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Preface

During the past 10 years, there has been an increasing amount of research on
the biodegradation of nitroaromatic compounds because of the growing awareness
of environmental contamination by pesticides, synthetic intermediates, and explo-
sives. The resulting discoveries have dramatically extended our knowledge about
the strategies used by biological systems for dealing with such compounds. In
addition, the basic research has provided a foundation for a number of practical
applications of biological systems for destruction of nitroaromatic contaminants.

In 1995 the advances in basic understanding of microbial degradation of
nitroaromatic compounds were summarized in a book of reviews written by a
group of experts in biochemistry, microbiology, and soil chemistry. Since that time
the fundamental understanding has led to several practical applications involving
biodegradation of nitroaromatic compounds previously thought to be recalcitrant
to biological transformation. In September 1999, the Second International Sym-
posium on Biodegradation of Nitroaromatic Compounds and Explosives was held
in Leesburg, VA. The symposium brought together a wide range of scientists and
engineers to discuss not only basic advances, but also field applications based on
biodegradation and biotransformation of nitroaromatic compounds and explosives.
The invited speakers were asked to critically review recent advances in their areas
of expertise and to describe how the basic work has led to practical applications.
They were also asked to discuss the questions that remain to be answered by future
research. Some of the areas still involve mostly basic research on biochemistry
and microbiology, whereas in other areas there is a considerable amount of expe-
rience in field applications.

The first goal of this book is to provide the reader with a timely synthesis of
ongoing recent research and an appreciation for the remarkable range of biochemical
strategies available for the transformation of nitroaromatic compounds. The second
goal is to give a realistic evaluation of the current and potential field applications
of the various strategies. Each chapter is designed to stand alone, thus there is
occasionally some overlap in the introductory material and some experiments have
been used as examples in more than one chapter. The book should be of interest to
microbiologists, biochemists, engineers, and anyone concerned about the environ-
mental behavior and destruction of nitroaromatic compounds and explosives.

Chapter 1 provides a brief introduction and overview of the scope of the problem
with environmental contamination by nitroaromatic compounds. Most of the incen-
tive for research in the U.S. comes from concerns about contamination with explo-
sives. The extent of such contamination in much of the rest of the world is not
known. The second chapter describes the strategies used by aerobic bacteria for
converting nitroaromatic compounds into sources of carbon and energy. Most of the
catabolic pathways are well understood, and there is a growing body of knowledge
on the molecular biology of such systems. In addition, bacteria that grow on nitroar-
omatic compounds have been used in a variety of pilot- and field-scale applications.
Chapter 3 examines the biochemistry and molecular biology of nitroarene dioxyge-
nases, key enzymes that initiate the productive metabolism of a variety of substrates.



The insight about both the catalytic mechanism and the evolutionary origin of the
enzymes provides a sense of how productive pathways might have evolved for
organic compounds that have only been in the biosphere for a brief time.

Chapter 4 introduces more complex molecules that cannot serve as growth
substrates for microorganisms, but, nonetheless, can be extensively transformed and
detoxified by binding to soil. The exciting advances in the biochemistry of the initial
enzymatic attack on polynitroaromatic compounds are described in detail along with
the mechanisms of binding of the intermediates to soil humic material. Enzymes
that attack the aromatic ring of picric acid can lead to the elimination of nitrite and
subsequent mineralization. In contrast, enzymes that reduce the nitro groups of
nitrotoluenes can produce intermediates that bind to soil under appropriate condi-
tions. Both strategies can lead to effective solutions for environmental contamination.
Very recent discoveries, described in Chapter 5, reveal the sequences and arrange-
ment of the genes involved in the bacterial degradation of picric acid. The work also
illustrates the remarkable effectiveness of mRNA differential display in the discovery
of genes involved in the degradation pathway and how the information has led to
elucidation of the pathway. Simple nitrophenols and nitrobenzoates were the first
nitroaromatic compounds discovered to be degraded by bacteria. Chapter 6 describes
the recent advances in understanding the molecular biology of the degradative
pathways of simple polar nitroaromatic compounds and their relationships to other
catabolic sequences.

Chapter 7 provides an overview of the current understanding of the biotransfor-
mation of nitroglycerin. Because the molecule is a nitrate ester rather than a nitroar-
omatic compound, the reductase enzymes that catalyze the initial attack on the
molecule can cause the elimination of nitrite. This chapter also describes the remark-
able discovery that the bacterial nitrate ester reductase can catalyze the elimination
of nitrite from a wide range of nitro-substituted compounds, including TNT.

Although many workers have reported the reduction of nitro groups of explosives
by anaerobic bacteria, most of the work has been done with complex mixed cultures
where it is impossible to study the details of the biochemistry of the transformation
pathways. In contrast, Chapter 8 describes the details of TNT transformation by
Clostridium and the central, previously unexpected, role of hydroxylamino deriva-
tives as key intermediates.

Fungi are the only organisms capable of significant amounts of TNT mineral-
ization. The ligninolytic enzymes of Phanerochaete chrysosporium have been stud-
ied extensively because of their ability to transform TNT. Unfortunately, Phanero-
chaete does not grow well in soil and is inhibited by high concentrations of TNT.
The authors of Chapter 9 have evaluated the TNT degradation abilities of a wide
range of fungi adapted to a variety of habitats and discovered several that have
considerable potential for use in practical applications. Higher plants have recently
been discovered to transform both TNT and RDX extensively. Phytoremediation is
becoming widely accepted as a strategy for remediation of contaminated water and
soil. Chapter 10 explores the recent advances in understanding transformation path-
ways based on studies with plant cell cultures, intact plants, and phytoremediation
systems in the field.



RDX and HMX have been used extensively by the military since World War II
and are found widely as contaminants at military sites, yet their biodegradation has
only been studied sporadically. In Chapter 11, the author summarizes the previous
understanding of the degradation mechanisms and then outlines some very recent
discoveries that provide new insight about the reactions leading to mineralization
by bacteria. Some of the newly proposed reactions differ considerably from the ones
that have been accepted for many years.

Most of the interest in biodegradation of nitroaromatic compounds stems from
concerns about their fate and transport in the environment. Studies of biodegradation
in complex natural systems are meaningless without a good understanding of the
many abiotic reactions that affect the transformation and behavior of nitroaromatic
molecules. Chapter 12 explains the abiotic transformations of the nitro substituents
as well as the geomicrobiology involved in generation of the materials that interact
with nitro compounds.

Chapters 13 and 14 illustrate how the basic research in the past has led to practical
treatment strategies based on composting and other large-scale systems. Composting
has been the most extensively used approach to field-scale treatment of excavated
soil. It is widely accepted in the U.S. and has been optimized by the U.S. Army.
Chapter 13 explains the basic understanding of the composting process and the state
of the art in application. Chapter 14 describes the scope of the explosives contam-
ination problem in the U.S. and compares the cost and effectiveness of a variety of
commercially available treatments based on biodegradation. The comparison reveals
that several technologies can be effective and relatively inexpensive for destruction
of TNT in excavated soil.

The authors would like to thank Alice Giraitis for outstanding editorial assistance
and Loreen Kollar of the Florida State University Institute for International Coop-
erative Environmental Research for organizing the symposium. The authors also
thank Shirley Nishino for taking on all the extra tasks required to make this book
possible. Much of the work described in this book would not have been possible
without the unfailing support of Walter Kozumbo of the U.S. Air Force Office of
Scientific Research. He developed an outstanding basic research program to shed
light on the strategies used by biological systems to detoxify and destroy nitroaro-
matic compounds. He provided funding for a number of outstanding investigators
to work in critical areas and is responsible to a large extent for the recent exciting
advances in the field.
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CHAPTER 1

Introduction

Jim C. Spain

Explosives and other nitrated compounds (Figure 1.1) are widely distributed
environmental contaminants. Nitroaromatic pesticides such as dinoseb, dinitrocre-
sol, parathion, and methylparathion are intentionally released in soil and water
worldwide. They are also spilled accidentally at loading facilities and during
agricultural use. Nitrophenols and nitrotoluenes are used extensively as feedstocks
in industry and are often released to surface water in waste streams. The pesticides
and simple nitroaromatic compounds are biodegradable by soil bacteria and do
not accumulate in the environment unless concentrations exceed the assimilative
capacity of the ecosystem. In contrast, explosives such as 2,4,6-trinitrotoluene
(TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and octahydro-1,3,5,7-tet-
ranitro-1,3,5,7-tetrazine (HMX) are less biodegradable and often persist for
extended periods in soil or groundwater.

The major explosives manufacturing, handling, and storage sites in the U.S.
(Figure 1.2) have been identified by the U.S. Army Environmental Center.? The most
heavily contaminated sites are the army ammunition plants where explosives were
manufactured for much of this century. Fortunately, most of the sites are owned by
the U.S. government and are therefore not accessible to the public. A number of the
sites have been cleaned up, and many are in the process of cleanup. Major exceptions
include Volunteer and Ravenna Army Ammunition Plants where contamination is
extensive and cleanup of contaminated soil and groundwater has not started. A
substantial amount of dinitrotoluene-contaminated soil also remains at the Badger
Army Ammunition Plant. The most recent public document on the scope of the
problem! describes a timeline for the cleanup of contaminated soil at many of the
sites, but does not provide information about contaminated groundwater. More
detailed information about the scope of the problem and the current cleanup strat-
egies is provided in Chapter 14.

In Germany, the situation is more problematic because many of the explosives
manufacturing facilities (Figure 1.3) were demolished at the end of World War II
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Figure 1.1 Major military explosives and production intermediates: TNT, 2,4,6-trinitrotolu-
ene; 2,4-DNT, 2,4-dinitrotoluene; 2,6-DNT, 2,6-dinitrotoluene; 2-NT, 2-nitrotolu-
ene; 4-NT, 4-nitrotoluene; picric acid, 2,4,6-trinitrophenol; tetryl, 2,4,6-
trinitrophenylmethylnitramine; RDX, hexahydro-1,3,5-trinitro-1,3,5-triazine; HMX,
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine; GTN, nitroglycerin; and PETN,
pentaerythritol tetranitrate.

with little regard for environmental consequences. Most of the sites have since been
used for industry and housing, and only a few of the larger sites have remained
undeveloped. To date only a limited amount of site characterization has been done,
and few cleanup projects have been started.The German government has established
a joint research group funded by the Federal Ministry of Education and Research
to develop and test processes for the bioremediation of contaminated soils.* The
results will be published in a handbook and will provide the basis for the use of
biotreatment for cleanup of contaminated soil at the sites.

In the U.K., Canada, and Australia some site characterization has been done, but
very little cleanup is in progress. In the rest of the world the extent of contamination
with explosives is either undetermined or not available to the public. Anecdotal
information suggests that the scope of the problem is significant.

Research during the past 10 years has yielded a wealth of information about the
biodegradation of nitroaromatic compounds. All of the nitroaromatic compounds and
explosives listed in Figure 1.1 are subject to transformation by microorganisms, and
the processes will be discussed in detail in subsequent chapters. Some, including picric
acid, 2,4- and 2,6-dinitrotoluene, mononitrotoluenes, dinitrocresol, nitrobenzoates, and
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Figure 1.3 Explosives-contaminated manufacturing, processing, and storage sites in the Fed-
eral Republic of Germany. Sites shown processed more than 1700 tons of explo-
sives per month. Numbers in parentheses are tons of TNT per month. (Data from
Preuss, J. and R. Haas. 1987. Geogr. Umschau. 39:578.)

nitrophenols, can serve as growth substrates for bacteria. Therefore, such compounds
are prime candidates for bioremediation because the process can be self-sustaining
and inexpensive. A major conundrum and an area of active research is the question of
why the biodegradable compounds persist in the environment.

Other explosives including TNT, RDX, and HMX do not serve as growth sub-
strates for bacteria. They can, however, be transformed and detoxified by cometabolic
processes. Several alternative, cost-effective strategies are now available for the
cometabolic treatment of explosives in contaminated soil (Chapter 14), and phytore-
mediation shows considerable promise (Chapter 10). A variety of such cometabolic
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strategies will be discussed in subsequent chapters. The disadvantage of such pro-
cesses is that they are more expensive because they require a second growth substrate
for the microorganisms. In addition, the products are often difficult to characterize
and the processes are difficult to control.

Much of the current research on biodegradation of explosives is focused on
discovery and development of strategies that would allow the more recalcitrant
explosives to serve as growth substrates for microorganisms. Recent advances in
molecular biology pave the way for pathway engineering that would allow complete
degradation in a variety of organisms. Success would reduce the cost of bioremedi-
ation considerably for major explosives, including TNT.

In the U.S., cleanup of soils heavily contaminated with explosives is being
conducted primarily by excavation followed by composting or incineration. Large
volumes of lightly contaminated soils would be more appropriately treated in situ
if a suitable technology were available. Treatment of explosives-contaminated
groundwater is done almost exclusively by pump and treat with carbon sorption. In
other countries the cleanup of explosives-contaminated sites is just beginning or has
not been considered to date. Thus, although new strategies for ex situ bioremediation
of explosives-contaminated soil may not be fielded in time to help solve the problem
in the U.S., they could be very useful in international applications. Novel in situ soil
and groundwater remediation strategies could be fielded in the U.S. in time to provide
considerable cost savings.

REFERENCES
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2.1 INTRODUCTION
2.1.1 Rationale for Bioremediation of Nitroaromatic Compounds

Nitroaromatic compounds constitute a major class of environmental contami-
nants. They are important as industrial feedstocks due to the versatile chemistry of
the nitro group. For example, 97% of nitrobenzene (NB) produced worldwide is
used for aniline production,’ which increased 50% between 1988 and 1998 to 1.5
billion pounds.’ In 1982 the U.S. accounted for about 31% of the worldwide
dinitrotoluene (DNT) production of 2.3 billion pounds,'?? and in 1999 the largest
DNT producer in the U.S. expanded DNT production capacity by 50% to 1.5 billion
pounds.’” NB, chloronitrobenzene, and chloroaniline have all been found in the
North Sea.!” Nitrophenolic compounds are widely and regularly dispersed as agri-
cultural pesticides. Military explosives production, testing, and distribution has led
to contaminated sites worldwide. Costs for conventional cleanup are enormous;
estimated costs for incineration are $400 to $600/yd?® of soil,”" and for composting
only slightly less at $404 to $467/yd? of soil,''® although economies of scale may
reduce those costs considerably (see Chapter 14). Estimated costs for cometabolic
bioslurry treatment of trinitrotoluene (TNT)-contaminated soil are $290 to
$350/yd3.13! If sustainable strategies that rely on mineralization of nitroaromatic
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compounds can be developed, costs might be reduced dramatically. Nitroaromatic
compounds in the environment create intense selection pressure which has led to
the evolution of microorganisms able to degrade a growing number of nitroaromatic
compounds. The catabolic pathways that have been discovered can be exploited for
bioremediation, waste minimization, and the rapidly expanding field of biocatalysis.

2.1.1.1 Toxicity, Recalcitrance, and Regulatory Requirements

The stability, persistence, and toxicity that make nitroaromatic compounds valu-
able to industry render them hazardous when released into the environment. The
electron-withdrawing character of the nitro group makes oxidative attack, a major
mode of catalysis of aromatic compounds,* increasingly difficult as the number of
nitro substituents on the aromatic ring increases.'” The same electron-withdrawing
properties lead to facile reduction of the nitro group under both anaerobic and aerobic
conditions.!”* Nitroaromatic compounds are readily reduced to more reactive and,
potentially, more carcinogenic or mutagenic derivatives when introduced into mam-
malian systems.!32205 Intestinal microflora, as well as mammalian organ systems,
possess nonspecific nitroreductases that catalyze the conversion of nitro groups to
physiologically more harmful nitroso and hydroxylamino groups.3* Epidemiological
studies suggest that both amino- and nitroaromatic compounds are powerful carcin-
ogens.? As a result, a number of nitroaromatic compounds including nitrobenzenes,
dinitrotoluenes, and mono- and dinitrophenols are regulated priority pollutants.!'!?
Waste streams generated from production of NB, aniline, DNT, diaminotoluene, and
explosives are regulated by the U.S. Environmental Protection Agency as toxic
wastes from specific sources (40 CFR 261.32).

2.1.1.2 Mineralization vs. Cometabolism

Early surveys found few nitroaromatic compounds that were amenable to micro-
bial attack.>33 Many of the studies used activated sludges to test the potential
treatability of nitroaromatic compounds and came to the conclusion that nitroaro-
matic compounds were, in general, much more recalcitrant to biological breakdown
than the nonnitrated analogs.’ Researchers looking for a biological solution to the
problem of widespread munitions contamination came to the conclusion that polyni-
troaromatic compounds could only be transformed to dead end aminonitro com-
pounds and not mineralized.''

It is important to distinguish between biodegradation of a contaminant and the
less desirable transformation, disappearance, or immobilization. Mineralization (bio-
degradation) — the complete catabolism of a compound to its inorganic components
— is the preferred goal of bioremediation systems. When a compound is mineralized,
it is consumed to yield energy and/or incorporated into biomass.* Because energy
is derived from the catabolic process, degradation is self-sustaining as long as the
compound (contaminant) is present and provides a strong selective advantage to the
degradative organism. The mineralization process is in contrast to cometabolism,
the nonspecific transformation by enzymes involved in the catabolism of some other
growth substrate and also induced by some other growth substrate.* In some cases
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the cometabolized substrate can provide carbon and energy, but only as long as a
primary substrate is present. The requirement for a primary substrate and the absence
of a selective advantage renders cometabolic systems more expensive and difficult
to control than systems which rely on mineralization. Another key difference between
degradation and transformation is the difference between the endpoints. Degradation
produces harmless minerals and biomass, whereas transformation produces organic
derivatives of the parent molecule whose identity and toxicity must be established
for each individual situation.

2.1.2 Biodegradable Nitroaromatic Compounds

In recent years, a number of nitroaromatic compounds have been discovered to
be susceptible to aerobic microbial degradation (Table 2.1). In most instances where
mineralization has been demonstrated, the catabolic pathway has also been deter-
mined. In a few instances the genes that encode the degradative enzymes have been
cloned and sequenced. Understanding the pathway by which a compound is degraded
is a key element in the development of an effective bioremediation system. Given
the knowledge of the degradative pathway and the physiological requirements of
the degradative microorganisms, systems can be designed to meet the growth require-
ments of the organisms and to control or monitor the catabolic process.

A considerable body of knowledge has been developed about the biodegradation
of many of the compounds listed in Table 2.1. Bacteria have evolved a variety of
aerobic strategies for removal of the nitro group during conversion of the nitroaro-
matic compounds to central metabolites (Figure 2.1). The nitro group is released as
nitrite following dioxygenation of the aromatic ring to a dihydroxy intermediate,
monooxygenation to an epoxide, or formation of a hydride-Meisenheimer complex.
Ammonia is released by pathways that proceed via partial reduction to hydroxyl-
aminobenzenes. The hydroxylaminobenzenes can further undergo a mutase-medi-
ated rearrangement to ortho-aminophenols in some strains. Alternatively, the
hydroxylamino compound can be converted to the corresponding catechol with the
elimination of ammonia. To date there is little evidence for an aerobic pathway that
involves complete reduction to the amine prior to ring fission by the same bacterium.
Some general observations can be made about the metabolism of the various classes
of nitroaromatic compounds.

Mononitrophenols including 2-nitrophenol,?'> 4-nitrophenol,'8%!°! and 4-
chloro-2-nitrophenol?® are all hydroxylated at the nitro group with release of nitrite
to form an ortho- or para-dihydroxybenzene (Figure 2.1, pathway I). Some com-
pounds, including parathion'®? and methyl parathion,'® are first hydrolyzed to 4-
nitrophenol, which then undergoes hydroxylation at the nitro group. Similarly, 4-
nitroanisole!”” is O-demethylated to 4-nitrophenol prior to hydroxlyation at the
nitro group. In some bacteria 4-nitrophenol is degraded via an initial hydroxylation
to produce 4-nitrocatechol;!00:106.107.171 then the nitro group is replaced by a
hydroxyl group. In some instances the monooxygenation reactions are catalyzed
by flavoprotein monooxygenases,'?’ and all the monooxygenation reactions prob-
ably involve a quinone intermediate. The intermediate had been postulated based
on the stoichiometry of the cofactor requirements for the reaction,'! but the



Table 2.1 Biodegradable Nitroaromatic Compounds

Compound
Nitrobenzene

Pathway Ref.

Nishino and Spain 1993
Nishino and Spain 1995
Jung et al. 1995

Bioremediation Ref.
Livingston 1993
Dickel et al. 1993
Swindoll et al. 1993
Oh and Bartha 1997
Greene et al. 1999
Peres et al. 1998

1,3-Dinitrobenzene

Dickel and Knackmuss 1991
Nishino and Spain 1992

Bringmann and Kihn 1971
Mitchell and Dennis 1982
Dey et al. 1986

Dey and Godbole 1986

2-Nitrotoluene

Haigler et al. 1994

Bringmann and Kihn 1971

Struijs and Stoltenkamp 1986

Lendenmann et al. 1998
Spain et al. 1999

3-Nitrotoluene

Ali-Sadat et al. 1995

Hallas and Alexander 1983

4-Nitrotoluene

Haigler and Spain 1993
Rhys-Williams et al. 1993
Michan et al. 1997
Spiess et al. 1998

Bringmann and Kuihn 1971
Hallas and Alexander 1983
Lendenmann et al. 1998
Spain et al. 1999

2,4-Dinitrotoluene

Spanggord et al. 1991
Haigler et al. 1994
Haigler et al. 1999

Bausum et al. 1992
Berchtold et al. 1995
Cheng et al. 1996
Bradley et al. 1997
Lendenmann et al. 1998
Nishino et al. 1999
Spain et al. 1999

continued
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Table 2.1 (continued) Biodegradable Nitroaromatic Compounds

Compound
2,6-Dinitrotoluene

Pathway Ref.
Nishino et al. In Press

Bioremediation Ref.
Bradley et al. 1995
Lendenmann et al. 1998
Nishino et al. 1999
Spain et al. 1999

2-Nitrophenol

Zeyer and Kearney 1984

Donlon et al. 1996

3-Nitrophenol

Zeyer and Kearney 1984
Meulenberg et al. 1996
Schenzle et al. 1997

4-Nitrophenol

Sudhakar-Barik et al. 1978
Barkay and Pritchard 1988
Spain and Gibson 1991
Jain et al. 1994

Kadiyala and Spain 1998

Donlon et al. 1996
Heitkamp and Orth 1998
Ray et al. 1999

2,4-Dinitrophenol

Schmidt and Gier 1989
Hess et al. 1990
Lenke et al. 1992

Gisi et al. 1997

2,6-Dinitrophenol

Ecker et al. 1992

4-Chloro-2-nitrophenol (constructed strain)

Bruhn et al. 1988

cl
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2,4,6-Trinitrophenol

Rajan et al. 1996

Behrend and Heesche-Wagner 1999

Rieger et al. 1999
Ebert et al. 1999

Perkins et al. 1995
Rajan and Sariaslani 1996

2-Nitrobenzoic acid Cain 1958
Mironov et al. 1992
3-Nitrobenzoic acid Cain 1958 Hallas and Alexander 1983
Nadeau and Spain 1995 Goodall et al. 1998
4-Nitrobenzoic acid Cain 1958 Hallas and Alexander 1983

Groenewegen and de Bont 1992
Groenewegen et al. 1992

Goodall et al. 1998
Peres et al. 1999

4-Nitroanisole

Schafer et al. 1996

Pesticides (Parathion, DNOC, Dinoseb)

Tewfik and Evans 1966
Jensen and Lautrup-Larsen 1967
Serdar et al. 1982

Kaake et al. 1992
Gisi et al. 1997

Chloronitrobenzenes

Livingston 1993
Katsivela et al. 1999

Livingston and Willacy 1991
Livingston 1993

Dyes (nitrobenzenesulfonic acid)

Takeo et al. 1997
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benzoquinone intermediates in most instances are too unstable to allow isolation.
The first stable quinone intermediate to be identified and quantitatively analyzed
was 2-hydroxy-5-methylquinone,””8! the monooxygenation product of 4-methyl-
S-nitrocatechol in the 2,4-dinitrotoluene degradation pathway (see below).

Some bacteria eliminate a nitro group following initial dioxygenation to a dihy-
droxy intermediate (Figure 2.1, pathway II). Compounds susceptible to dioxygenase
attack include 2,4-dinitrotoluene (2,4-DNT),!9? 2,6-dinitrotoluene (2,6-DNT),!43 2-
nitrotoluene (2-NT),32 NB,'¥” 2 6-dinitrophenol, 1,3-dinitrobenzene,’"!#¢ and 3-
nitrobenzoic acid (3-NBA).'*? The dihydroxy nitrocyclohexadienes formed by the
intial dioxygenase attack at the nitro group are unstable and spontaneously rearoma-
tize with release of nitrite to form catechols.

Aerobic bacteria attack 2,4-dinitrophenol?"!2* and 2,4,6-trinitrophenol!>122175
through formation of a hydride-Meisenheimer complex before elimination of the
first nitro group as nitrite (Figure 2.1, pathway III). The hydride-Meisenheimer
complex has also been detected in cultures provided with TNT,®.75:208209 byt it is
uncertain whether productive TNT metabolism then results.?®

Complete reduction of the nitro group to the amine (Figure 2.1, pathway IV)
does not appear to be a mechanism that is widely used by aerobic bacteria for
productive metabolism. Rhodobacter capsulatus transforms 2,4-dinitrophenol to 2-
amino-4-nitrophenol in a light-dependent reaction that takes place under anaerobic
and microaerobic conditions in a reaction catalyzed by an inducible nitroreduc-
tase.!%2! Further degradation of the 2-amino-4-nitrophenol appears to be a consti-
tutive activity that requires light, oxygen, and additional carbon and nitrogen
sources.?!'? An early report that a pseudomonad degrades 3,5-dinitro-o-cresol via 3-
amino-5-nitro-o-cresol remains unconfirmed.?%

Partial reduction of the nitro group via the nitroso intermediate to the hydroxyl-
amino derivative is a well-known chemical reaction.®® In the last decade it has
become clear that the enzyme-catalyzed partial reduction to the hydroxylamine level
is an important biological mechanism as well. The oxygen-insensitive nitroreduc-
tases purified from bacteria that use partially reductive pathways specifically reduce
nitroaromatic compounds to hydroxylaminoaromatic compounds’ '8 with no further
conversion. Hydroxylamino compounds are subject to two separate mechanisms for
elimination of the nitro group as ammonia. In one mechanism, the hydroxylamino
