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FOREWORD

Interest in microbial technologies to overcome environmental p_robiems
resulting from persistent poilutants prompted the UN Environment
Programme {UNEP) to organize an International workshop in Paris, July
1983 to review and assess activities in this area and to produce a
state-of-the art report on the subject. An Expert Group meeting on
Applied Microbiology organized by UNEP in 1985 stressed that training is
a critical factor for the successful development and application of
microbial technologies for degradation of persistent pollutants in
developing countries.

Other interpational organizations such as the UN Food and
Agriculture Organization (FAO) and the World Health Organization (WHO)
concentrate on monitoring and assessment of the level and impact of
pesticides and fertilizers on ecosystems and human health. In 1981 the
United Nations Industrial Development Organization (UNIDO) launched an
important project aimed at establishing an International Centre for
Genetic Engineering and Biotechnology devoted to research, development
and training in biotechnology directed specifically toward the needs of
developing countries.

In June 1987 UNEP and the USSR Commission for UNEP in association
with the USSR Academy of Sciences signed an agreement on launching a
UNEP/USSR  project on Microbial Technologies for Degradation of
Persistent  Pollutants. The ©project is concerned with practical
implementation of the recommendations of the above UNEP-sponsored
Workshop and Expert Group meeting.

The training course has been planned to impart theoretical
background and practical training to participants interested in the
application of microbial technologies for degradation of persistent
xenobiotics. It is hoped that the course will contribute to promoting
the use of environmentally sound biotechnologies in developing countries
to overcome problems of persistent pollutants applied in agriculture and
the environment. The lecture notes comprise relevant topics that focus

on: methods of extraction of persistent pollutants from soil and their



qualitative and quantitative analyses; elucidation of the structure of
xenobiotics and the products of their microbiali bioconversion;
description of techniques used for screening and isolation of active
natural microbial strains, and genetic engineering of microorganisms
with enhanced capabilities for degrading persistent pollutants; special
attention is paid to the use of active strains for the cleanup of
industrial sewage with due regard to the stability of such strains under
selective and non-selective conditions.

This was the first attempt to plan and conduct a training course in
line with the objectives set for the project. Therefore, the lecture
notes and the practical manual have been revised and edited based on the
experience gained and the comments received from the project Scientific

Advisory Committee and the participants in the 1988 training course.

L.A.Golovleva
Institute of Biochemistry and Physiology

of Microorganisms, USSR Academy of Sciences
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MICROBIAL BIOCONVERSION OF XENOBIOTICS

L.A. Golovleva

Introduction

1. Basic Biochemical Processes in Bioconversion of Xenobiotics
1. Hydrelytic Processes
2. Dehalogenation
3. Oxidation
4, Reduction

1l. Microorganisms Effecting Detoxification of Xenobiotics
I1I. Role of Microorganisms in Detokification of Pesticides

IV. Microbial Bioconversion of Xenobiotics to More Persistent
Compounds

V. Conditions for Microbial Degradation of Xenobiotics

V1. Enhanced Degradation of Pesticides as an Evidence of Microbial
Activities

VII. Role of Microorganisms in Formation and Release of Soil-Bound
Pesticides

1. Formation of Soil-Bound Residues by Pure Cultures and
Enzymes

2. Release of Soil-Bound Residues by Microorganisms
VIII. Potential of Biotechnology for Degradation of Xenobiotics
IX. Potential of the Practical Utilization of Microorganisms

Conclusion



Introduction

Microorganisms play an essential role in the bioconversion and total
breakdown of pesticides and other xenobiotics in the environment. In
recent years, however, we have encountered a number of problems related
to the microbial degradation of pesticides. Some examples showing their
specific characters follow.

In certain ’problem’ soils, the efficiency of the pesticides
applied is reduced due to their enhanced degradation, whereas
environmental accumulation of persistent pesticides has become a
problem.

Some pesticide residues are bound by soil but, under specific
conditions, they may become subject to a large-scale release under the
influence of microbial attack.

Despite the fact that most steps of the pesticide bioconversion are
detoxification reactions, there have been reports on the formation of
highly toxic pesticidal metabolites.

Certain pesticides are leached into deeper subsoil horizons or
underground water systems but to date our understanding of the microbial
processes occurring in these systems which undoubtedly affect the fate
of pesticides, is far from adequate as well as our lack of knowledge on
the possible conversion of pesticides in other anaerobic zones, e.g.,
water sediments.

A review of the relevant literature suggests that microorganisms
possess a high potential in relation to bioconversion and the total
degradation of xenobiotics by microorganisms, especially so since modern
experimentation skills enable the successful manipulation of their
specific characters.

The purpose of the present lecture is to present a critical .review
of the mechanisms of microbial bioconversion of xenobiotics indicative
of the existing problems, in order to outline basic ways to address
rationally these problems using recent developments in microbiology and

bietechnology.



1. Basic Biochemical Processes in Bioconversion of Xenobiotics

A common distinctive feature of xenobiotics is the presence in the
molecules of unusual elements, groupings, and bonds, as judged by
biological standards. For example, many pesticides are presented as
bulky complex molecules, while others display hydrophobic properties due
to the presence of reduced hydrocarbon fragments. Therefore, the
principal reole in the bioconversion of xenobiotics is played by various
lyases and oxyreductases, specifically hydrolases, oxygenases and

various dehalogenation enzymes.

1. Hydrolytic Processes

Amidic and ester bonds are known to undergo hydrolytic cleavage in acyl
anilides, phenyl ureas, esters of carbamino and thiocarbamino,
phosphoric and  thiophosphoric, and of other acids. Hydrolases
responsible for the cleavage of pesticides are among the most studied
groups of enzymes. Many of the hydrolases studied are extracellular
enzymes, except for the cell wall-bound enzymes from the fungi of
Penicillium and Arthrobacter sp. which hydrolyze barban and propham,
respectively, Arylacylamidases, which hydrolyze the amidic bond in
phenylamides, have been studied and described in detail (EC 3.5.1.13).
As a rule, these enzymes are induced by a broad spectrum of substrates
and, Wwhat is esgential, they exhibit low substrate specificity
(Engelhardt et al., 1973; Tables 1, 2}

Miinnecke and Hsich (1976) reported similar results: a culture
capable of a rapid cleavage of the thiocester bond (416 nmol/min per 1 mg
protein) alsc brought about enzymic hydrolysis of another 8 of the 12
insecticides tested. This property of microbial hydrolases underlies the
emergence of 'problem’ soils , i.e., one of the problems we mentioned in

the introduction.



TABLE 1. Induction of acylamidase in Bacillus sphaericus 12123
{(Engelhardt et al., 1973}

Inductor Specific activity Induction rate,
107 units/mg protein % of that of linuron
Linuron 0.13 100
Maloran- 0.015 12
Monalide 0.029 22
Propanil 0.002 2
Propham 0.008 6
2-Chlorcbenzanilide 0.03 23
2,5-Dimethylfurane- 0.05 40

~3—carboxyanilide

TABLE 2. Hydrolysis of phenylamides by a cell-free extract of Bacillus
sphaericus induced by linuron (Engelhardt et at., 1971)

Phenylamide Specific activity,

10 © units/mg protein

Linuron 0.20
Monolinuron 0.20
Maloran 0.11
Carboxin 2.52
2=Chlorobenzanilide 18.7
Glycerol-4-nitroanilide 106.0
L-Alanine-4-nitroanilide 309.0
L-Leucine-4-nitoranilide 55.8
L-Phenylalanine-4-nitroanilide 7.63
~

2. Dehalogenation

The molecules of most xenobiotics contain halogens bonded to aliphatic
or aromatic carbon. This implies that dehalogenation reactions should be
important initial steps in the degradation of xenobiotics. Though an
adequate knowledge of molecular mechanisms of dehalogenation calls for
further studies, yet certain reaction types are fairly well known,
e.g., hydrolytic, reductive and oxidative dehalogenations. The latter
reactions may be specified as including dehydrohalogenation, i.e.
dehalogenation which involves molecular oxygen and results in the
formation of a double bond. A number of enzymes have been isolated and
characterized which effect dehalogenation. These are haloacetate
halidohydrolase (EC 3.8.1.3) that splits-off a halogen off halide from

10



acetate to form glycolic acid; hydrolases 1 and 2 which effect
dehalogenation of dichloroacetate; and 2-haloacid halidohydrolase (EC
3.8.1.2). The above enzymes are responsible for the hydrolytic release
of a halide in position 2 of short—chain fatty acids. Enzymes which
carry out reductive dehalogenation of aromatic carbon have not yet been
characterized, though the literature provides several descriptions of
the process proper comprising DDT, 2,4-D and polychlorophenois. As far
as oxidative dehalogenation is concerned, the enzyme -
DDT-dehydrochlorinase {EC 4.5.1.1.) has been characterized and details
are available for the dioxygenase-mediated dechlorination of picloram
and monooxygenase dechlorination of chlorophenoxyacids, chlorobenzoic

acids, and chlorophenols.

3. Oxidation
Oxidative processes are very Important in the bioconversion of
xenobiotics, especially pesticides, in the steps of bioconversion which
follow hydrolysis and dehalogenation of toxicants.

Here, the basic reactions involved are hydroxylation, cleavage of
the aromatic ring, oxidative O0- and N-dealkylation and epoxidation.
Certain compounds,e.g. derivatives of aromatic acids, are totally

degraded due to the involvement of oxidative enzymes (Scheme 1).

s Lo o

O- (CH ) —C*—O—(CHZ -CH —CH, CH

(er
@

SCHEME 1. Susceptible positions for the oxidative attack by enzymes
during degradation of alkyl esters of chlorophenoxyacids.

1 - hydroxylation of terminal methyl; 2 -B-oxidation; 3 - oxidative
cleavage of ester bond; 4 - hydroxylation of the ring; 5 - oxidative
dechlorination; & - cleavage of the ring; dashed line - possible
hydrolytic fission by esterase, R = methyl or Cl.
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It appears that there is no need to describe here in greater detail
oxidative enzymes, which carry out the above bioconversions, since they

are adequately treated in Hayaishi’s monograph (Hayaishi, 1974}.

4. Reduction

Generally, reductive processes take place in the early stages of
degradation under anaercbic conditions. Above, we have already mentioned
reductive dechlorination. Another no less important reaction is the
reduction of nitro groups. Enzymes which bring about this process are
called nitroreductases. They perform their functions in the presence of
NADHZ, the reaction being stimulated by the reduced form of FAD, and Mn
and Fe ions, A number of authors reported thatthese enzymes have a low
specificity. Thus, the enzymic preparation of Velloneila alkalescens was
found to catalyze the reduction of the nitro group of some 40 different
compounds. The products of nitro group reduction may be recalcitrant and
resist further fransformation, whereas the nitroso-derivativés may
exhibit potent -mutagenic or carcinogenic properties thus creating the
second problem we mentioned above, i.e., microbial bioconversion of
xenoblotics into metabolites which are more toxic than the parent

compounds.
IT. Microorganisms Effecting Detoxification of Xenobiotics

Analysis of many years of research into the mierobial degradation of
xenobiotics reveals that bacteria are the leaders in the detoxication of
xenobiotics, fgngi being the next important, with yeast, microulgae and
Protozoa beiné only rarely mentioned in this connection. Among bacteria,
pseudomanads are reputed as the best degraders of xenobiotics. It is
also noteworthy that if bacilli are responsible for pesticide
hydrolysis, then pseudomonads can bring about hydrolysis as successfully
as they do dehalogenation, hydroxylation, aromatic ring cleavage and
nitro group reduction. Examples of bioconversion of various compounds
effected by pseudomonads are listed below in Table 3.

Of the other bacteria, the genera Acinetobacter, Arthrobacter,

Rhodococcus, and Flavobacterium deserve some mention, since they often
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bring about various transformations of Xenobiotics differing in
composition.

Fungal cultures are often Involved in the bioconversions of sym-
triazines, the genera Aspergillus and Peniciilium being the most
important. Certain fungi have also been reported to bring about the
methylation of oxy- and amino groups, and metals. Thus the fungus
Trichoderma virgatum effected methylation of pentachlorophenol,
whereas Peniciilium notatum, Aspergillus niger and Scopulariopsis

brevicaulls methylated arsenic derivatives, etc.

TABLE 3. Bicconversion of xenobiotics effected by pseudomonads.

Mode of action Species Reference

Hydrolysis of carbaryl, dichlo- Pseudomonas Matsumura and

phos, diazinon, parathion melophthora Boush, 1968

Hydrolysis of parathion Pseudomonas Miinnecke and
stutzeri Hsich, 1976

Dehalogenation of halide ace- Pseudomonas sp.  Goldman and

tate Milne, 1966

Total dehalogenation of DDT, Pseudomonas Golovleva et al.,

aromatic ring cleavage aeruginosa 1980, 1981

Total degradation of 3-chlo- Pseudomonas Golovleva et al.,

robenzoate putida 1984

Oxidative dehalogenation of Pseudomonas Matsumura et al.,

lindane putida 1976

Reduction of nitro group in Pseudomonas sp. Tewfik and Evans,

4,6-dinitro-o~-cresol 1966

Total degradation of 2,4,5-T Pseudomonas Chatterjee et al.,
sepacia 1982

Degradation of toluene, xylenes, Pseudomonas Golovleva et al.,

styrene, a-methylstyrene putida 1976, 1984
Pseudomonas Williams and
aeruginosa Worsey, 1976

1II. Role of Microorganisms in Detoxification of Pesticides

Currently, nobody will deny the important role played by the biotic
factor in the degradation of pesticide residues, According to various
authors, microorganisms degrade 25 to 70 % of =xenobiotic residues.

Literature cites microbial strains capable of degrading such

13



recalcitrant pesticides as DDT, pelychlorodiphenyls, kelthane, 2,4,5-T
and others (Golovleva and Skryabin, 1981; Chatterjee and Chakrabarty,
1983; Golovleva et al., 1980).

Unfortunately, very few xenobiotics can be wutilized by pure
cultures as the sole source of carbon. As a rule, they are fairly simple
compounds such as dalapone, chlorobenzoates, 2,4-D. Of greater
significance are bioconversions of pesticides effected by mixed
cultures, when the initial degradation steps are brought about by one
culture and the metabolites produced are further degraded other
microbial strains. An example is the hydroiysis of parathion by
Pseudomonas stutzeri which produces nitrophenol that in turn is degraded
by another strain - Pseudomonas aeruginosa (Minnecke and Hsich, [976).
The exchange of genetic information by natural microbial populations
also appears to be a potent factor that facilitates total degradation of
xenobiotics. For example, there is an opinion that phenoxyalkane
herbicides, such as 2,4-D and MCPA, do not accumulate in the environment
because plasmids, which several years ago were found to determine their
degradation, can be transferred under natural conditions from strain to
strain (Don and Pemberton, 198l). More recent is the discovery of
plasmids for the biodegradation of polychlorodiphenyls, chlorobenzoates,
petroleum, surfactants and other compounds that apparently play an
important part in degradation of numerous foreign compounds by the

natural microflora.

IV. Microbial Bioconversion of Xenobiotics to More Persistent Compounds

Despite the fact that individual xenobiotics are readily degraded in
natural ecosystems, processes involving partial bioconversion of complex
alien molecules also occur widely. Assessment of the biodegradability of
a specific toxicant based on its residence time in natural environments,
provides only meagre information on the ecological safety of the
compound in question. Many compounds are transformed into intermediates
that are highly resistant to microbial attack and thus become a serious
ecological nuisance,

Hydrolysis of phenylamide herbicides, for instance, results in the

14



formation of chluroanilines which under the action of microbial enzymes

are condensed to produce complex structures like tetrachlorobenzenes:

R
CcL NWN@CI

Ccl

3,3',4,4"'-tetrachloroazobenzene

As a result, polychloroaromatic compounds appear in the biosphere
and are much more resistant to degradation compared to the parent
pesticides or chloroanilines. Thus Kearney and co-workers detected these
compounds in the soil from rice fields 3 years after treatment with
propanil. Peroxydase and, to a lesser extent, aniline oxydase are
responsible for the production of chlorobenzenes. Similar processes also
occur during degradation of carbaryl (l-naphthyl-N-methylcarbamate); the
hydrolysis of carbaryl gives o-naphthol, which under the effect of
phenol oxydase is condensed to form complex compounds that are highly

toxic to aquatic organisms.

A particular threat to the environment are the metabolites of
nitrogen-containing pesticides, since they are further degraded being
readily transformed into highly mutagenic and carcinogenic compounds.

For example, simazine is oxidized into a carcinogen with the following

structure:
ci
2N
N/ N - CyHp
e
Sl
N
NH
Vs
C H,
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Two trifluralin degradation products are also hazardous as

mutagenic factors:

3 7
0, N N 0, N N
2 e
| -y
' CoHs | CoH5
C,H, H

The list of examples could be continued but the above illustrations
leave little doubt as to the vital need of doing thorough studies of the
properties of the intermediates of microbial pesticide bioconversion,
since  their effect on biocenoses and man may be more deleterious or

even pernicious compared to that of the parent xencbiotics.
Y. Conditions for Microbial Degradation of Xenobiotics

The principal cause of pesticide persistence in soil is commonly the
lack of conditions favouring microbial degradation. Of these, the most
important are: accessibility of toxicants to microorganism’s enzymes
which is determined by the extent of the toxicant sorption by soil
particles and colloids, availability of organic compounds which can be
utilized by the microflora as energy.subs’trates, moisture conditions,
aeration level, temperature, pH and other factors.

Certain pesticides are known to degrade readily in liquid media,
but in soil they become resistant to microbial attack. A classical
example is the herbicide paraquat which is strongly sorbed by soil thus
becoming inaccessible to microorganisms. A similar effect is observed
with 4,6-dinitro-o-cresol, which is intensively sorbed by clays and, due
to this fact, its degradation is highly inhibited. Quite often the
primary transformation of a pesticide, e.g. hydrolysis, leads to phenols
or anilines followed by their strong binding to soil and the resulting
inaccessibility to microorganisms. The problem of pesticide sorption and

desorption by soils will receive more complete coverage in the lecture
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by V.P. Sukhoparova. Therefore, we will concentrate on examining other
factors which affect biodegradation processes.

Data pertinent to the effects of organic compounds on microbjal
degradation of xencbiotics are rather conflicting. Some authors report
an inhibiting effect with increasing organic matter on the rate of
microbial decomposition of toxicants in soil, whereas others insist on a
stimulating influence of organic matter on biodegradation. The cause of
such controversy apparently may be explained by the dual role played by
organic matter in water and soil, in relation to microorganisms, i.e.,
to be a sorbent of pesticides and their metabolites and a substrate for
microbial cultures, source of carbon and providing energy for large
populations of microorganisms, source of energy and factors required for
the occurrence of the primary steps of xenobiotic degradation, and,
moreover, specific components of organic matter may have a regulatory
effect on microbial enzymes.

The stimulating action of organic matter on microbial degradation
was given a tenable explanation by studies of the phenomenon called
"co-metabolism".

Co-metabolism is defined as degradation or bioconversion of various
organic compounds, mainly of Xenobiotics, by microorganisms related to
the transformation of other, more readily accessible substrates in a
manner enabling the metabolism of cosubstrates to be stimulating for the
degradation of xencbiotics. Co-metabolism in its biological sense
consists In providing the processes of peripheral metabolism of
xenobiotics with energy, cofactors, effectors and, possibly, oxidizers
prodeced in the course of metabolism of additional substrates.

Co-metabolisn  of pesticides with various cosubstrates has been
described by numerous authors for both laboratory and natural
conditions. Thus the herbicide ordram was degraded by cultures of
Bacillus sp. in the presence of ethanol; DDT was found to be co-
metabolized by the strain P. aeruginosa 640x on the medium amended with
glycerol and hexadecane, with alvison - during microbjal growth on
organic acids. Numerous experiments on the introduction of co-substrates
into soils and water bodies showed a substantial increase of the soil

microflora activity towards simazine, dexon, diazinon, pentachloronitro-
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phenol, paraquat and other pesticides.

Hence, the organic matter of soil colloidal systems may impede
microbial degradation of pesticides as the result of their sorption. In
contrast, organic compounds of low molecular weight generally stimulate
the bicdegradation of xenobiotics.

Conditions of medium aeration under which degradation of
xenobiotics occurs, call for a special discussion. Broad participation
of oxidative enzymes in the conversion of foreign compounds favoured the
view on the common necessity for accessible oxygen for effective
degradation of pesticide residues. However, studies of microorganisms
populating water and mud of flooded rice fields treated with pesticides
have shed a new light on the role of anaerobic processes in the
microbial degradation of xenobiotics.

It was found that many persistent pesticides, reputed as
recalcitrant to microbial attack and therefore residing in soil for
years, are degraded much faster in the tropical soils of flooded rice
fields. In this respect, lindane is the best example. It was subject to
anaerobic microbial degradation in mud and lake sediments. In addition
to lindane, heptachlor, endrin, methoxychlor and kelthane underwent
intensive degradation in flooded soils. The organophosphorus pestici'de,
diazinon was removed from the flooded soil in two months, whereas its
residence time in a non-flooded soil was 6 months. Hence, it should be
kept in mind that anaerobic conditions favour the accumulation of
metabolites - the products of hydrolysis and dechlorination whose
further decomposition requires a supply of air. Such a situation was
observed during degradation- of parathion, diazinon, the carbamate
pesticide carbofuran and other pesticides in soil.

The effect of pH on the microbial degradation of xenobiotics is
displayed not only in relation to properties of the microorganisms
and/or enzymes but also by the fact that the acidity of the medium
affects the rates of sorption of pesticides and their metabolites and
influences the processes of decomposition or formation of conjugates of
condensed compounds.

Anaerobic processes prove to be highly dependent on the Eh levels.
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V1. Enhanced Degradation of Pesticides as Evidence for Microbial

Activities

Repeated applications of the same biodegradable pesticides to specific
crops often leads to the development in treated soils of microbial
populations capable of rapid degradation of the applied pesticides
thereby decreasing their efficiency in soil. This is the case with many
carbamate, acetamide, acylanilide and organocphosphate insecticides,
herbicides and nematocides, which on application te soil undergo rapid
degradation, The soils in which such preparations produce no positive
effect and do not affect the target organisms are called the *"tired”,
"problem" or “aggressive" (Kaufman, 1987). The VI International Congress
on Chemistry of Pesticides held in Canada devoted much time to this
topic (Filsot, 1986; Hamm and Thomas, 1986; Tam et al.,, 1986). It was
clearly demonstrated that frequent, unsystematic application of
sym-triazines, carbofuran, chloroethiocarb and other toxicants led to a
total loss of activity due to a drastically enhanced degradation by the
soil microflora. Isolation and identification of microorganisms from
such soils indicated the presence of strains capable of the rapid
metabelism of the pesticides and their structural analogues. This fact
essentially restricts the arsenal of pesticides wused in farming
practices. Many factors appear to contribute to the emergence of problem
soils. The most common of these are the concentration of organic matter
in soil, pH, moisture level, temperature, aeration conditions, soil
capacitance, level and quantity of applied pesticides. No systematic
studies have been conducted to establish the number of pesticide
applications required before the phenomenon of accelerated degradation
of specific pesticides becomes operative in soils. Laboratory kinetic
studies of pesticide degradation in problem soils with parathion pointed
to a distinct enhancement of the degradation rate after the second or
third application of the toxicant to a flooded soil (Barik et al.,
1979). At the same time, degradation of carbofuran showed drastic
acceleration even after its first application to sandy soils. In
practice, certain toxicants, e.g. herbicides, are usually used once a

season on the farm, whereas specific insecticides are applied more
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frequently (2-4 times a season in rice fields and over 10 times in
cotton plantations). For various pesticide preparations, the threshold
levels that induce enhanced degradation, and consequentiy activate the
adaptive microfilora, have different values, while in the laboratory,
experiments are generally conducted at higher concentrations of
pesticides compared to those used in real farming practice. These points
should be borne in mind while elaborating practical recommendations for
averting the appearance of problem soils and attempting to extrapolate
laboratory results to field conditicns. Dr. Kaufman, an expert in this
field, proposed the fecllowing techniques as preventive measures against
the development of problem soils: crop rotation, alternation of
pesticides, application of microbial inhibitors, introduction of new
preparations into the arsenal of applied pesticides, new formulations
with inhibited action of pesticides, etc. (Kaufman, 1987). Of course,
any of the proposed techniques has its own advantages, restrictions and
drawbacks. The ideal case will be to bring about a more effective
control of pesticide residues in real environmental conditions in order
to minimize the level of pesticide use and thus reduce the probability

of the development of problem soils.

ViI. Role of Microorganisms in Formation and Release of Soil-Bound

Pesticides

In the course of a pesticide applied to a soil, certain portions of the
toxicant or its metabolites may after a time be bound to specific soil
components and thus become unextractable by conventional analytical
techniques. The binding of pesticides by soil is of great ecologicéi and
toxicological 'signir‘ icance. When bound by so0il, a pesticide is
detoxified and loses its activity. However, until now it is not quite
clear whether such binding is irreversible or only temporary. Many
researchers have reported data supperting the release of soil-bound
pesticides and their possible accumulation by plants or leaching into
underground waters (Fuhr et al., 1985; Aharanson et al., 1987).
Moreover, the incorporation of foreign chemicals may essentially affect

the soil structure and various microbial and biochemical processes
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occurring therein. The rate of pesticide inclusion into organic matter
of the soil depends on the type of the pesticide applied and its
capacity to undergo biotic and abiotic transformations. The proportion
of incorporated pesticides may vary from 507 after a few weeks to 1-2%
after a year.

The modes of microorganisms’ involvement into the formation of
soil-bound residues of pesticides may differ. They may degrade
pesticides to highly reactive products forming complexes with the soil
humus. Most phenylureas, phenylcarbamates, acylanilides as well as
specific  fungicides contain halogens or  alkyl-substituted aniline
moieties. In the course of microbial conversion these compounds are
released and can also interact with organic matter of the soil (Bartha,

1968; Bollag et al., 1978; Hsu and Bartha, 1974).

1. Formation of Soil-Bound Residues by Pure Cultures and Enzymes
Many microorganisms synthesize the enzymes called phenol oxydases
capable of bringing about the formation of oligomers and polymers.
Polymerization of humus monomers often involves chlorophenols that are
produced during the bioconversion of a number of pesticides: 2.4-D,
MCPA, 2,4,5-T and many others. Thus laccase of the fungus Phizoctonia
praticola brings about the coupling of dichloropheny! with syringic and
vanillic acids, vanillin, and orcin which are components of humus. A
number of fungal enzymes effected the conjugation of pentachlorophenol
with syringic acid to form various oligomers (Bollag et al., 1977). It
was found that laccase of the fungus Trametes versicolor formed a
conjugation with xylenol and syringic acid and polymerized various
substituted anilines (Bollag and Liu, 1985; Hoff et al., 1985). The
fungus Aspergillus versicolor effected the incorporation into a humic
polymer even of such a complex molecule as methoxychlor. It should be
noted that methoxychlor does not contain free phenyl groups (Mathur and
Morley, 1978). The bound materials are more resistant to microbial
degradation as compared to unbound ones (Haider, 1976).

It is also worthy of note that the binding of pesticides to soil is
enhanced by application of mineral fertilizers, manure and organic
additifs (Lichtenstein et al., 1982).
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2. Release of Soil-Bound Pesticide Residues by Microorganisms

As mentioned above, the pesticide residues bound to ‘soil are rather
persistent. Thus, two years after application, 46% of 3,4-dichloroani-
line applied was still bound in the soil as a pesticide residue. None-
theless, certain reports indicate that bound pesticides and their meta-
bolites may be released faster under the impact of various micro-
organisms. These data are, however, of an indirect character: such as
increased emission of ”COZ in experiments where glucose had been added
to the scil, asparagine or activated sludge waste system with bound
pesticides labelled with radioactive carbon or increasing uptake by
plants of bound pesticide residues as the result of a presumably high
activity of foreign microflora. There exist some direct evidences but
these are not examples. The above process of methoxychlor coupling with
the soil humus effected by Aspergillus versicolor, became reversible
under the action of another fungus Marasmius oreades and resulted in the
reiease of methoxychlor from the complex (Mathur and Morley, 1978).

The fungi Penicillium frequentans and Aspergillus versicolor were
found to release (NC—3.4—diChloroaniline from the complex with the
humic substance of soil (Hsu and Bartha, 1974). Incubation of the
(14C)-prometr‘in complex bound to soil with 4 different microbial
mixtures also has led to the release of some 25-30% of the radioactivity
after 28 days (Khan and Ivarson, 1982). But it should be stressed once
again that the available information is too limited to assess the
contribution of microorganisms to the release of bound pesticide

residues and their subsequent degradation.
VIII. Potential of Biotechnology for Degradation of Xenobiotics

Recent developments in the genetic engineering of micreorganisms
have opened many possibilities for the use of microbial strains with
enhanced degradative activity to persistent pollutants, for designing,
using gene engineering techniques, crops resistant to herbicides or
capable of degrading herbicide residues accumulated by plants and also
for constructing bacteria capable of producing enzymes for the pesticide
detoxification (Kearney et al., 1987; Chaleff, 1986; Stotzky and Babich,
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1986).

At the present time, a number of laboratories have produced strains
capabie of degrading such persistent pollutants as mono- and
dichlorophenols, mono- and dichlorobenzoates, DDT and kelthane, 2,4,5-T,
etc. (Chatterjee et al., 198l; Pemberton and Don, 198l; Golovleva et
al., 1980, 1981, 1986, 1987). These strains were formed by strategies
based on both engineering in vivo, i.e. direct strain-to-strain transfer
of an entire plasmid or of its fragments with subsequent selection of
transconjugants, and using in vitro techniques, i.e. the gene <¢loning.
The first strategy proved to be successful in producing the strain
Pseudomonas aeruginosa BS827 with enhanced capability for degrading DDT
and kelthane (Golovleva et al., 1982). The same approach was successful
in engineering bacterial strains capable of degrading mono- and
dichlorobenzoates {Chatterjee and Chakrabarty, 1982), and 2,4,5-T. In
fact, this method has opened up new avenues for constructing novel
strains. However, the transconjugants produced are not merely strains
with an increased number of plasmids, but as a rule, they harbour
complex genetic events which often lead to the establishment of new
biochemical pathways that prove difficult to predict.

Gene cloning presents a number of advantages, specifically it
allows selection of those genes which are indispensable for a specific
hybrid pathway while excluding those genes which encode unproductive
biodegradation steps. However, the method suffers a substantial
limitation - in order to successfully manipulate with DNA enzymes, it
requires a thorough knowledge of modern biochemistry and the genetic
organization of initial metabolic pathways. The lack of such information
of degradative processes of most xenobiotics greatly impedes a wider use
of this method. One example of a successful use of this strategy is the
construction of a microorganism based on the strain Pseudomonas sp. BI3
that is capable of utilizing 3,4-,3,5-dichloro- benzoates (Lehrbach et
al.,, 1984). Fragments of the TOL plasmid containing genes xylD and xylL
and DNA of the plasmid NAH7 harbouring gene nahG have also been cloned
in the vector pBR322, which was subsequently ligated with the vector
pKT23L for a wide range of Gram-negative bacterial hosts. The hybrid

plasmids were introduced into the strain Pseudomonas sp. B3 resulting
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in a drastic increase of the metabolic potential of the strain enabling
it to utilize 3,4-, 3,5~ dichlorcbenzoates and 3-, 4-~, S5S-chlorosali~
cylates {Lehrbach et al., 1984).

The successful development of strains able to degrade persistent
pollutants brought to the forefront the problem of stability and
resistance of such strains. At present, one of the most urgent problems
in this field is the establishment of regulations that controi the
stability of a plasmid-carrying microbial population and investigation
of the possibilities of effective use of the constructed strains under
natural conditions. Of special importance are studies on the behaviour
of micf‘oorganisms, produced by genetic manipulations in model ecosystems
in order that their behavioural characters can be extrapolated to
natural ecosystems. In addition to their viability and genetic
stability, on releasing such microorganisms into soil or water other
aspects acquire special significance. These embrace the impact on natural
water and soil ecosystems, ability to exchange genetic material with the
autochthonous microflora, the capacity for distribution over substantial
distances and to occupy new ecological niches (Stotzky and Babich, 1984;
Colwell, 1986). Studies of the viability and stability of a number of
strains are interesting as potential subjects for subsequent genetic
manipulations and reveal that individual strains are rather tolerant to
abiotic stresses, remain viable under conditions of nutrient deficiency
and can exist in the presence of antagonists.

Constructed strains also proved to be fairly viable when released
into soil. In our experiments, the strain P. aeruginosa BS827 was active
in degradation of kelthane in soil and persisted for several field
seasons, whereas the plasmid introduced in the strain remained rather
stable under selective conditions in the presence of the xenobiotic
{Golovieva et al., 1987). However, the lack of adequate genetic
characteristics of the initial and constructed strains, scanty data on
genetic interactions of microorganisms, and in particular on those
engineered by genetic methods, under natural conditions, as well as
imperfection of the monitoring of constructed strains released in the
environment are becoming the cause of growing concern on the part of

scientists and the public in general. Some scientists are of the opinion
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that such strains are not advisable for practical use due to potential
hazards to the biosphere. Genetically constructed strains appear to show
promjse for the cleanup of industrial sewage which is a step required in
order to avert environmental pollution. Experiments on the purification
of industrial effluents from residual toxicants using the strain P.
aeruginosa DCI3 carrying the plasmid for the biodegradation of
a-methylstyrene, toluene and diphenyl, showed that both the strain and
plasmid remained stable and active during the entire 4-month experiment.
In these experiments it was also found that the amount of toxicants
removed exceeded 997.

Another direction where biotechnology may have a role in the future
is the development of higher yields of microbial enzymes which carry out
the degradation of xenobiotics. To date, success is still modest but the
work carried out at the Agricultural Environmental Quality Institute in
Beltsville (USA) shows the potential (Kearney et al.,, 1987). The enzyme
parathion hydrolase {E.C.3.1.3.) carries out hydrolysis of parathion:

; :
I

Hy CpO-P-0- -NO,~—— HO- ~NO, + HgzC,0-P-OH
OC,Hg OC,Hs

The enzyme displays a broad substrate specificity in relation to
0,0-diethylphosphorothioate, and it wvas isolated from Ps. diminuta and
Flavobacterium sp. Both strains carry plasmids responsible for
biosynthesis of this esterase. In Ps. diminuta, the plasmid pCMSl has
molecular weight of 66 kb and 43 kb in Flavobacterium. The experiments
on DNA hybridization showed a significant homology of the two genes
responsible for the enzyme biosynthesis. Restriction analysis supported
this homology. The work aimed at obtaining strains with enhanced

capabilities for the enzyme biosynthesis is being continued.
IX. Potential of the Practical Utilization of Microorganisms
"

The practical application of microorganisms for the degradation of

25



xenobiotics is presently brought about almost exclusively in the
treatment of sewage from various industries.

Experience gained from laboratory assays and industrial uses
indicates that pure and mixed cultures of microorganisms are capable of
degrading individual pesticides rapidly. Such evidence was obtained for
the degradation of 2,4-D, 2,4-dichlorophenol and parathion using
pseudomonads (Mtiinnecke and Hsich, 1974). Imrmobilization of cells and
enzymes opens up broader prospects for purification of industrial
effluents from toxicants. Thus an enzyme preparation capable of
hydrolyzing nine organophosphate pesticides was immobilized on
fragmented glass, and a column packed with the immobilized enzyme had a
half-residence time of 280 days while maintaining the hydrolase specific
activity level of 0.035 to 0.5 pmol/mg glass. The cells of pseudomonads
immobilized on glass wool were of total purification of industrial
effluents from such toxic and volatile compounds as a-methylstyrene,
toluene and styrene. The purification efficiency was over 99%, and the
cells still displayed high activity after several months (Golovleva et
al., 1987).

Efforts to use active microbjal strains for the degradation of
pesticides and other xenobiotics under natural conditions follow two
principal directions. The first is the release of active microorganisms
into scil and water bodies which .are studied in model ecosystems as well
as real natural conditions. In some instances the desired results were
obtained, especially with genetically constructed strains, whereas most
experiments did not provide the expected results and the strains
released into ecosystems were either rapidly eliminated or did not
display degradative characters (Anderson and Lichtenstein, 1972;
Golovleva et al., 1977). Such an approach -calls obviously for more
adequate investigations, especially when using genetically constructed
strains to eliminate or at least reduce the hazard to the minimum with
respect to their control distribution.

The second direction, which also appears to be promising, attempts
te activate the microflora of the natural habitats by introduction of
appropriate inducive sub.strates, sources of nitrogen and phosphorus, and

various cosubstrates.
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The Sun 0il company has gained a reputation based on their cleanup
of water bodies, underground waters and limestones polluted with
petroleum products by the introduction of dissolved nitrogen and
phosphorus salts (US patent, 1974). Finnish researchers obtained
positive results in the purification of soils polluted with petroleum
waste by the application of effluents from industries manufacturing
yeast. FEarlier, work was mentioned aimed at enhancing the microbial
degradation of lindane, DDT and other polychloroaromatic pesticides by
ploughing alfalfa, straw and green pea mass Into fields. Consequently,
the problem of the cleanup of pesticide residues from natural habitats
by the activation of the natural microflora calls for a systematic work

in this direction.

Conclusion

1. A review of the state of the art in microbial degradation of
xenobiotics makes it possible to indicate some basic practical tasks and
identif'y priority areas for further research.

2. First and most important is the development of the principles of
synthesis of xenobiotics (pesticides in particular) that will present no
hazards to the biosphere both in the initial state and in the course of
their transformations in the environment.

3. OGradual substitution of chemical means of protection of plants and
animals by the biological ones.

4. Improvement of the biodegradability control system and investigation
of metabolic pathways in different natural ecosystems for all synthetic
chemicals intended for release into the biosphere in order to avert the
risk of the formation of intermediates which are deleterious to the
biota.

5. Strict monitoring of residues of pollutants in natural environments.
The elaboration of agrotechnical methods preventing formation of problem
soils by crop rotations, alternation of applied chemicals, microbio-
logical control, use of inhibitors etc.

6. Development of the fundamental principles for the establishment and

control  of integrated sewage purification systems extended from
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activated sludge and bioclogical ponds to the use of immobilized cells and
ENZymes.

7. Feasibility studies on the control and potential monitoring of the
activity of microflora in natural habitats: soils, water bodies, etc. by
the release of microorganisms and/or chemicals. Investigation of the
possibility of release of microorganisms, including those genetically
constructed, into natural ecobiocenoses with the view to detoxifying
residues of persistent pollutants. The latter task calls for special
attention to the prcblems of biotechnology, ecology, and biocenology of

microorganisms.
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MICROBIAL INTERACTIONS WITH HALOGENATED ALIPHATIC HYDROCARBONS
UNDER AEROBIC AND ANAEROBIC CONDITIONS

Thomas Leisinger

Ten years ago virtually nothing was known about the interactions of
microorganisms with halogenated aliphatic hydrocarbons. Today one can
state that all the relevant chleorinated, brominated and iodinated
aliphatic hydrocarbons are, under some conditions, subject to microbial
attack. This statement is not valid for the fluorinated aliphatic
hydrocarbons which either have yielded negative results or have not been
tested Microbial interactions with halogenated aliphatic hydrocarbons
have been reviewed by Janssen and Witvhold (1985), Leisinger (1983),
Miiller and Lingens (1986) and by Vogel et al. (i1987). The interest in
microbial interactions with halogenated aliphatic hydrocarbons is
evidently due to the fact that these compounds have proven to be
bothersome environmental pollutants that are resistant to microbial
degradation by many ecosystems. Their significance as pollutants relates
the large quantities of these compounds that are produced worldwide
(approx. 30 millien tons per year according to Pearson (1982) and with
their widespread use as solvents or intermediates in chemical syntheses.
The most important representatives, which are also the most significant
pollutants, are trichloromethane, dichloromethane, tetrachloroethene,

trichloroethene, chloroethene, trichloroethane and I,2-dichloroethane.
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Halogenated aliphatic hydrocarbons enter the environment not exclusively
as a result of industrial activities. Many of these compounds have been
shown to occur naturally. They are synthesized by fungi, formed in
forest fires and, most importantly, continuously released by marine
macroalgae (Gschwend et al., 1985).

The three basic types of interactions of microorganisms with

halogenated alipbatic hydrocarbons are listed in Table 1.

TABLE 1. Bacterial systems for the degradation of aliphatic hydrocarbons.

Function of halohydrecarbon Dehalogenation mechanism
Carbons/energy source Hydrolytic (thiolytic)
Cometabolic substrate Hydrolytic

Oxidative
Electron acceptor Reductive

These compounds may serve as the only carbon and‘ener‘gy sources for
aerobic chemoheterotrophic bacteria, and the dehalogenation mechanisms
involved are either hydrolytic (thiolytic in some cases} or oxidative.
Alternatively, halogenated aliphatic hydrocarbons serve as cometabolic
substrates for aerobic chemotrophs. In this case the organisms grow on
another compound and fortuitously transform the halogenated compound
into less halogenated or non-halogenated products by the enzymes induced
under the particular growth conditions. The dehalogenation mechanisms
that have been observed wunder these conditions again are either
hydrolytic or oxidative.

As a third possibility, halogenated aliphatic hydrocarbons may
function as electron acceptors in anaerobic systems thereby being
reductively dehalogenated. This type of reaction has been observed in
methanogenic mixed cultures grown on acetate as well as in mixed
cultures grown under denitrification conditions (Vogel et al., 1987).
The dehalogenation reactions operating in bacterial systems are

summarized in Table 2.
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TABLE 2. Dehalogenation reactions in bacteria.

Thiolysis: Dichloromethane dehalogenase
CHZCl2 + GSH —— lGS—CHZCl] + HCi

Hydrolysis: Haloalkane dehalogenases

H H
R_EI:_CI + HZO —_— R-:E—OH + HCI
H H
Oxidation: e.g. Alkane-monooxygenases
H H
R—I?—Cl + 02 + NADH2 —_ [R—I(E—Cll + HZO + NADP
H OH
H
R—::=O + HCl
Reduction (Hydrogenolysis)
H R
R-C-cf+ 211 - —— R -CH + HOY
3 1
Reduction (Dihalo-elimination)
H H HH
H—E:— (I:—H +2[H —— |C=E: + 2HCl1
a R

1. Hydrolytic (Thiolytic) Dehalogenation

Several haloalkane dehalogenases from bacteria have been purified and
characterized. The most specific one is dichloromethane dehalogenase, an
enzyme found in facultatively methylotrophic bacteria of the genera
Methylobacterium, Hyphomicrobium and Pseudomonas. All organisms growing
on dichloremethane as the oi;ly carbon and energy source possess this
enzyme. Using reduced glutathione as a cofactor, it converts one
molecule of dichloromethane into one molecule of formaldehyde and two
molecules of hydrochloric acid. The formation of formaldehyde is thought

to proceed through the following intermediates:
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CHzCi2 + GSH —— GS—HZCCI + HCI
GS—CHZCI + HZO —_— GS—CHZOH + HCI
GS-CH20H — GSH + CHZO

Dichloromethane dehalogenase, a hexamer with a subunit molecular
weight of 33 kDa, is highly inducible by its substrate and constitutes
about 16% of the total soluble protein in induced cells. The enzyme
utilizes CHzClz' CHZBr‘Cl, CHzBr‘2 and CHZIZ as substrates but is inactive
with a number of other aliphatic hydrocarbons that were tested. It has
an extremely low turnover number of 33 mol of dichloromethane per mol of
enzyme subunit per minute, which has given rise to the speculation that
dichloromethane dehalogenase represents an enzyme at an early stage in
its evolution, whose catalytic activity is still in the process of being
improved {Kohier-Staub et al., 1986). The dichloromethane utilization
genes of Methanobacterium sp. DM4 have been cloned (Galli and Leisinger,
1988). A fluidized bed reactor with sand particles as a carrier for
immobilization of dichloromethane-degrading bacteria was operated under
non-sterile conditions. It exhibited a maximum degradation rate of 1.6 g
of dichloromethane per hour and was stable during long-time operétion
(Galli and Leisinger, 1985}

Another group of well characterized enzymes specifically involved
in the degradation of halogenated aliphatic hydrocarbons are bacterial
haloalkane dehydrogenases. As shown in Table 3, four enzymes of this
type have recently been purified and characterized from Gram—negaiive as
well as from Gram-positive bacteria. All four enzymes are composed of a
single subunit of roughly similar size. They have no requirement for an
added cofactor but the catalytic mechanism is thought to be broadly
similar to the one described for dichloromethane dehalogenase in
requiring a sulfhydryl group at the active site. The enzymes differ with
respect to their inducibility, the Xanthobacter .enzyme being formed
constitutively, whereas the other three enzymes are induced by
haloalkanes. They also differ with respect to their substrate range. The
preferred substrates are mono- or biterminally chlorinated, brominated

or iodinated alkanes of varying chain length. The enzymes dehalogenate
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also the haloalcohols but very weakly or not at all the corresponding

haloacids.

TABLE 3. Bacterial haloalkane dehalogenases.

Organism Sub- MW  Induc- Substrate Reference
unit (kDa) tion range

Xanthobacter Keuning et al., 1985
autotrophicus 1 36 - Ci—Ca

Acinebacter sp. 1 28 + Cz2-Co Janssen et al., (986
Corynebacter sp. 1 36 + Cz-Ciz Yokota et al., 1987
Arthrobacter sp. 1 37 + Ci-C10 Scholtz et al., 1987

2. Oxidative Dehalogenation

The hyd:;olytic dehalogenations discussed so far provide the means for
the mineralization of the important pollutants dichloromethane and
1,2-dichioroethane. Hydrolytic enzymes attacking chlorinated ethenes
like chloroethene, trichloroethene and tetrachloroethene or
polyhalogenated methanes like trichloromethane or tetrachloromethane
have not been observed. To deal with these important environmental
poilutants one has to rely on oxidative or reductive mechanisms. The
biochemistry of these reactions is not understood at present.
Industrially important chlorinated aliphatic hydrocarbons which are
utilized via oxidative dehalogenation reactions as growth substrates for
bacterial pure cultures include chloromethane (Hartmans et al., 1986),
1,2-dichloroethane (Stucki et al., 1983) and chloroethene (Hartmans et
al., 1985). However, many oxidative and all reductive dehalogenations of
C1 and C2 halohydrocarbons are transformation reactions which do not
provide the dehalogenating organisms with utilizable carbon sources.

There exists  andirect evidence that some long chain
mono-haloalkanes are oxidatively dehalogenated by non-specific alkane
mono-oxygenases. The corresponding dehalogenation reactions, however,
have not been measured in cell-free systems (Yokota et al., 1986).

Recently it was observed that trichloroethene is completely
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dehalogenated by an inducible component of a bacterial aromatic
degradative pathway (Nelson et al., 1987). Several important halogenated
aliphatic hydrocarbons are co-oxidized by methane mono-oxygenase, an
enzyme which is notorious for its wide substrate specificity. The
evidence for this co-oxidative transformations rests on experiments, in
which “C—labeled trichloromethane, trichloroethane, dichloroethene or
chloroethene was added at low concentration to growing methanotrophic
mixed cultures. The labeled halogenated compounds disappeared, and most
of the label was recovered in COZ. The reactions and the intermediates
in these transformations, which ultimately lead to COZ. are not known.
The system is, however, of considerable interest for the removal of

chlorinated ethenes from contaminated groundwater (Wilson et al., 1987).
3. Reductive Dehalogenation

The highly chlorinated compounds tetrachloromethane and tetrachloro-
ethene are not attacked by methane mono-oxygenase. The high extent of
halogenation of these compounds increases their electrophilicity and
their oxidation state and makes them more susceptible to reduction and
less susceptible to oxidation. The effect of the extent of halogenation
on the relative rates of oxidation and reduction of chlorinated
methanes, ethanes and ethenes was discussed by Vogel et al. (1987). From
their  considerations it is evident that an initial reductive
dehalogenation may represent the only possibility for the microbial
degradation of the highly chlorinated solvents. A major problem in
studying anaerobic dehalogenations was the fact that these reactions had
only been observed in undefined mixed cultures and that the organisms
involved were unknown. Recently reductive dehalogenations have been
observed with pure cultures of strict anaerobes, namely with methanogens
and with sulfate reducing bacteria (Tabie 4) as well as with acetogens
(Egli et al., unpublished).

This should allow the mechanism to be explored. Since we observe
reductive dehalogenation of chlorinated aliphatic hydrocarbons only in
anaerobic bacteria possessing the acetyl-CoA pathway, but not in

organjisms using the citric acid cycle for acetyl-CoA oxidation, we
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speculate that a component of the acetyl-CoA pathway, possibly a

corrinoid protein, is involved in anaerobic dehalogenation.

TABLE 4. Anaerobic dehalogenation of halogenated aliphatic hydrocarbons
by bacterial pure cultures.

Halogenated Product Organism® Reference
compound formed
CCla CHClz M, S Egll et al., 1987
CHCla CHzCJz M, S Egli et al., 1987
CH2Cl1-CHzClI CHz=CHz M Egli et al., 1987
Belay and Daniels, 1987
CH3-CCla CHa-CHCIz2 M, S Egli et al., 1987;
CClz=CClz2 CClz=CHCI M, DCB-1 Egli et al., 1987;
Fathepure et al., 1987
CHzBr-CHa CH3-CHz M Belay and Daniels, 1987
CH2Br-CH2zBr CHz=CHz M Belay and Daniels, 1987
CHBr=CHBr CH=CH M Belay and Daniels, 1987

* M - methanogenic bacteria, S - Desulfobacterium autotrophicus,
DCB-1 - dechlorinating bacterium DCB-1.

TABLE 5. Approximate degradation rates of bacterial cultures for
chiorinated hydrocarbons.

System Compound Rate Reference
(mg/g protein h)

Aerobic CHzCl2 540 Galli and Leisinger, 1985
mineralization CH2=CHCI 60 Hartmans et al., 1985

CHzCl-CHz2Cl 450 Stucki et al., 1983
Co-oxidation by CHCI=CCIl2 0.33 Fogel et al,, 1986
methanotrophs CHCI|=CHCI 1.60 Fogel et al., 1986
Anaerobic CCla 54 Scholtz et al., unpubl.
transformation CHCIz3 0.70 Scholtz et al., unpubl,

CH3-CCl3 0.22 Egli et al., 1987

CCl2=CCl2 0.0l6 Fathepure et al,, 1987
Conclusions

Bacteria for the partial and in many cases for the complete microbial

degradation of the important chlorinated aliphatic hydrocarbons are
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available. The most efficient systems are those, in which the
chlorinated compounds are utilized as carbon sources via hydrolytic or
oxidative dehalogenation mechanisms. Halogenated compounds not serving
as carbon sources are either co-oxidatively transformed by methano-
trophic mixed cultures or reductively dehalogenated by methanogens,
certain sulfate reducers and acetogens. Some compounds are subject to
both types of transformations. The total degradation of highly
chlorinated compounds like tetrachloroethene is feasible by combining
anaerobic dehalogenation with subsequent co-oxidation in a
methanotrophic system. As shown in Table S, the degradation rates
observed in co-oxidative transformation systems with methanotrophs are 2
to 3 orders of magnitude lower than the degradation rates of systems
permitting growth on chlorinated aliphatic hydrocarbons. With the
exception of the transformation of tetrachloromethane, the -same holds
true for the anaerobic dehalogenation systems. It is now important to
understand the biochemistry of co-oxidation and of  anaerobic
dehalogenation. Insight into the mechanisms of these processes may lead
to possibilities fer their optimization and their application in the

solution of environmental problems.
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GENETICS OF BIODEGRADATION

A.M. Boronin

Introduction

The last several decades have been characterized by broad industrial and
agricultural applications of numerous synthetic organic chemicals as
solvents, refrigerants, explosives, dielectrics, plasticizers, fire
retardants, pesticides, herbicides, etc. Most of these compounds are
referred to as xXenobiotics, i.e. substances alien to the environment.
Many of them are bhalogenated compounds which exhibit highly toxic
characters. Natural compounds very rarely contain halogen-carbon bonds.
Therefore the presence of such groups in xenobiotic molecules creates
problems with regard to their microbial degradation. Consequentiy,
accumulation of halogenated organic compounds occurs in water and soil
(Schneider, 1979). This in turn leads to the concentration of such
compounds in plants, animals, and even humans (Ramel, 1978). Since many
of these compounds are potential carcinogens and, therefore, are
hazardous to man, their accumulation in the biosphere arouses a growing
concern on the part of scientists and the public in general. Evident
economic benefits derived from the application of chlorinated compounds,
for example pesticides and herbicides in agr‘iculture, become conflict
with the potential biological hazards due to their presence in the
biosphere,
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In order to resclve this problem there is a need, in the first
place, for adequate information on the capabilities of microorganisms to
degrade toxic organics released to the biosphere. Studies of the
degradation of xenobiotics by the 5911 microflora revealed that certain
chlorinated compounds, e.g. the widely used herbicide 2,4-dichloro-
phenoxyacet:ic acid (2,4-D), are effectively degraded by soil
microorganisms. However, most chlorinated organic compounds prove to be
fairly persistent and undergo very slow and only partial degradation by
the soil microflora as a result of a process known as co-oxidation
{Alexander, 1981).

In recent years intensive studies have been carried out on - the
analysis of genetic systems which control degradation of organic
compounds by bacteria. Such investigations were aimed at elucidating the
evolutionary aspects of the capacity of bacteria to degrade new
synthetic chemicals, studies of the mechanisms of distribution of this
character among bacteria, which are referred to different taxonomic
groups, and, finally, assessment of the possibility of practical uses of
bacteria posessing such characters for the cleanup of the environment

from toxic pollutants,
1. Plasmids of Biodegradation

The term "biodegradation” is used to describe processes of partial or
total decomposition of organic compounds by microorganisms with the
possible utilization of decomposition products as sourges of carbon and
energy for microbial populations which bring about this process. In
general, they are mostly orgaﬁic compounds which are not utilized as
commen growth substrates by the/ majority of microorganisms.

To date, the degradation of organic compounds by bacteria has been
shown to be ’c:)rrtrb:iled in many cases by extrachromosomal elements
capable of stable autonomous replication. These elements have been named
plasmids (Novick et al.,, 1976). Plasmids which determine reactions of
degradation of organic cémpounds were discovered in the early 1970s in
bacteria of the genus Pseudomonas. Chakrabarty (1973) proposed to term

them "biodegradation "plasmids, whereas Broda was ‘the first to use for
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their designation the abbreviation "D-plasmids”™ {Bayley et al., 1979).

At present, a number of biodegradation plasmids have been
identified. Most of them were found in the soil strains of Pseudomonas
genus, most often in strains of Pseudomonas putida (Table 1). These
plasmids control the bacterial catabolism of such compounds as
salicylate, naphthalene, camphor, octane, xylene, toluene, nicotine,
biphenyl. The D-plasmids were also found in bacteria of other taxonomic
groups. Thus, the D-plasmid controlling the phenanthrene metabolism was
found in cells of the strain Alcaligenes faecalis, whereas cells of a
strain of Flavobacterium sp. were found tc harbour the piasmid of
degradation of cyclic dimers of 6-aminohexanoic acid.

Degradative plasmids can control either the primary steps of
organic compound degradation or its complete decomposition: this problem
will be treated in greater detail in subsequent sections.

Of special interest are the D-plasmids involved in the control of
degradation or cometabolism of chlorinated compounds such as
3-chlorobenzoate, 2,4-dichlorophenoxyacetate, chlorinated biphenyls
(Table 1).

It is worthy of note that to identify D-plasmids, extensive use is
made of the method of conjugational transfer of the character pointing
to capacity for degradation of individual compounds. Therefore, one
should not wonder when seeing that all plasmids presented in Table 1 are
transmissible ones. Plasmids are presently classified by their
incompatibility properties. In the case of bacteria of Pseudomonas
genus, such groups were found to number 13 of which four - IncP-1, P -2,
P-7 and P-9 - include biodegradation plasmids in addition to other ones
{Table 1).

Localization of genetic systems, which specifically degrade organic
compeounds, on transmissible genetic elements enables one to use various
strains of bacteria whose chromosomes are free of or contain genes or
their mutant alleles required for conducting specific experiments. The
availability of plasmids containing biodegradation genes facilitates
molecular cloning of degra