
Kochia sp. 
effect on atrazine, metolachlor, and 

trifluralin degradation, 207 
tolerance for herbicides, 205 

L 

Laccase 
fungi and actinomycetin, 103 
nonmotile A. lipoferum, 38 
oxidative coupling reactions, 103 
polymerization of chlorophenol, 107 

Lagoons, biological treatment of wastes, 3 
Laminarinase, in mat structures formed by 

ectomycorrhizae, 95 
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Landfarming, use in pollution control, 6 
reachability, effect of soil organic 

matter, 13 
Leaching 
fate of chemical contaminants, 57 
fate of naphthalene, mechanism, 124 

Leguminous plants, association with plant 
roots, 13 

Lela clays, types, 134 
Lespedeza cuneata, enhanced mineraliza

tion of trichloroethylene, 202 
Leucine-treated soil, effect of PCP on 

bacterial population, 46,47/ 
Lignin 
degradation 
by fungal enzymes, 19 
by fungi, 6 
by mycorrhizae, 95 
compared to 2,4-D and atrazine" 

degradation, 96 
mechanism, 75 
role of mycorrhizal fungi, 95 

metabolism to phenolic compounds, 28 
similarity to PCB, 95 

Lignocellulose, degradation by 
mycorrhizae, 95 

Lipophilic aromatic compounds, 
biochemical transformations by 
procaryotes, 86/ 

Lipophilic products, phenolic metabolism, 
38,39 

M 

Mammals, biochemical defense against 
toxicants, 83 

Manganese, levels at mine spoil sites, 
96 

Mecoprop, carbon source for microbes in 
wheat root, 203? 

Medicago sativa, use to reduce amounts 
of PAHs in soil, 134-135 

Melanin, production by nonmotile A. 
lipoferum, 38 

Melilotus alba 
experiment of microbial growth with soil 

toxicant, 87 
uptake studies, 88 

Mesofauna, rhizosphere community, 12 
Metabolic detoxication, plant protection, 82 
Metabolic studies, releases by root 

systems, 93 
Metals 
accumulation in plants, 7 
contaminant, 3 
electron transfer to metals via 

phenolics, 29 
Methane, monitoring in soil, 148 
Methane monooxygenase, nonspecific 

enzyme in cometabolism, 21 
Methanogenic consortia, anaerobic 

degradation of hazardous chemicals, 21 
Methanotropic organisms, degradation of 

TCE, 21 
Methylcarbamoyloximes, transpiration 

stream concentration factor values, 113 
2-Methyl-4-chlorophenoxyacetic acid 

(MCPA), carbon source for microbes in 
wheat root, 203? 

Metolachlor 
contaminant from aquachemical 

dealership, 205 
enhanced degradation in rhizosphere 

soil, 207 
in pesticide-contaminated site, 206? 
metabolism by glutathione conjugation, 

185 
occurrence in pesticide-contaminated 

soil, 212 
Metribuzin, metabolism by glutathione 

conjugation, 185 
Microbe-toxicant interactions, criteria 

for establishing protective role, 87 
Microbial activity 
corn and soybean treatment, 64 
in soil, 4-5 
rhizosphere, 62-63 
soil sampling for mineralization study, 

61 
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Microbial biomass 
effect of rhizosphere, 62-63 
soil sampling for mineralization study, 61 

Microbial degradation of toxicants 
catabolic pathways, 16 
in soils, use of vegetation, 11 

Microbial enzymes that metabolize 
propanil, 164? 

Microbial growth, effect on plants, 93 
Microbial populations 
interactions in rhizosphere, 199,213,215? 
parameter in vegetative bioremediation, 

148,149? 
rhizosphere vs. nonrhizosphere soil, 103 
selective enrichment in rhizosphere, 184 
soil and compost mixes, 216-219,221 

Microbial respiration, rhizosphere soil 
vs. nonvegetated soil, 207-208 

Microbiological processes, soil treated 
with glycine, 46,47/ 

Microbiota, rhizosphere community, 12 
Microcosm apparatus, 125/ 
Microfauna, rhizosphere community, 12 
Microorganism(s) 
benefits from host plant, 85 
component of rhizosphere, 71 
effect of plants, 11 
influence on plant growth, 93 
nutrients, effect on interaction with 

PCP, 43-55 
role in soil bioremediation, 2-10 
soil minerals, movement into plants, 93 

Microorganism-plant-chemical 
interactions in soil, 201-202 

Mine spoil sites, levels of heavy metals, 96 
Mineralization 
aerobic, 4 
bioremediation, 3 
effect of rhizosphere, 65 
field-collected soils with monocots and 

dicots, 73/ 
interaction with volatilization, 130 
kinetics 
effect of rhizosphere, 56 
influence of soil organic matter, 56-69 

Mineralization—Continued 
naphthalene, in microcosms, 128-129 
role in detoxication, 86/ 
toxicants, resultant detoxication, 11 

Mixed function oxidase system, induction 
compared with plant stimulation of 
microorganisms, 85 

Mixed function oxidases, role as mediator 
in plant detoxication reactions, 84 

Moisture, soil sampling for mineralization 
study, 61 

Monocots, results of mineralization, 72 
Monocotyledons 
2,4-D and 2,4,5-T degradation rates, 13 
roots and soil requirements, 13 

Moraxella strain G, metabolism of 
3-chloroaniline, 163 

Municipal wastewaters 
biological treatment, 3 
use of bioreactors for treatment, 6 

Mycorrhizal fungi 
associations with vascular plants, 17? 
benefits to plants, 16 
effect on environmental pollutants, 

96-97 
enzymatic properties, 94 
growth and classification, 94 
metabolism, 94-95 
symbiotic relationship with plants, 5 
use as bioremediation agent, 93-99 

N 

Naphthalene 
adsorption to plant roots, 135-136 
1 4C uptake experiment with Af. alba, 89 
common metabolites, 84/ 
concentration in soil, 153,154? 
distribution in soil, 152 
distribution in soil organic matter in 

presence of Af. alba, 89? 
grasses, effect on degradation, 144 
mineralization, 128-129 
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Naphthalene—Continued 
physical properties and degradation 

half-life, 124? 
removal mechanism, 128 
ring fissions, results, 86/ 
soil adsorption, effect on degradation, 76 
vegetation, effect on mineralization, 19 
volatilization and mineralization in 

soil-grass microcosms, 123-131 
volatilization potential, 127 

Naphthalene-using bacteria in soil, 155 
Natural soil 
contamination by pollutant chemicals, 56 
degradation, 56-69 
sources of contamination, 57 

Neutral sugars, effect on binding matrix, 68 
Nitrate, from amino acids, 46 
Nitrate-reducing bacteria, anaerobic 

degradation of hazardous chemicals, 21 
Nitrate-respiring bacteria, reductive 

degradation of benzoate, 22/ 
Nitrification, inhibition by PCP, 46 
Nitriles, cleanup by bioremediation, 6 
Nitrite, from amino acids, 46 
Nitrobacteraceae, description and 

location, 15? 
Nitrobenzenes, cleanup by 
bioremediation, 6 
Nitrogen fixation 
dependence on 0 2 concentration, 29 
role in respiratory activity, 121 

Nitrogen-fixing bacteria 
association with plant roots, 13,76 
symbiotic vs. nonsymbiotic, 28 

Nitrogen-fixing nodules, formation, 13,16 
Nitrogen-fixing prokaryotes, associations 

with vascular plants, 14? 
Nitrogenase activity 

ATP requirement, 39 
Azospirillum lipoferum, 35-38 
Azospirillum spp., 29 
stimulation by phenoxy acid herbicides, 

40 
Nitroreductases, role as mediator in plant 

detoxication reactions, 84 

Nitrous oxide (N20) 
effect on acetylene-reduction activity, 39 
redox potential changes, 39 

Nitrous oxide (N20) reductase, inhibition 
by acetylene, 29 

Nonionic surfactants, biodegradation 
studies, 56 

Nonrhizosphere soil, nutrient 
concentrations, 43 

Nostoc calcicola, inhibition by propanil, 
166 

Nutrient(s) 
degradation of PCP, 50-53 
interaction between PCP and soil 

microorganisms, 43-55 
provided by mycorrhizal fungi, 94 

Nutrient concentration 
degradation of PCP, 53 
rhizosphere, 12 

Nutrient cycling, role of mycorrhizae, 95 

O 

Octanol-water partition coefficients 
behavior of chemical classes, 113 
polynuclear aromatic hydrocarbons, 143 

Oldiodendron griseum 
degradation of atrazine, 96 
degradation of PCBs, 97 

Orchid mycorrhizae, growth in axenic 
culture, 94 

Organic acids 
effect on mineralization of pyrene, 139 
organic rhizosphere exudates, 72 
rhizosphere, 138 

Organic matter 
aerobic mineralization, 4 
mineralization by microorganisms, 2 
released from roots, 13 
turnover in soil, 40 

Organic pollutants 
degradation of mycorrhizal fungi, 94 
reasons for slow degradation, 4 
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Organic rhizosphere exudates, examples, 72 
Organic solvents, contaminant, 3 
Organophosphorus insecticides, inhibition 

of aryl amidase activity, 180 
Orthoquinone 
relationship to catechol toxicity, 38 
tyrosinase-mediated oxidation of 

chlorophenols, 107 
Oxidative coupling 
cause for intensification in 

rhizosphere, 103 
inorganic catalysts, 104 
reaction mechanism, 104 

Oxidative pathways, polycyclic aromatic 
hydrocarbons, 20/ 

Oxidoreductase activity, bacteria and 
fungi, 103 

Oxidoreductive enzymes 
catalysis of oxidative coupling 

reactions, 102 
dehalogenation effect, 103 
examples, 103 
role in humification, 5 

Oxygen 
monitoring in soil, 148 
redox potential changes, 39 

Oxygen partial pressure 
acetylene-reduction activity, 39 
growth of A. lipoferum, 38 
metabolism of caffeic acid, 39 

Panicum virgatum 
effect on PAH degradation, 144 
use to reduce amounts of PAHs in soil, 

134-135 
Parathion 
accelerated degradation in rhizosphere, 

184,202 
effect of plants on degradation rates, 123 
mineralization in bush bean rhizosphere, 

203? 
Partial sterilization effect, 46 

Pathogenic fungi 
cause of damage, 93 
root-infecting, 16 

Pendimethalin, occurrence in 
pesticide-contaminated soil, 212 

Penicilliumfrequentans, release of 
3,4-dichloroaniline from humic 
complexes, 163 

Pentachloronitrobenzene, degradation by 
rhizosphere-competent fungus, 204? 

Pentachlorophenol (PCP) 
concentration, effect on bacterial 

population, 44-46,48-50 
degradation by rhizosphere-competent 

fungus, 204? 
degradation in soil, 12 
effect of Arthrobacter sp., 179 
effect on bacterial flora 
glycine-treated soil, 48 
percolated soils, 44-48 

grasses, effect on degradation, 144 
nutrients 
effect on degradation, 50-53 
effect on interaction with soil 

microorganisms, 43-55 
soluble vs. insoluble form, 46 
uses, 43 

Pentachlorophenol-degrading bacteria 
increase in numbers in soil, 48,49/50 
nutrient concentration and degradability, 

effect on growth, 50-54/ 
preparation in soil, 44 

Perchloroethylene (PCE), degradation by 
anaerobic microorganisms, 4 

Percolated soils 
bacterial flora, 48 
PCP treatment, 48 

Perennial plants, roots, 13 
Peroxidase 
activity, bacteria and fungi, 103 
mat structures formed by 

ectomycorrhizae, 95 
mediator in plant detoxication 

reactions, 84 
oxidative coupling reactions, 103 
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Pesticide(s) 
adsorption to plant roots, 133 
effect in agricultural soils, 56 
effect on soil microorganisms, 43 
fate in the rhizosphere, 199,201 
metabolism to phenolic compounds, 28 
phytoremediation, 7 
rhizosphere degradation studies, 71 

Pesticide-contaminated soil 
characteristics that impede plant 

growth, 211 
compost, effect on plant growth and 

microbial establishment, 210-222 
concentrations of pesticides, 212 
effect on vegetation, 201 
remediation by direct land application, 

210-211 
soil-sampling procedure, 211 

Pesticide-degrading microorganisms 
increase in soil with repeated treatment 

of pesticide, 50 
nutrient utilization, 43 

Pesticide wastes, biological degradation 
in root zone of soil, 199-209 

Petroleum products, contaminants, 3 
Petroleum-related wastes, generation of 

phenolic compounds, 28 
Petroleum sludge, disposal, 132 
Phanerochaete chrysosporium 
bioremediation agent, 95 
degradation of xenobiotics, 97 
metabolism of PAHs, 19 
role in lignin degradation, 95 

Phenacrycete chryosporium, propanil aryl 
acylamidase activity, 170? 

Phenanthrene 
1 4C uptake experiment with M. alba, 

89 
concentration in soil, 153,154? 
distribution in soil organic matter in 

presence of M. alba, 89? 
grasses, effect on degradation, 144 
use as experimental toxicant, 87 

Phenol 
catabolism by Azospirillum, 29 

Phenol—Continued 
concentration results in saturated zone 

at several sampling wells, 117? 
degradation mechanism, 113-114 
degradation results by plant 

transpiration, 112 
evaporation rate, 120 
partition coefficient, 117 

Phenolic compounds 
aerobic degradation, 29 
catabolism by Azospirillum, 28-29 
effect on A. lipoferum, 28-42 
fate in soil, 40 
microbial carbon source, 40 
organic rhizosphere exudates, 72 
redox potential changes, 39 
redox transformation, 38 
UV spectra after reaction with A. 

lipoferum cells or cell-free extract, 37? 
Phenolic exudates from stimulated plants, 72 
Phenolic redox couples, role in microbial 

adaptation to rice rhizosphere, 40 
Phenoxy acid herbicides, stimulation of 

nitrogenase activity, 40 
Phenylalanine-treated soil, effect of PCP 

on bacterial population, 46,47/ 
Phenylureas, transpiration stream 

concentration factor values, 113 
Phosphatase, in mat structures formed by 

ectomycorrhizae, 95 
Photodegradation, fate of chemical 

contaminants, 57 
Photosynthate, inputs by roots, 13 
Phthalate esters, reversal of toxic 

effects by soil microorganisms, 201 
Physical plant factors in the 

rhizosphere, 75-76 
Phytoremediation 
definition, 2,7 
stimulation of degradation rates, 2 

Phytotoxic compounds, metabolism by 
mycorrhizal fungi, 96 

Picloram, effect on ectomycorrhizae, 96 
Pinus taeda, enhanced mineralization of 

trichloroethylene, 202 
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Plant(s) 
benefits for remediation, 211 
benefits from microorganisms, 85 
biological defenses against toxicants, 

84-85 
categories among species, 71-72 
coevolution with rhizosphere 

microorganisms, 85,87 
component of rhizosphere, 71 
effect on microbial growth in soil, 137 
effect on toxicant degradation, 12 
growth in pesticide-contaminated soil, 

213,214/,215? 
mechanisms of removing pollutants, 5 
protection from chemical injury by 

rhizosphere microbial community, 201 
protection from heavy metal toxicity by 

mycorrhizal fungi, 96 
remediation, future research, 140 
response to chemical stress in soil, 85 
role in dissipation of PAHs, 132 
selection of rhizosphere microbial 

communities, 202 
survival in presence of toxicants, role 

of microorganisms, 90 
uptake and metabolism of pollutants, 133 
uptake of PAHs, 143-144 
use in biodegradation study, 60 

Plant-assisted bioremediation, 113 
Plant degradation, availability of 

xenobiotics, 79 
Plant growth, measurement, 115 
Plant-induced rhizosphere, kinetic 

parameters for mineralization of 
surfactants in soils, 64? 

Plant-microbe interactions 
development of rhizosphere community, 13 
evidence for coevolution, 85,87 
in rhizosphere, 201 
remediation of chemically contaminated 

soils, 11-12 
Plant-microbe-toxicant interactions 
bioremediation, 11,90-91 
coevolution hypothesis, 90 
in the rhizosphere, 85 

Plant root(s) 
adsorption of naphthalene, 135-136 
association with bacteria, 13,16 
enhancement of microbial degradation in 

soil, 21 
functions, 12-13 
release of organic chemicals into soil, 68 
sink for hazardous organic compounds, 

133 
Plant root exudation 
effect of xenobiotics, 201 
interaction with 1 4C surfactants, 68 

Plant tissue microcosm, amount of 
radiolabeled carbon, 128? 

Plant uptake, role in translocation, 
conjugation, and transformation of 
xenobiotics, 77 

Plasmid transfer, effect on bacteria, 4 
Plasticizers, cleanup by bioremediation, 6 
Poisoned microcosm, amount of 

radiolabeled carbon, 128? 
Pollutants 
absorption and metabolism by plants, 7 
effect of rhizosphere, 2 
mechanisms of removal by plants, 5 
phytoremediation, 7 
uptake and metabolism in plants, 133 

Polyaromatic hydrocarbons (PAHs) 
adsorption to plant roots, 135-136 
degradation in greenhouse experiment, 

132-141 
dissipation in rhizosphere soil, 134 
dissipation in root zone, 132-141 
removal by grasses, 134 
uptake and accumulation in plants, 

133,135,136? 
Polychlorinated biphenyls (PCBs) 
degradation by anaerobic 

microorganisms, 4 
degradation by mycorrhizal fungi, 97 
degradation by P. chrysosporium, 95 
metabolism by fungi, 93 

Polycyclic aromatic hydrocarbons (PAHs) 
bioremediation in the rhizosphere, 19 
decomposition by fungal enzymes, 19 
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Polycyclic aromatic hydrocarbons 
(PAHs)—Continued 

humification in the rhizosphere, 88-89 
metabolism by fungi, 19 
oxidative pathways for mineralization, 20/ 
rhizosphere microbes, effect on 

association with humic and fulvic 
fractions, 90 

role of vegetation, 131 
sources and toxicity, 123 
uptake by M. alba, 87 

Polygalactic acids, in organic rhizosphere 
exudates, 72 

Polygonum sp., tolerance for herbicides, 
205 

Polymerization of toxicants, resultant 
detoxication, 11,86/ 

Polynuclear aromatic hydrocarbons (PAHs) 
concentration and distribution in soil, 

152-156 
degradation, enhancement by prairie 

grasses, 143 
degradation and polymerization in 

plants, 143-144 
grass, effect on degradation, 144 
grass-enhanced degradation in clay 

soils, 142-157 
partitioning in clay soils, 142 
soil type, effect on degradation, 155 
uptake by plants, 143-144 

Polyphenolic compounds 
alternative terminal respiratory electron 

acceptors under low oxygen, 28 
degradation in catabolic pathway, 19 
intermediary products in metabolism of 

molecules with aromatic rings, 28 
part of root exudates, 28 
respiration by bacteria, 28-42 

Polysaccharides 
effect on binding matrix, 68 
in organic rhizosphere exudates, 72 

Prairie buffalo grass, description, 148 
Prairie grasses, enhancement of PAH 

degradation, 143 
Prokaryotes, metabolism of PAHs, 19 

Prokaryotic oxidative pathways, 
mineralization of polycyclic aromatic 
hydrocarbons, 22/ 

Propachlor 
biodegradation pathways, 194 
metabolism by glutathione conjugation, 

185 
Propanil 
anaerobic hydrolysis, 170 
anaerobic metabolism, 163 
application to rice soils, 180 
degradation by Gram-negative bacteria, 

179-180 
degradation by rice rhizosphere 

bacteria, 167-168,171-174/ 
dissipation by rice rhizosphere 

microflora, 160 
dissipation in soil, 163 
effect on plants, 166 
herbicidal chemistry, 161,162/ 
hydrolysis by Fusarium spp., 170 
metabolism 
and mineralization, 168 
plants, 161,162/ 
pure cultures, 176-178 
rhizosphere microflora, 160-183 
whole-cell suspensions, 170 

microorganisms that can hydrolyze it, 
163,164? 

recovery from rhizosphere suspensions, 
175? 

studies on ring-labeled compound, 
166-167 

toxicity of metabolites, 179 
Propanil aryl acylamidase activity 

of fungi, 170 
of rhizobacteria, 168-170 
of rice rhizosphere enrichment cultures, 

176? 
Propionic acid, product of propanil 

metabolism, 161 
Protease, in mat structures formed by 

ectomycorrhizae, 95 
Proteins, degradation by cell-free 

enzymes, 7 
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Protozoa, recycling of soil organic 
matter, 2 

Psalliota arvense, tyrosinase activity, 103 
Pseudomonadaceae strains, alachlor 

glutathiones-transferase, 185 
Pseudomonas, aerobic degradation of 

phenolics, 29 
Pseudomonas apacia, alachlor 

metabolism, 186 
Pseudomonas cepacia 
decontamination of 2,4,5-T, 179 
propanil aryl acylamidase activity, 169? 
use as inocula for bioremediation, 6 

Pseudomonas fluorescens 
alachlor metabolism, 186,187/ 
propanil aryl acylamidase activity, 169? 

Pseudomonas multivarans, metabolism of 
3-chloroaniline, 163 

Pseudomonas purida, propanil aryl 
acylamidase activity, 169? 

Pseudomonas putida 
alachlor metabolism, 186,187/ 
use of 3,4-dichloroaniline as 

substrate, 163 
Pseudomonas spp. 
adaptation to high root exudate levels, 13 
peroxidase activity, 103 
rhizosphere competence, 197 

Pseudomonas strain G, metabolism of 
3-chloroaniline, 163,165/ 

Pseudomondaceae, description and 
location, 15? 

Pteridophyta, associations with 
nitrogen-fixing prokaryotes, 14? 

Pyrene 
adsorption to plant roots, 136 
dissipation in contaminated soil, 

137-138 
distribution in soil organic matter in 

presence of M. alba, 89? 
mineralization, 138-139 
resistance to degradation, 134 
uptake and accumulation in plants, 

133,135,136? 
vegetative remediation, 139-140 

Q 

Quinoline, effect of soil adsorption on 
degradation, 76 

Quinone coenzymes, oxidation-reduction 
changes of polyphenolic compounds, 29 

R 

Radiigera atrogleba, degradation of 
PCBs, 97 

Radiolabeled carbon, amount in poisoned, 
unvegetated, vegetated, and plant 
tissue microcosms, 128? 

Radiolabeled organic compounds, 
cumulative volatilization in vegetated 
and unvegetated microcosms, 129/ 

Radionuclides, contaminant, 3 
Redox potential 
determination, 31 
effect of caffeic acid, 39 
of medium with A. lipoferum and caffeic 

acid, 36/ 
under electron acceptor-limiting 

conditions, 36/ 
Remediation, global importance, 70 
Respiration rate 
effect of toluene and phenol withdrawal, 

121 
measurement, 116 

Respiratory activity, role of nitrogen 
fixation, 121 

Rhisosphere soil, nutrient concentrations, 
43 

Rhizobacteria 
GST pathway of metabolism and 

detoxification, 196 
metabolism of alachlor with 

l-chloro-2,4-dinitrobenzene as 
substrate, 193-194 

plant growth promotion, 197 
propanil aryl acylamidase activity, 

168-170 
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Rhizobacteria cell-free extracts, 
alachlor-Y-glutamyltranspeptidase 
activity, 191? 

Rhizobia, association with plant roots, 13 
Rhizobiaceae, description and location, 15? 
Rhizobium 
degradation of aromatic and 

haloaromatic compounds, 28 
nitrogen fixation, 28 
propanil aryl acylamidase activity, 169? 

Rhizoctonia praticola, laccase activity, 103 
Rhizoctonia solani, metabolism of PAHs, 

19 
Rhizodeposition, definition and 

mechanism, 72 
Rhizopogon vinicolor, degradation of 

2,4-D, 96 
Rhizopogon vulgaris, degradation of 

atrazine, 96 
Rhizosphere 
bacterial GST-mediated detoxification, 

site, 196 
definition, 12,71,93,143,184 
degradation of pesticides, 7 
degradation of toxicants, 11-23 
enhanced oxidative coupling, 103 
gross morphology of fibrous root 

system, 200/ 
humification of PAHs, 88-89 
increased microbial numbers after 

herbicide treatment, 207 
mechanism of decreased mineralization, 

65-68 
microbial activity, stimulation by 

plants, 133 
microbial biomass and activity, 56,62-63 
microbial populations, determination, 

212-213 
mineralization of 1 4 C chemicals, 65 
organic acids, 138 
oxygen status, 16 
physical dimensions and microbial 

activity, 12 
phytoremediation, 7 
plant-microbe interaction, 201 

Rhizosphere—Continued 
relationship to xenobiotic degradation, 71 
symposium on applications to 

bioremediation technology, 12 
transformation and degradation of 

pollutants, 2 
Rhizosphere bacteria 
fluorodifen-GST activity in cell-free 

extracts, 196? 
glutathione S-transferase activity, 184-198 
metabolism, effect on propanil dissipa

tion in rice-production soils, 179 
populations, effect of propanil, 171? 

Rhizosphere degradation 
branching pattern, 76 
influence of plants, 70-81 
root:shoot ratios, 76 
volume of soil encountered by a root, 76 

Rhizosphere enrichment 
CDNB-GST activity, 193-194 
effect of propanil, 171? 
propanil metabolism, 168 

Rhizosphere microbial communities 
coevolution with plants, 85,87 
copolymerization of toxicants, 13 
humic substances, 13 
microbial biodegradation studies, 56-69 
r̂ sticide-contaminated vs. uncontaminated 

vs. compost-treated soil, 213,215? 
plant defense against toxic substances 

in soils, 82-92 
role in protecting plants from chemical 

injury, 201 
selection by plants, 201 

Rhizosphere microbiota 
degradation of naturally occurring 

toxicants, 16,19,21 
effects on detoxication, 11 

Rhizosphere microflora, metabolism of 
propanil, 160-183 

Rhizosphere mineralization chamber, 59/ 
Rhizosphere soils 
bacterial population, 13 
vs. nonrhizosphere soil, microbial 

activity, 134 
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Rice, degradation of benthiocarb, 203? 
Rice rhizosphere bacteria, propanil 

degradation, 167 
Root(s) 
detoxication of hazardous organic 

compounds, 11 
sink for hazardous organic compounds, 

133 
Root cell wall characteristics, role in 

rhizosphere degradation, 70 
Root density, correlation to total 

microbial biomass, 113 
Root epidermis, position relative to 

hyphae, 94 
Root exudates 
examples, 58 
microbial growth, 93 
microbial nutrients, 43 
rate of chemical detoxication, 85 
removal and trap by plant microcosm, 73/ 
rhizosphere, 13,70,72-75 

Root-infecting fungi, types, 93-94 
Root morphology, factors, 13 
Root:shoot ratios, role in rhizosphere 

degradation, 76 
Root systems, release of sugars and amino 

acids, 93 
Russula nigricans, tyrosinase activity, 103 

S 

Sampling strategy, experiments on 
vegetative remediation, 146 

Saprophytic fungi, 16,94 
Schizachyrium scoparius, effect on PAH 

degradation, 144 
Secretion and sequestration, defense 

against toxicants, 83 
Serratia plymutica, alachlor metabolism, 

186 
Serratia spp., propanil aryl acylamidase 

activity, 169? 
Sewage sludges, effect in agricultural 

soils, 56-57 

Simazine, effect on plant root exudation, 
201 

Soil 
common bacteria, 15? 
component of rhizosphere, 71 
effect of plants, 11 
microorganism-plant-chemical 

interactions, 201-202 
Soil aeration 
effect on biodegradation, 71 
parameter in vegetative bioremediation, 

148,149? 
Soil analysis, methods, 115 
Soil bacterial populations, effect of 

propanil, 171? 
Soil bioremediation 
goal, 3 
role of microorganisms, 2-10 
typical pattern, 137 
use of Azospirillum, 28 
use of vegetation, 11 

Soil dehydrogenase activity, 
determination, 213 

Soil ecosystem, plant root system, 93 
Soil fungi, types, 16 
Soil gas monitoring, 148 
Soil-grass microcosms, volatilization 

and mineralization of naphthalene, 
123-131 

Soil microbial activity, 4-5 
Soil microorganisms 
ability to detoxicate organic compounds, 

11 
binding of xenobiotics to soil, 102 
nutrients, effect on interaction with 

PCP, 43-55 
plant survival, 90 
protecting plants from chemical injury, 

201 
Soil organic matter 
effects of pesticide degradation, 53 
influence on mineralization kinetics, 

56-69 
isolation, 90 
recycling by soil organisms, 2 
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Soil physicochemical characteristics, 
parameter in vegetative 
bioremediation, 148,149? 

Soil properties, effects on detoxication, 11 
Soil remediation study, statistical 

design, 145-147,155 
Soil remediation technologies, examples, 70 
Soil sampling, procedure, 148 
Solvent treatment of soil, partial 

sterilization effect, 46 
Sorghastrum nutans, effect on PAH 

degradation, 144 
Sorghum vulgare, use to reduce amounts 

of PAHs in soil, 134-135 
Sorptive immobilization, mechanism 

affecting fate of naphthalene, 124 
Soybean 
effect of trichloroethylene, 202 
effect on atrazine, metolachlor, and 

trifluralin degradation, 207 
Glycine max, use in biodegradation 

study, 60 
use in biodegradation study, 56 

Soybean treatment, effect on microbial 
activity, 64 

St. Augustine grass, description, 150 
Stem layer, model for selectively 

adsorbed ions, 77 
Streptomyces spp. 
laccase and peroxidase activity, 103 

Sudan grass, biomass of roots and shoots 
after growing for 24 weeks, 135? 

Sugars, in organic rhizosphere exudates, 72 
Suillus spp., degradation of 
chlorpropham, 97 
Sulfate-reducing bacteria, anaerobic 

degradation of hazardous chemicals, 21 
Superfund sites, cleanup costs, 3 
Surfactants 
chemical stress to plants, 90 
contaminant in sewage sludge, 57 
effects of plants on degradation rates, 

123 
Switch grass, biomass of roots and shoots 

after growing for 24 weeks, 135? 

Symbiotic relationship 
host plant and mycorrhizal fungi, 94 
nitrogen-fixing bacteria and plant roots, 76 
plants and mycorrhiza, 5 

Systematic randomized sampling, 
experiments on vegetative remediation, 
146 

T 

Tannins, metabolism to phenolic 
compounds, 28 

Tap root system, dicotyledons, 13 
Tetrachloroethylene (PCE) 
microbial degradation, 21 
reductive dechlorination, 23/ 

Texas Bluebonnet, use in bioremediation, 
151 

Thiocarbamates, metabolism by 
glutathione conjugation, 185 

Toluene 
bioremediation in the rhizosphere, 19 
concentration results in saturated zone 

at several sampling wells, 117? 
degradation results by plant 

transpiration, 112 
partition coefficient, 117 

Toluene dioxygenase, nonspecific enzyme 
in cometabolism, 21 

Toxic pollutants, effects of humus, 5 
Toxicant(s) 
aerobic vs. anaerobic metabolism, 16-21 
biological defenses 
animals and bacteria, 83 
plants, 84-85 

degradation in the rhizosphere, 11-23 
naturally occurring examples, 16 

Toxicant interactions, degradation by 
microbiota, 16,19,21 

Toxicant sorption, effect of soil organic 
matter, 13 

Toxicology, fundamental precept, 83 
Trametes versicolor 
laccase activity, 103 
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Trametes versicolor—Continued 
use in polymerization of chlorophenol, 

107 
Transduction, method of gene transfer, 4 
Transformation 
bioremediation, 3 
method of gene transfer, 4 
of xenobiotics, plant adsorption, 77 

Translocation 
mechanism affecting fate of 

naphthalene, 124 
vs. immobilization, studies of phenol 

and bromacil, 114 
xenobiotics, plant adsorption, 77 

Transpiration 
mechanism associated with microbial 

degradation, 114 
volatile compound movement through 

plants, 112 
vs. evaporation, effect on phenol 

concentration, 117 
Trees, roots, 13 
Triazines, metabolism by glutathione 

conjugation, 185 
Trichloroethane, production of methane 

and chloride in saturated zone, 117 
Trichloroethylene (TCE) 
accelerated degradation in rhizosphere, 

184 
degradation by root-associated 

microorganisms, 7 
degradation in rhizosphere soil, 134 
effect of plants on degradation, 113,123 
microbial degradation, 21,202 
production of methane and chloride in 

saturated zone, 117 
2,4,5-Trichlorophenol 
coupling of free radicals, 106/, 

107-108 
dehalogenation due to binding to humic 

acid, 107 
2,4,5-Trichlorophenoxyacetic acid 

(2,4,5-T), mineralization in soil 
exposed to dicot and monocot root 
exudates, 74/ 

Trichoderma harzaninum, propanil aryl 
acylamidase activity, 170? 

Trickling filter, biological treatment of 
wastes, 3 

Trifluralin 
contaminant from aquachemical 

dealership, 205 
enhanced degradation in rhizosphere 

soil, 207 
pesticide-contaminated site, 206?,212 

Turf grasses, short-term benefits to 
contaminated soil, 144 

Tyrosinase 
fungi and actinomycetin, 103 
oxidation of chlorophenols, mechanism, 

107 
oxidative coupling reactions, 103 
polymerization of chlorophenol, 107 

U 

Union Carbide 
contaminated sites, polynuclear 

aromatic hydrocarbons, 143 
Seadrift Plant, contamination history 

and description, 145 
Unvegetated microcosm, amount of 

radiolabeled carbon, 128? 

V 

Vanillic acid, effect on growth of A. 
lipoferum strains, 32 

Variability, experiments on vegetative 
remediation, 146 

Vascular plants 
associations with mycorrhizae, 17? 
associations with nitrogen-fixing 

prokaryotes, 14? 
Vegetated microcosm, amount of 

radiolabeled carbon, 128? 
Vegetation 
advantages for soil remediation, 21 
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Vegetation—Continued 
amounts of PAHs in soil, 134-135 
bioremediation, 132-133 
degradation of PAHs, 132 
prerequisite for use in remediation, 135 
problems of establishment in pesticide-

contaminated sites, 201 
Vegetative bioremediation 
advantages, 140 
experimental design of remedial 

performance evaluation, 145-146 
fundamental premise, 139 
parameters measured in performance 

evaluation, 148,149? 
Verde Klein grass, description, 150 
Vesicular-arbuscular mycorrhizae, 94 
Vinyl chloride, accumulation under 

anaerobic conditions, 21 
Vitamin B 1 2 , reductive dechlorination of 

TCE, 23/ 
Volatilization 
interaction with mineralization, 130 
mechanism affecting fate of 

naphthalene, 124 
naphthalene in microcosms, 128 
promotion by alfalfa plants and 

associated microorganisms, 112-122 

W 

Waste chemicals 
acceleration of mineralization through 

vegetation, 21 
bioremediation in the rhizosphere, 19 

Waste ponds, biological treatment of 
wastes, 3 

Wastewater treatment, use of plants, 7 
Water-percolated soil, bacterial flora 
and PCP treatment, 48 

Weeping love grass, description, 150 
Wheat, tolerance to phenoxy acids, 203? 
Wheat straw, effects of plants on 

degradation rates, 123 
White-rot fungus 
degradation of xenobiotics, 97 
lignin degradation, 95 
soil inoculum, 6-7 

Winecup, use in bioremediation, 151 
Woodlot soil, biodegradation study, 56,58 

X 

Xanthomonas spp., propanil aryl 
acylamidase activity, 169? 

Xenobiotic compounds 
binding to humic substances, 109 
in soil, 40,102 
mineralization, 4 
plant root exudation, 201 

Xenobiotic uptake, role in rhizosphere 
degradation, 70 

Xylanase, in mat structures formed by 
ectomycorrhizae, 95 

Z 

Zinc, levels at mine spoil sites, 96 
Zoysia grass, description, 150 
Zylenes, bioremediation in rhizosphere, 19 
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