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FOREWORD

Interest in microbial technologiss to overcome envircenmental p_roblems
resulting from persistent pollutants prompted the UN Environment
Programme {UNEP) 1o 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 neeting 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 international organizations such as the UN Food and
Agriculture Organization (FAO] and the World Health Organization (WHO)
concentrate on monitoring and assessment of the leveli and impact of
pesticides and fertilizers on ecosystems and human health. In 198l the
United Natjons 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 UNEFP 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  Poliutants. 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 tralning 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 wuse 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 structyre of
xenobjotics and the products of their microbial bioconversion;
description of techaiques used for screening and isolation of active
natural microbial strains, and genetic engineering of microorganisms
with enhanced capabiifties for degrading persistent pollutants: special
attention is paid te 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. Golovieva
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Introduction

Microorganisms play an essential rele 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 bas 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 Jleached into deeper subsoil horizons or
underground water systems but to date our understanding of the microbial
processes occurring [n 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 biocconversion and the total
degradation of xenobjotics by microorganisms, especially so since modern
experimentation skills enable the successful manipulation of theijr
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 micrabiology and

biotechnology.



I. Basic Biochemical Processes in Bioconversion of Xenobiotics

A common distinctive feature of xenobiotics is the presence in the
molecules of wunusual elements, groupings, and bonds, as judged by
biclogical 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 role in the bicconversion of xenobiotics is played by various
ivases 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 beecn studied and described In detail {EC 3.5.1.13).
As a rule, these enzymes are induced by a broad spectrum of substrates
and, what is essential, they exhibit low substrate specificity
(Engelhardt et al., 1973; Tables 1, 2).

Milnnecke and Hsich (1976) reported similar results: a culture
capable of a rapid cleavage of the thicester bond (416 amol/min per 1 mg
protein) also brought about enzymic hydrolysis of another 8 of the 12
insecticides tested. This property of microbiai 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 at,, 1973}

lnductor §5:-ecif ic activity Induction rate,
10 7 units/mg protein % of that of [inuron
Linuron 0.13 100
Maloran- 0.01S 12
Monalide 0.029 22
Propanil 0.002 2
Propham 0.008 6
2-Chlorobenzanilide 0.03 23
2,5-Dimethylfurane- 0.05 40

~3-carboxyanilide

TABLE 2. Hydrolysis of phenylamides by a cell-free extract of Bacilius
sphaericus induced by linuron (Engelhardt ef al., 1971)

Phenylamide - Specific activity,
10~ units/mg protein
Linuron 0.20
Monolinuron 0.20
Maloran 0.11
Carboxin 2.52
2-Chlorobenzanilide 18.7
Glycerot-4-nitreaniltide 106.0
L-Alanine-4-nitroanilide 309.0
L=Leucine-4-nitoranilide 55.8
L-Phenylalanine=4-nitroanilide 1.63
-

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
Tormation 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
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acetate to form glycelic 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 hydralytic release
of a halide in position 2 of short-chain fatty acids. Enzymes which
carry out reductive dehalogenation of aromatic carbon have npot yet been
characterized, though the literature provides several descriptions of
the process proper comprising DDT, 2,4-D and polychiorophenocis. As far
as oxidative dehalogenation is concerned, the enzyme -
DDT-dehydrochlorinase {EC 4,5.1L) has been characterized and details
are available for the dioxygenase-mediated dechlorination of picloram
and monooxygenase dechlorination of chlarophenoxyacids, chlorobenzoic

acids, and chlorophencls.

3. Oxidation
Oxidative processes are very Iimportant in the bioconversion of
xenobjotics, 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 O- and WN-dealkylation amnd epoxidation.
Certain compounds,e.g. derivatives of aromatic acids, are totally

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

E P

(CH ), -c+o—(cne ~CH,—CH, =CH,

&)
@)

C

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

1 - hydroxylation of terminal methyl; 2 -f-oxidation; 3 - oxidative
cleavage of ester bond; 4 - hydroxylation of the ring; 5 - oxidative
dechlorination; 6 - c¢leavage of the ring; dashed line - possible
hydrelytic 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 =nzymes, 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 anaerobic conditions. Above, we have already mentioned
reductive dechlorination. Ancther 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
specilicity. Thus, the enzymic preparation of Vellonetla 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 toxle than the parent

compounds.
1I. Micrgorganisms Effecting Detoxification of Xenobioties

Analysis of many years of research into the microbial degradation of
xenoblotics reveals that bacteria are the leaders in the detoxication of
Xenobiotics, ﬁ_‘.gngi being the next important, with yeast, microulgae and
Protozoa being 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 successfuily
as they da dehalogenation, hydroxylation, aromatic ring cleavage and
nitro group reduction. Examples of bloconversion 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 variocus

composition.

transformations of

xenobiotics

differing in

Fungal cultures are often Involved In the bioconversions of sym-

triazines, the genera Aspergillus and Penicillium 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 elfected methylation of pentachlorophenol,

whereas Peniciilium notatum, Aspergilius niger and Scopulariopsis

brevicaulis methylated arsenic derivatives,

ete,

TABLE 3. Bicconversion of xenobiotics effected by pseudomenads.

Mode of action Species Reference

Hydrolysis of carbaryl, dichlo- Pseudomonas Matsurnura 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

Taotal degradation of 3-chlo- Pzeudomonas Golovleva et al,,

robenzoate putida 1984

Oxidative dehalogenation of Pseudomonas Matsurmura 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

111, 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,

Literature cites microbial

strains

capable

microcorganisms degrade 25 to 70 % of xenobiotic residues.
of

degrading  such

13



recaicitrant pesticides as DDT, polychlorodiphenyls, kelthane, 2,4,5-T
and others (Golovleva and Skryabin, 198]; Chatterjee and Chakrabarty,
1983; Golovleva et al., 1980].

Unfortunately, very few xenobiotics can be wtilized 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 ocne
culture and the metabolites produced are further depraded other
microbial strains. An example is the hydrolysis of parathion by
Pseudomonas stutzeri which produces nitrophenol that in turn is depraded
by another sirain - 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, 1981). More recenmt 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 ecompounds by the

natural microflora.
I¥. 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 chloroanilines which under the action of microbial enzymes

are condensed to produce complex structures like tetrachlorobenzenes:

op =
CLQN*N o
Cl

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
respensible for the production of chlorobenzenes. Similar processes also
occur during degradation of carbaryl (l-maphthyl-N-methylcarbamate): the
hydrolysis of carbaryi gives o-naphthol, which under the effect of
phenol oxydase is condensed to form complex compounds that are highly

toxic to aquatic organisms.

o OH

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

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

structure:
Ccl
2N
)m N=0
e
)
NH
e
CoH,
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Two trifluralin  degradation products are also hazardous as

mutagenic factors:

P, cF,
o, N N 0, N N
e 2
N N N——lk
| CoHs | CoHs
C?J H, H

The list of examples could be continued but the above jllustrations
leave little doubt as to the vital need of doing thorcugh 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 xenobiotics.
V. Conditions for Microbial Degradation of Xenobioticsz

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.substratcs, 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 eclays 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
inaccesgibility 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 microbial
degradation of xenobiotics are rather conflicting. Some authors report
an Inhibiting effect with ipcreasing 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 apparentiy 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 mictoorganisms, 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 orpanic 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 refated to
the transformation of other, more readily accessible substrates in a
manner enabling the metabolism of cosubstrates to be stimulating for the
degradation of xenobiotics. Co-metabolism in its biclogical sense
consists in  providing the processes of peripheral metabolism of
xenobiotics with energy, cofactors, effectors and, possibly, oxidizers
produced in the course of metabolism of additional substrates.

Co-metabolism 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 microbial growth on
organic acids. Numerous experiments on the introduction of co-substrates
inte soils and water bodies showed a substantial increase of the soil

microflora activity towards simazine, dexon, diazinon, pentachlorenitro—
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phenol, paraquat and other pesticides.

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

Conditions of medium aeration under which degradation of
xenobiotics occurs, call for a special discussion. Breoad participation
of oxidative enzymes in the conversion of fereign 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 rale of anaerobic processes in the
microbial degradation of xenobiotics.

It was found that many persistent pesticides, reputed a=s
recalcitrant to microbial aitack and therefore residing in soil for
years, are degraded much faster in the tropical soils of flooded rice
lields. In this respect, lindane is the best example. It was subject to
anaerobhic microbial degradation in mud and Jake sediments. In addition
to lindane, heptachlor, endrin, methoxychlor and kelthane underwent
intensive degradation in flooded soils. The organcphosphorus pestici.de,
diazinon was removed from the flooded soil in twe months, whereas its
residence time in a non-flooded soil was 6 months., Hence, [t should be
kept in mind that anaerobic conditions favour the accumulation of
metabolites - the products of hydrelysis 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 seil.

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.

Anacrobic processes prove to be highly dependent on the Ek levels,

18



VI. 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 organophosphate insecticides,
herbicides and nematocides, which on application t¢ 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 ef 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 scil, 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. Laboratery kinetic
studies of pesticide degradation in problem soils with parathion pointed
to a distinet 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 microflora, 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 conditiens. Dr. Kaufman, an expert in this
field, proposed the following techniques as preveative measures against
the development of problem soils: crop rotation, alternation of
pesticides, application of microbial inhibiters, introduction of new
preparations into the arsenal of applied pesticides, new formulations
with inhibited action of pesticides, ete. (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 pestlcide use and thus reduce the probability

of the development of problem soils.

Vil. Role of Microorganisms in Formalion and Release of Soil-Bound

Pexzticides

In the course of a pesticide applied to a soll, 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 eculogica'i: and
toxicological ‘signit‘icance. When bound by soil, 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 supporting the release of soil-bound
pesticides and their possible accumulation by plants or leaching into
underground waters (Fuhr et ai., 1985, Aharanson et al., 1987).
Moreover, the incorporation of foreign chemicals may essentially affect

the soil structure and various microbfal 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 jis
capacity to undergo biotic and abiotic trangformations. The proportion
of incorporated pesticides may vary from 507 after a few weeks to 1-27%
after a year.

The modes of microorganisins’ 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  fungicldes contain halogens or  alkyl-substituted  aniline
moieties. In the c¢ourse 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 oligemers and polymers.
Polymerization of humus monomers often invelves chlorophencls 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 {ungus Phizoclonia
praticola brings about the coupling of dichlorophenyl 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 cligomers (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 Aspergitlus versicolor effected the incorporation inte 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, 1918). The bound materials are more resistant to micrebial
degradation as compared to unbound ones {Haider, 1976)

Tt 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., 198Z).
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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 uynder 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 soil, 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 arnd resuylted in the
rejease of methoxychler {rom the complex (Mathur and Merley, 1978).

The fungi Penicillium frequentans and Aspergillus versicolor were
found to release ("C-3.4-dichlor-oaniline from the complex with the
humic substance of soil (Hsu and Bartha, 1974). Incubation of the
(“C)-pr‘ometrin complex bound to soil with & different microbial
mixtures also has led to the release of some 25-307% of the radicactivity
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 microorganisms
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 op
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
capable of degrading such persistent pollutants as mono- and
dichlorophenols, mono— and dichlorobenzoates, DDT and kelthane, 2,4,5-T,
etc. (Chatterjee et al., 1981; 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 ks fragments with subsequent selection of
transconjugants, and using in vitro techniques, i.e. the gene cloning.
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
dichlorebenzoates  {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 Wwhich often lead to the establishment of new
biochemlcal pathways that prove difficult to predict,

Gene cloning presents a number of advantages, specifically it
allows selection of 1hbose genes which are indispensable for a specific
hybrid pathway while excluding those genes which encode unproductive
bicdegradation 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
crgapization of initial metabalic pathways. The lack of such information
of degradative processes af most Xencbiotics 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 wvecter 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. Bl3 resulting
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in a drastic increase of the metabolic potential of the strain enabling
it to utilize 3,4-, 3,5- dichlorobenzoates and 3-, 4~, S-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 estatlishment 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 conditicns, Of special importance are studies on the behaviour
of mic'morganisms. 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 penetic
stability, on releasing such microorganisms inte soll 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 Bahich, 1984;
Colwell, 1986). Studies of the viability and stability of a number of
strains are interesting as potential subjects for subsequent genstic
manipulations and reveal that individual strains are rather tolerant to
abintic stresses, remain viable under conditions of nutrient deficiency
and can exist in the presence of antagonists.

Constructed strains alse proved to be fairly viable when released
inte soil. In our experiments, the strain P. aeruginosa BSB27 was active
in degradation of Xelthane in soil and persisted for several fleld
seasons, whereas the plasmid introduced in the strain remained rather
stable under selective conditions in the presence of the xencbiotic
(Golovleva et al, 1987). However, the lack of adequate pgenetic
characteristics of the initial and constructed strains, scanty data on
genetic  interactions of micreoorganisms, and in particular onh those
engineered by genetic methods, under natural conditions, as well as
imperfection of the monitoring of constructed strains releassd in the
environment are becoming the cause of growing concern en the part of

scientists and the public in general. Some scientists are of the opinicn
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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
promise 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 wusing the strain P.
aeruginosa DCI3 carrying the plasmid for the bicdegradation of
«-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 99%.

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

i i
I

Hy Cp0~P-0- @ -NO,——e Ho—@—uoe + HyC, 0-P-OH
OC,H g 0CH3

The enzyme displays a broad substrate specificity in relation to
0,0-diethylphosphorothioate, and it was isolated from Ps. diminuta and
Flavobacterfum sp. Both strains carry plasmids responsible for
bicsynthesis 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 iz being continued.
IX. Potential of the Practical Utilization of Microorganisms
»

The practical application of microorganisms for the degradation of
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xXenobiotics is presently brought about almost exclusively in  the
treatment of sewage firom various industries.

Experience gained from laboratory assays and [ndustrial 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 wusing
pseudomonads (Miinnecke and Hsich, 1974}, Imtobilization 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 «-methylstyrene,
toluene and styrene. The purilication efficiency was over 997%, 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 soil and water bodies which :u'e studied in model ecosystems as well
as real natural conditions. In some instances the desired resuits 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 ellminated 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
to activate the microflora of the natural habitats by introduction of
appropriate inducive sutlstrates, sources of nitrogen and phosphorus, and

various cosubstrates.
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The 5un Qil company has gained a reputation based on their cleanup
of water bodies, underground waters and limestones polluted with
petrolesm products by the introduction of dissolved nitrogen and
phosphorus  salts {US patent, 1974). Finnish researchers obtained
positive resullts in the purification of soils polluted with petroleum
waste by the application of effluents from industries manufacturing
yeast. Earlier, 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
identify priority areas for further research.

2. First and most important is the development of the principles of
synthesis of xencbiotics (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. Gradual substitution of chemical means of protection of plants and
animals by the biclagical ones.

4. Improvement of the bipdegradability 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 ete.

6. Development of the fundamental principles for the establishment and

contral  of integrated sewage purification systems extended from
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activated sludge and biological 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: scils, 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 ecobjocenoses with the view to detoxifying
residues of persistent pollutants. The latter task calls for special
attention to the problems 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 chlorinated, twrominated and icdinated
alipbhatic hydrocarbons are, under some conditions, subject to microbial
attack. This statement is not wvalid for the flucrinated aliphatic
hydrocarbons which either have yielded negative results or have noi been
tested Microbial interactions with halogenated aliphatic hydrocarbons
have been reviewed by Jlanssen and Witlhold (1985), Leisinger (1983),
Miiller and Lingens [(1986) and by Vogel et al., (1987). The interest in
microbial interactions with halogenated aliphatic hydrocarbons is
evidently due to the fTact that these compounds have proven to be
bothersome environmental pollutants that are resistant to microbial
degradation by many ecosystems. Their significance as pollutants refates
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 1,2-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 synihesized 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 aliphatic hydrocarbons are listed in Table I.

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

Function of halohydrocarbon Dehalogenation mechanism
Carbon/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 mechanistms
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 an
another c¢ompound and fortuitousiy transform the halogenated compound
into less halogepated or non-halogemated products by the enzymes induced
under the particular growth conditions. The dehalogenation mechanisms
that have been observed under these conditions again are either
hydrolytic or oxidative.

As a third possibility, halogenated aliphatic hydrocarbons may
function as electron acceptors in anaercbic 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.



TABLE 2. Dehalogenation reactions in bacteria.

Thiolysis: Dichloromethane dehalogenase
(.',HZCI2 + GSH —— lGS-CHZCl] + HCi

Hydrolysis: Haloalkane dehalogenases

H H
R—E'Z—Cl + HZO —_— R—!ll-CIH + HCL
H H
Oxidation: e.g. Alkane-monooxygenases
H H
R—I(l:—CI +0 + Ni\DHz —_— lR-'('l—Cll + HZO + NADP
H OH
H
R—IC=O + HCl
Reduction (Hydrogenolysis)
H R
R -C-cff 4 2t —— Rl—(!"—}{ + HCL
b .
Reduction (Dihalo—elimination)
H H HH
H—IC- (l:-H +« 2[H) ——» (|:=E: + 2HCL
dd b

1. Hydrelytic (Thielytic) Dehalogenation

Several haloalkane dehalogenases from bacteria have been purified and
characterized. The most specilic one is dichloromethane dehalogenase, an
enzyme found in facultatively methylotrophic bacteria of the genera
Methylobacterium, Hyphomicroblum and Pseudomonas, All organisms growing
on dichloromethane as the oi;lly 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 + G5SH ——» GS-HZCCI + HCI
GS-CI-IZCI + I-l20 e GS—CHZOH + HCI
GS—CHZOH — GSH + CH20

Dichjoromethane dehalogenase, a hexamer with a subunit molecular
weight of 33 kDa, is highly inducible by its substrate and constitutes
about 16% of the total saluble protein in induced cells. The enzyme
utilizes CHzClz' CHzBrCl, CHZBI‘z and CHzl2 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. DM34 have been cloned (Galli and Leisinger,
1988). A fluidized bed reactor with sand particles as a carrier for
immobilization of dichleromethane-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-negative 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 s thought to be broeadly
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 jodinated 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
autotrophlicus 1 36 - Ci-Ca

Acinebacter sp. 1 28 + C2-Co lanssen et al., 1986
Corynebacter sp. 1 3o + C2-Ciz  Yokota el al., 1987
Arthrobacter sp. 1 37 + Ct-Cio Scheltz et al.,, 1987

2. Oxidative Dehalogenation

The hydt;olytic dehalogenations discussed so fTar provide the means for
the mineralization of the important pollutants dichloromethane and
1,2-dichloroethane. Hydrelytic enzymes attacking chlorinated ethenes
like chloroethene, trichloroethene and tetrachleroethene ar
polyhalogenated methanes like trichloromethane or tetrachloromethane
have not been observed. To deal with these important environmental
pollutants 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 {32 halohydrocarbons are transformation reactions which do not
provide the dehalogenating organisms with utilizable carbon sources.

There exists  sindirect evidence that some long chain
mono-haloalkanes are oxidatively dehalogenated by non-specific alkane
monc-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 Dbacterial aromatic
degradative pathway (Nelson et zi., 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 e labeled trichloromethane, trichlorcethane, dichloroethene or
chloroethene was added at low concentration te growing methanatrophic
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

chiorinated ethenes from contaminated groundwater (Wilson et al., 19387).
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 Iincreases their electrophilicity and
their oxidation state and makes them more susceptible to reduction and
less susceptible 1o 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 majar problem in
studying anaercbic 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
chserved with pure cultures of strict anaerobes, namely with methanogens
and with sulfate reducing bacteria (Table 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 alipbatic hydrocarbons only in
anaerobic bacteria possessing the acetyl-CoA pathway, but not in

organisms 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. Ana¢robic dehalogenation of halogenated aliphatic hydrocarbons
by bacterial pure cultures.

Halogenated Product Organism* Reference
compound formed
CCla CHClz M, § Egll et al.,, 1987
CHCla CH2Cl2 M. S Egli et al., 1987
CHz2C1-CHzC] CHz=CHz M Egli et al.,, 1987,
Belay and Daniels, 1987
CHa-CCla CHa-CHC[z M, S Egli et al., 1987;
CClz=CClz CClz=CHCI M, DCB-1 Egli et =i, 1987
Fathepure et al., 1987
CHzBr-CHz CHz~CHz M Belay and Daniels, 1987
CHzBr-CH:Br CHz=CH2 M Belay and Daniels, 1987
CHBr=CHBr CHaCH M Belay and Daniels, 1987

* M - methanogenic bacteria, S - Desul fobacterium autotrophicus,
DCB~-1 - dechlorinating bacterium DCB-].

TABLE 5. Approximate degradation rates ol bacterial cultures for
chiorinated hydrocarbons,

System Compound Rate Reference
{mgsg protein h)

Aerobic CHzCl2 540G Galli and Leisinger, 1985
mineralization CH2=CHC(l &0 Hartmans et al., 1985

CH2CI-CH2C1 450 Stucki et al., 1983
Co-oxidation by CHCI=CClz 0.33 Fogel et al.,, 1986
methanotrophs CHCI=CHCI 1.00 Fogel et al., 1986
Anaerabic CCla 54 Scholtz et al., unpubl.
transformation CHCl3 Q.70 Scholtz et al., unpubl,

CH3-CCla 0.22 Egli et af,, 1987

CCl2=CClz 0.0l6  Fathepure et af,, [987
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 mechanjsms. 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 lIike tetrachloroethene is feasible by combining
anaerobic dehalogenation with subsequent co~oxidation in a
methanotrophic system. As shown in Table 5, 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 breoad industirial and
agriculturaj 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 Xenobiotics, 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 1o 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 apd the public in general. Evident
economic benefits derived from the application of chlorinated compounds,
for example pesticides and herbicides in agr;culture, become conflict
with the potential biplogical hazards due to their presence in the
biosphere,
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In order to resolve this problem there is a3 need, in the Tirst
place, for adequate informaticn on the capabilities of microorganisms to
degrade toxic organics released to the biosphere. Studies of the
degradation of xenobiotics by the s9l| 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 tihe 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
grbups, and, finally, assessment of the possibility of practical uses of
bacteria posessing ‘such characters for the cleanup of the environment

from toxic pollutants,
1. Piasmids of Blodegradation

The term “"blodegradation” 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 organic compounds which are not utilized as
common growth substrates by thé majority of microorganisms.

To date, the degradation of organic ctompounds by bacteria has been
shown to be ‘comrolled 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 ctmpounds were discovered in the early 1970s in
bacteria of the genus Pseudomonas. Chakrabarty {1973) proposed to term
them “bicdegradation “plasmids, whereas Broda was the first to use faor
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their designation the abbreviation “D-plasmids™ {(Bayley et al., 1979).

At present, a number of Dbiodegradation 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 bacterjal 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 to harbour the plasmid 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 biphenyis
(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  opes, Plasmids are presently classified by their
incompatibility properties. In the case of bacteria of Pseudomonas
genus, such proups were found 1o 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
compounds, on iransmissible 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 degradation genes in vitro and construction of
hybrid plasmids using in vivo genetic techniques. All this makes it

possible to attempt utilizing biodegradation plasmids to obtain hybrid
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bacterial strains with enhanced capabilities to degrade organic
toxicants or able to bring about the degradation of compounds resistant

to attack by natural microorganisms.

TABLE 1. Plasmids controlling catabelic functions {according to
Harayama and Don, 1985; Boronin, 1987).

Plasmid Host Characterization

SAL  Pseudomonas pulida degradation of salicytate IncP-9

CAM P. putida degradation of camphor IncP-2

OCT P. devorans degradation of Th-alkanes IncP-Z

pB3250 P. aeruginosa degradation of n-alkanes IncP-2

NAH P. putida degradation of naphthalene IncP-9

NPL~1 P. putida degradation of naphthalene to salicylate,
IncP-9

pBg2 P. putida degradation of naphthalene IncP-7

TOL P. putida degradation of toluene, p— and m-xylene

NIC P. conveza degradation of nicotine and nicotinate,
IneC

pBS271 PF. ellipsoidea degradation of e-caprolactam

pJpl  Alcaligeres paradoxus degradation of 2,4-dichlorophenoxy-
acetate and phenoxyacetate, IncC

plpd Alcaligenes eulrophus  degradation of 2,4-dichlorophen—
oxyacetate and 3-chlorobenzoate, IncP-1

pOADL Flavobacterium sp. degradation of cyclic dimer of 6-amino—
hexane

pl01 Moraxella sp. degradation of haloacetate

PAC25 Pseudomonas sp. degradation of 3-chlorobenzoate, IncP-9

pAC2i Pseudomonas sp. degradation of p-chlorobiphenyl

pREIL P. putida degradation of isopropy] benzene

pCIT1  Pseudomonas sp. degradation of aniline

pBS241 P. putida degradation of biphenyl

DBTZ2  P. alcaligenes degradation of dibenzothiophene

pST P. fluorescens degradation of styrene

pWW17 Pseudomonas sp. degradation of phenylacetate

pB5290 P. acidovorans degradation of «-methylstyrene

2. Genetic Systems of Biodegradation

Few plasmid systems for the biodegradation of organic compounds have
been studied to date, and of these, a substantiated characterization is
available for the systems that control degradation of aromatic compounds
and their derivatives - toluene, Xylenes, naphthalene, 3-chlorobenzoate,

2,4-dichlorophenoxyacetate. Detailed information can be found for the
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alk-system of the OCT plasmid (Table i) that specifies the oxidation of
linear hydrocarSi)ns - n-alkanes.

It should be noted, however, that despite the ability of
pseudomonads 1o degrade a broad spectrum of organic substrates (Clarke
and Ornston, 1975) individual strains normally oxidize only one or
several compounds., The essence of a general concept on the development
of catabolic pathways in pseudomonads is that, although pseudomonads
possess a large set of specific enzymes that specify primary oxidation
of various substrates, the catabolic pathways generally converge to a
small number of central metabolites such as catechols, protocatechoates,
and p-ketoadipates which are further metabolized via the central routes
{Ribbons and Eaton, 1982).

In this context, it should be stressed that progress in studies on
the structural and functional organization of plasmid systems of
biodegradation are related io the development of modern molecular
genetic techniques such as gene cloning, restriction and hybridization
analysis of nucleic acids, ete. Of special importance are the methods of
gene analysis and methodology of gene engineering in their application
to bacteria differing from the classical Escherichfa coii. In the f{irst
place, these are techniques of effective transposon mutagenesis of DNAs
and construction of vector systems for gene cloning in a broad range of

Gram-negative bacteria.

2.1. TOL Plasmid pWWO

This plasmid (Table 1) is nowadays considered as an archetype for the
whole group of plasmids that control oxidation of aromatic compounds,
such as m- and p-xylenes, L,2 4-trimethylbenzene, 3-ethyltoluene and
their corresponding alcohols and carboxylic acids, via the meta-pathway
cleavage in the central metabelism of catechol (Harayama and Donn,
1985). Using methods of transposon mutagenesis, induced mutagenesis and
molecular cloning, several teams of researchers, and in the first place,
those headed by K. Timmis (Switzerland) and T. Nakazawa (Japan) showed
by independent studies that the genes encoding catabolic pWWQ genes are
organized in two pWWO clusters separated by the 7 kb spacer of of pWWO
on the map {Figs. 1, 2).
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FIGURE 1. Catabolic pathways controlled by TOL and NAH? plasmids. A, B,
C, D ete. denote structural genes, Convergence of both pathways occurs
at the level of catechol cleavage.

Xyl-operons: A - xylene oxydase, B - benzylalcohol dehydrogenase, XYZ(D)
- toluate ),2-dioxygenase, L - dihydrocyclohexadiene carboxylate de—
hydrogenase, E - catechol 2,3-dioxygenase, F - hydroxymuconic semialde-
hyde hydrolase, H - 4-oxalocrotonate tautomerase, I - 4-oxalocrotonate
decarboxylase, J - 2-oxopent-4-encate hydratase, K - 2-oxo-4-hydroxy-
penienoate aldolase.

Nah-operons: A - naphthalene 1,2-dioxygenase, B - cis-dihydrodiol naph-
thalene dehydrogenase, C - 1,2-dihydroxynaphthalene dioxygenase, D - 2-
hydroxychromene-2-carboxylate isomerase, E - 2- hydroxybenzylpyruvate
aldolase, F - salicylaldehyde dehydrogenase, G - salicylate hydroxylase,
H - catechol 2,3-dioxygenase, 1 - 2-hydroxymuconate semialdehyde dehyd-
rogenase, J - 2-hydroxymuconaie tautomerase, K - 4-oxalocrotonate decar-
boxylase.
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The first cluster embraces tihe genes encoding enzZymes of the
“upper” pathway, 1i.e. oxidation of hydrocarbons to corresponding
carboxylic acids, whereas the second cluster includes the genes encoding
enzymes of the "lower” or meta-pathway along which carboxylic acids are
oxidized to catechols with subsequent meta-cleavage of the aromatic ring
and conversion into short-chain carboxylic acids, pyruvate and aldehydes
{(Nakazawa et al.. 1985). Each gene cluster represents an operon, i.e. a
jointly regulated block of genes {Worsey et al., 1978).

The gene order (Fig. 2) is the following: xylC- A- B (xyll operon)
and xy1XYZ~ L- E- G- F- J- |- H (xyl2-operon) (Harayama et al., 1984).

meme Bhylienegt oleohol

i-xylene, i
® @
| 5
oPd

oF2
pwwo I 1 1 [T 11 [/
£A B bl EBF s R
xyt{-optron xyé2-operon
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| —
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FIGURE 2. Model of positive regulation of xyl-operons of the TOL
plasmid pWWO (according to Nakazawa et al, 1985).

The organization of xyl-genes in operons of xyll (CAB) and xyl2
{XYZEGF) is schematized above. The protein xylR is linked with OPl in
the presence of m-Xylene or m-methylbenzyl alcohol and activates operon
xyli. The protein xyIS is linked to OPZ in the presence of m-toluate and
activates operon xy12. Both proteins xyIR and xylS are required for
activation of xyl2-operon in the presence of m-xylene or m-methylbenzyl
alcohol.

Previously, XylXYZ was designated as the gene xylD (Franklin et
al., 1983; Inouye et al., 1983) encoding toluate 1,2-dioxygenase - the
first enzyme of meta-pathway, The toluate 1,2-dioxygenase is referred to

A7



the family of muiticomponent enzymes - dioxygenases which play the key
role in the biclogical attack of aromatic rings by their double
hydroxylation with  production of cis-dihydrodiols (Gibson and
Subramanian, [984)} that are further readily attacked by subsequent
enzymes of catabolic pathways = dihydrodiol dehydrogenases. Several
dioxygenases of the aromatic rings were purified and characterized.
Nearly all of them, except for benzoate 1,2-dioxygenase of P. arvilta
(Yamaguchi and Fujisawa, 1978), are composed of four subunits:
ferredoxin, flavin-containing NADH-oxydase and the terminal oxydase
composed of two different subunits (Harayama et al., [986).

Little is known, however, about detailed mechanisms of the
dihydroxylation of aromatic rings by dioxygenases, this situation being
due to the complexity and instability of such multicomponent systems,

Toluate 1,2-dioxygenase as well as the next enzyme of meta-pathway
dihydroxycyclohexadiene carboxylate déhydrogenase {xylL} transform
benzoate and p- and m-toluates to corresponding catechols (Harayama et
al,, 1984; Lehrbach et al., 1984), substrates for the aromatic ring
cleavage. The latter reaction is catalyzed by the most important enzymes
of the meta-pathway of aromatic ring cleavage - catechol 2,3-dicxygenase
(C230, gene xylE) which transforms catechols to 2-hydroxymuconic
semialdehydes This enzyme is the most studied of all other enzymes of
catabolic pathways. It was isolated and characterized (Nakai et al.,
1983), -cloned, and its nucleotide and amino acid sequences were
determined (Nakai et al., 1983; Zukowski et al., 1983). The enzyme is
composed of 4 identical subunits, each having the MW of 35 kDa. The
reaction of catechol transformation to 2-hydroxymuconic semialdehyde may
be used as colour test, since the latter has a bright yellow colour
which is readily identified visually after spraying clones, growing on
solid media and containing xy!E gene, with millimolar solution of
catechol. All this made xylE a useful genetic marker for detection and
quantitative determination of promoters as well as for construction of
vectors allowing direct selection of cloned DNA within a wide range of
organisms, from Gram-~negative bacteria to Gram-positive ones and yeast
(Ebina ei al., 1983; Zukowski and Miller, 1985; Warcoin, 1984; Patent of
the Transgene company, 1984).
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Compared to the meta-pathway (xylz—operon]f the upper pathway
(xyli~operon} has been investigated less. {t comprises three enzymes -
xylene oxygenase (xylA), benzyl alcohol dehydrogenase ({(xyIB) and
benzaldehyde dehydrogenase (xylC) (Fig.l). Analysis of the expression of
cloned genes of xyll-operon showed that benzyl alcohol is altacked by
two different enzymes: xylene oxygenase and benzyl alcohol dehydroge—
nase. Both enzymes display additive catalytic activities to this
substrate. The fact that benzyl alcohol is both product and subproduct
for xylene oxygenase suggests that this enzyme has a very poor subsirate
affinity, Low substrate affinity of xylene oxygenase (xylA) pWWO leads
to the synthesis of indigo dye, though at a very low level (about L.5
mg/l culture) (Mermod et al., 1986), during cloning in E. coli cells on
a multicopy vector.

Indole was found to be a precursor of the indigo biosynthesis. The
aromatic derivatives of toluene, indole and benzyl alcohol are all
subject to oxidation by xylene oxygenase, but differ essentially from
each other. This is suggestive of Xylene oxygenase to be an example of
degradative enzymes with an unusually broad substrate affinity (Kunz and
Chapman, 1981; Reineke and Knackmuss, 1978; Lehrbach et al., 1984).

As mentioned above, genes encading the toluene/xylene catabolism
are grouped into two operons, the Tupper” and the “lower™ (meta-)
pathways, Two regulatory loci xylR and xylS have been localized on the
pPWWO map immediately after xyl2-operon (Fig.2). Herewith, xylR takes
part in the induction of enzymes of both operons by primary pathway
substrates and their alcoholic derivatives, whereas xylS is required for
inducing the enzyme synthesis solely of the “lower™ pathway
(xyl2-operon) by carboxylic acid - the first substrate of the operon.
Both loci, xylR and xylS, are necessary for inducing the synthesis of
xyl2-operon enzymes only when the primary substrates of the complete
pathway (m-xylene) or their corresponding alcohols (m-methylbenzyl
alcohol) act as inducers (Nakazawa et al.,1985). Inouye et al. (1981}
cloned the lower operon xyl DEGF and showed that enzymes encoded by
genes of this operon were not inducible until the cell received gene
xy)S in the trans-position. This positively acting gene was activated in

the presence of m-toluate or benzoate, whereas m-xylene or jis
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derivative - m-methylbenzyl alcohol effected no activation. Similar role
of xylS was demonstrated in an independent study by Franklin el ai.
(1981),

Inouye et alf{1983) cioned anether regulatory gene - XxyiR. They
showed that, when in trans-position, this gene participated in the
induction " of the synthesis of catechol 2,3-oxygenase, if its encoding
gene xylE was arranged to be controlled by the regulatory site of the
"upper” operon xyl BAC, in the presence of m-xylene or m-methylbenzyl
alcohol. However, the regulatory gene XylR was not effective towards the
"lower" operon xyl XYZEGF until the cell received the gene xylS with
inducers. In other terms, induction of the "lower" operon by m-xylene or
m-methylbenzyl alcohol requires products of both regulatory genes - xyiR
and xylS.

In conclusion it should be noted that a thorough molecular genetic
analysis of the regulation of xyl-genes expression enabled researchers
to derive results that are in full agreement with the model of positive

regulation of operons [Raibaum and Schwartz, 1984).

2.2. Degradation Pathways of Naphthalene and Salieylic Acid

To date, the degradative routes of naphthalene and salicylic acid are
known in sufficient detail for the bacteria of the genus Pseudomonas
(Fig. 1}. The first six consecutive enzymatic reactions of naphthalene
oxidation lead to the formation of salicylic acid. Even when further
oxidation of salicylic acid does not occur, the growth of bacterial
cells that effect such a transformation jis possible at the expense of
pyruvate released during formation of salicylic aldehyde, which in turn
is oxidized to salicylic acid {Fig. 1) (Boronin, 1987; Yen and Gunsalus,
1982). Further, salicylic acid is usually oxidized via catechel or, in
rarer cases, via gentisic acid. Cleavage of catechol proceeds following
the meta- or ortho-pathway (Feist and Hegeman, 1969).

At present, of all biodegradative plasmids of naphthalene the best
known is NAH (NAH?) (Dunn and Gunsalus, 1973). This plasmid specifies
the oxidative pathway of naphthalene via the intermediate salicylate
which is converted into catechol followed by its cleavage via the
meta-pathway (Fig. 1).
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Connors and Barnsley (1980) studied the characteristics of the
induction of enzymes involved in the metabolism of naphthalene in
various strains of pseudomonads and showed that the induction characters
varied from strain to strain, but in all cases salicylic aldehyde and
salicylate proved to be efficient inducers of the entire pathway.

The genetic system of NAH7, which controls the complete oxidation
of naphthalene (Fig. 11 comprises no less than 11 structural genes
determining synthesis of enzymes, that specify oxidative reactions, and
organized into two clusters, as shown by the transposon mutagenesis (Yen
and Gunsalus, 1982). Like the pWWO operons, the two clusters contain
genes of the "upper” and “lower” (meta-) oxidative pathway that are
separated on the NAH map by the DNA fragment of about 7 kb. The
transpeson mutagenesis as well as nah-genes cloning showed that the gene
order in the nahl-operon ["upper” pathway), which controls naphthalene
oxidation to salicylate, is as follows: pahAsnahBenahCa+nahD=nahE=nahF
(Yen and Gunsalus, 1982, 1985). The operon nah2 (sal)l ("lower" or
mata-pathway) of NAH?7 includes the genes nahG=nahH==nahK, which specify
the salicylate oxidation to catechol with the subsequent meta—cleavage
of the latter to form Z2-oxo—4-pentencic acid (Fig. 1} This is analogous
to the operon xyl2 of pWWO plasmid. An exception is made by the first
gene nahG of nah2(sall-operon encoding salicylate hydroxylase, whereas
the first enzyme of 1the lower” pathway of pWWO is toluate
1,2-dioxygenase (xyl XYZ). Salicylate hydroxylase (nahG) is an enzyme
with a broad substrate affinity, and due to this property, it can
effectively wutilize not only salicylate but also its warjous derivatives
including halogenated ones [Lehrbach ef al., 1984).

Of all genes of the nahl-operon, the interesting are apparently two
genes which encode the key enzymes of naphthalene degradation: nahA -
encoding naphthalene dioxygenase and nahC encoding 1,2-dihydroxy-
naphthalene dioxygenase. Ensley et al. {1983) showed that the expression
of nahA gene in E. coli cells results in accumulation of indigo dye at
the expense of indole transformation. Under conditions of normal
metabolism in FE. coli cells tryptophanase induces formation of
tryptophan from indole which is further oxidized by naphthalene
dioxygenase to cis-indole-2,3-dihydrodicl. Thereafter, cis-dihydrodiol
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undergoes spontanecus conversion into indigo as a result of dehydration
with subsequent oxidation.

In one of his earlier works Barnsley reported the isalation and
partial purification of |,2-dihydroxynaphthalene dioxygenase - the
product encoded by the nahC gene of NAHZ plasmid. The enzyme preparation
displayed affinity not only to its substrate - |,2-dihydroxynaphthalene
but also ‘ta methyl-substituted catechols, 3= and 4-methyicatechols.
Analysis of the nahC gene of nahl-operon of the plasmid pBS286
NPL-41:TnA) cloned by Tsoy et al., (1988) was found to encode a
polypeptide with a molecular weight of 325 kDa and showed that
1,2-dihydroxynaphthalene dioxygenase exhibited affinity not only to 3-
and d-methylcatechols but also to catechol, although its activity to the
latier substrate was less.

Since 1983, successful developments in cloning and analysis of
structural genes of the naphthalene degradation pathway have stimulated
thorough investigations of the regulatory mechanism of nah-genes, and
the basic Tindings were descrited by Schell (Schell, 1985, 1986; Schell
and Wender, i986).

On the basis of results of cloning and analysis of the nahR locus,
Schell (1985) put forward the following moadel of coordinating regulation
of naphthalene degradative genes, Cells of P. putida (NAH7) capable of
growth in the absence of salicylate are characterized by low levels of
transcription and translation of nah-, sal- and nahR-regions, Addition
to the growth medium of salicylate (or naphthalene that can be gradually
metabolized to salicylate) results in activation of the transcription of
nah- and sal-operons mediated by the pr‘eceding. praduct of gen= nahR.
Assumedly, nahR protein is linked to salicylate and transformed, in
conformity with the concepts of the operon positive regulation model
(Raibaum and Schwartz, 1984), to an active form of activator of the nah-
and sal-operons ftranscription. Comparison of promoter pucleotide
sequences of nah- and sal-operons with similar sites of pWWOQ Xxyl-operons
failed to reveal substantial homology. In addition, the authors
succeeded in localizing the site of initiation of the gene nahR
transcription and determining the nucleotide sequence of its promoter,

It should be noted that the promoters for nahR and sal-operon overlap in
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position ~35, the gene nahR being expressed in reverse direction. As the
gene nahR is expressed constitutively, of no surprise is that the boxes
-35 and -0 close to those for E. coli promoter were Tound in thR in
the corresponding positions. However, based on the positive regulation
model assuming the absence of typical -35 and <-10 sites in positively
regulated promoters (Raibaum and Schwartz, 1984), it appears surprising
that such sites in the corresponding positions were alse found in
promoters of nah-~ and sal-operons {Schell, 1986).

According to the data from gel-filtration analysis of E. coli
_ maxi~cells, the product of nahR gene has a molecular weight of about 36
kDa and forms a stable complex with DNA irrespectively of the presence
or absence of a salicylate inducer. Synthesis of an additional
polypeptide of 14 kDa was also observed in maxi-celis,

A more detailed analysis of the nahR loci appears to be required,
in particular a more thorough purification of the product, as well as
the studies on the nah- and sal-operons in vitro transcription intended
at elucidating details of specific interaction of the regulatory protein
with the regulatory sites of operons. However, if further evidence is
adduced for the idea of formation of stable nahR protein (or one of the
proteins} complex with the DNA matrix in the absence of salicylate, the
model of positive regulation of nah- and sal-operons will be called in
question, at least in its pure form.

Thus, only essentially external similarity appears to exist between
the regulatory systems of pWWO and NAH?, and if in the case of pWWO we
deal apparently with the system of positive regulation in its “pure"
form, the situation with NAH7 may be complicated by the presence of
elements of negative control. This assumption is supported by the
findings- revealing that in the case of NPL-1 plasmid with inducible
synthesis of nah-operon enzymes, the transition to canstitutiveness
(NPL~41} is accompanied by an inversion of segment X localized upstream
the siructural part of the operon {Boromin, 1987) - a fact which cannot
be interpreted within the frames of "pure” model of positive regulation
of nah-genes transcription.
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2.3, Plasmids Invelved in the Degradation of Chlorinated

Organic Compounds
To date, numerous strains of Gram-negative microorganisms have been
isvlated ({including those of Alcaligenes, Moraxella and others) and
found 1to carry plasmids which participate in  degradation of
chlorecorganic compounds (Table 1). Only two of such plasmids pACZT (a
deletion derivative of pAC2S isolated from a strain of P. putida) and
pJP4, found in the strain Alcaligenes eutrophus IMPI34 (Don and
Pemberton, 1981) have been studied in sufficient detail.

The plasmid pJP4 having a size of 80 kDa and referred to the group
IncP-1 {Table 1] specifies the degradation of 3~chlorobenzoate (3-CB)
and that of 2,4-dichlorophenoxyacetate {2,4-D) both brought about by the
strain A. eutrophus JMP134 (Fig. 3). The transposcn mutagenesis Tn5 and
Tni?7i (Don et al., 1985) was effected for analysis of the organization
of plasmid genes which control specific degradation pathways. Two
classes of mutants have been obtained, 2,4-D 3-CB® (I} and 2,4-D 3-CB”
(11). In all mutants of class | the insertion of transposons was mapped
in the gene encoding 2,4-dichlarophennl hydroxylase (gene fdBi. An
attemnpt 1o isolate mutants for the gene tfdA (2,4-monooxygenase) Tailed,
though this gene must be localized on the plasmid, since plasmid-free-
derivatives of the strain jMPL34 do not exhibit activity of this enzyme
{Don and Pemberton, 1585}

Mutants of class Il (2,4-D°, 3-CB ) were deficient in enzymes of
the ortho-pathway of chlorocatechol cleavage, thereby pointing to the
fact that the oxidation routes of 2,4-D and 3-CB converge at the level
aof chlorocatechol, which is the first common metabalite {Don et al.,
1985). The ortho-pathway of chlorocatechols cleavage is by its origin,
also common to plasmid pAC27 {Frantz and Chakrabarty, 1986). The
products of the genes tfdC, D and E have been characterized similarly to
carlier identifications in variations of the ortho-pathway {or
chlerocatechols (Dorn and Knackmuss, 1978) and called, respectively,
dichlorocatechoi [,Z-dioxygenase, chioromuconate cycloisomerase and
chlorodienelactone hydrolase. Based on the analysis of transposon
mutants, the authors inferred that the genes controlling degradation of

2,4-D are organized in two operons, the “upper® one comprising the genes
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tfdB {2 4-dichlorophenol hydroxylase) and tfDA (2,4-D monooxygenase),
the latter not having been localized so far. The “lower” pathway
includes the gemes tfdC, D and E specifying 3-chlarocatechol metabolism
to chloromaleylacetate via the ortho-pathway.

The primary steps of 3-CB degradation appear to be controlled by
chromosomal genes. In any case, the plasmid-free derivatives of the
strain JMP134 are capable of cometabolizing 3-CB te chlorocatechol.
Moreover, the TnS mutagenesis of chromosomal genes of the strain IMPI34
{pJP4) revealed mutants capable of growth in the medium with 2,4-D as
sole source of carbon and epergy, but unabie to degrade 3-CB (Don et
al., 1985). The regulation of tfd-operans is still poorly studied, but
is supposed to be positive.

The cloning of genes which specifically degrade chioro~ and
dichlorocatechols  appears very promising for  their  prospective
application in engineering bacterial strains capable of degrading a
broad spectrum of organochlorine compounds. Although most natural
strains are unable to degrade chloroaromatic compounds, they are, on the
other hand, known to often cometabolize such compounds to cell-toxic
chlorocatechois due to bread substrate affinity of the degradative

enzymes of unsubstituted aromatics {Dorn and Knackmuss, 1978).

2.4, Plasmids CAM and OCT

The plasmid CAM (Table 1) comprises a2 set of genes orgapized in
concertedly regulated ciusters which control conversion of campher down
to isobutyrate. Some gepes responsible for further oxidation of
isobutyrate are also localized on the plasmid; however, the total set of
genes specifying utitization of isobutyrate is localized in a P. putida
chromosome.

Though the large size of the plasmid (500 Kb) makes its analysis
difficult, sufficient information is already available on the enzymology
and bigchemistry of the process of camphor degradation [Unger et al,,
1986). The primary reaction of S-exc-hydroxylation of camphor reguires
the participation of a three-component monooxygenasé (similar to xyIXYZ
of TOL plasmid} encoded by the genes camA, B and C. The nexi reaction,
oxidation of S5-exo-alcohol, is catalyzed by the product of camD gene -
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F-dehydrogenase. The gene camA encoedes flavoprotein, whereas camB -
FeS-containing protein and camC -~ the terminal hydroxylase (P-450 ).
These genes are organized inlc an operon camR=DsC+A=B negatively
regulated by the locus camR (Koga et al., (985).

The plasmid OCT which specifies oxidation of n-alkanes [octane,
hexane, decane} resembles CAM in many respects. The oxijdation pathway of
n-alkanes in the studied bacterial strains of 1he Pseudomonas genus
studied may be schematized as follows: R-CHaa R—C!—!2 OH » R~-CHO + R-COOH.

Genetic systems of the catabolism of n-alkanes were studied by
methods of genetjc analysis based on the induction znd transposon
mutagenesis, transduction analysis with the phage Flle, and cloning of
alk-genes. The OCT plasmid was shown to control the oxidation of
n-alkaces only o corresponding aldehydes, subsequent reactions being
controlled by chromosomal genes. Plasmid genes are organized into the
operon alkB- A- C. The gene alkB encodes the membrane component alkane
hydroxylase, alkA - the soluble component of alkane hydroxylase, whereas
alk-operon is space-regulated in the OCT-plasmid map by the remote locus
alkR  encoding the synthesis of at least two regulatory enzymes.
According to recent findings, these regulatory proteins may be acting
negatively and not positively (Shapiro et al., 1984).

3. Construction of Active Strains Capable of Degrading Xenobiotics

Genetic engineering of highly efficient degradative strains is an urgent
problemy today that may be tackled by various means, the choice and
reatization being directly dependent on the level of pgemnetic and
biochemical knowledge on the bicdegradation processes and techmigques of
gene manipuiations.

There i5 another aspect which adds to the urgency of the above
probiem. While certain compounds (mainly of patural origin} are readily
mineralized by microorganisms and therefore de not accumulate in the
biosphere, other compounds (mostly of anthropogenic origin) prove to be
recalcitrant, i.e. they are ejther slowly or not depraded by the natural
raicroflora. As a result, they accumulate in the biosphere and become a

real threat as ecological pollution. The bulk of recalcitrant
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pollutants, consequently, inciude compounds with structural components
that are either highly stable chemically or have a structure geperally
not found in molecules of biological origin, are toxXic to microorganisms
or inhibit degradative enzymatic attack. N js precisely the problem of
degradahility of such compounds that preocccupies most microbiologists,
biochemists and geneticists.

It should be kept in mind that though the soil and water
microorganisms are capable of degrading a great diversity of organic
compounds, their metabolic potential is the sum total of capabilities of
individua! strains to degrade or transformn only one or several
compounds.  Apparently, under natural conditions stable rnicrobial
communities develop that subsist on a commeon nutrient saurce. Certain
members of the community are only able to cometabolize such nutrient
source, ie. transform the compound to non-growth substrate while using
other compounds as a source of energy.

At present, it has become obvious that continued production of
toxic and recalcitrant compounds is fraught with hazards to the
environment  and  therefore should be substituted by alternative
lechnologies yielding innocuous and readily metabolizable compounds.
However, since it is hardly possible to predict how many years will it
take before this idea becomes a reality, we should start to look for
other approaches capable of a more rapid and practical cantribution. In
this context, one way that appears most promising is optimization of the
bicdegradative capabilities of microorganisms, improving the evolution
of novel microbial activities and their use for the elimipnation of the
most difficult pollutants.

Yot early experiments pointed to the capabilities of microorganisms
to evoive new degradative routes within rather short time limits in the
course of selection for large concentrations of xenobiotics. For
example, intensive  treatments  of  cultivated soils  with  2,4-D
(2,4-dichlorophenoxyacetate) or delapon {2,2-dichloropropionate}
resulted in the emergence of microorganisms capable of mineralizing
these compounds (Semior et al., 1976; Don et al. 1985}, whereas
application of DoT (1,1,1-trichlore-2,2-bis(4-chlorcphenyl}-ethane

provoked evalution of a whole consortium capable of cometabolizing this
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pesticide (Subba-Raoc and Alexander, 1985). Genetic analysis of
biodegradation processes conducted during the last decade suggests that
such a rapid evolution of new pathways, which generally included many
biochemical steps, is not as surprising as it might seem at the first
glance. In our opinion, the backg'r'o'und of the evclutionary variation of
degradative characters of microorganisms is formed by the following
genetic peculiarities of the structural and functional organization of
biodegradation systems:

- total or partial localization of biodegradation genes on transmissible
replicons, thus making possible effective horizontal transfer inside
and among microbial poputations;

- transposon-type organization of biodegradation regions providing for
efficient recombination and insertion inta plasmid replicons thus
favouring further transfer of genetic material;

- iransposon-type or [S-like organization of specific blocks of struc-
tural genes of biodegradation pathways providing under natural
conditions for manipulations at the level of individual bliocks of
encoding sequences. This alse presupposes a possibility of submission
of structural genes to the control of new regulatory mechanisms;

- availability inside biodegradation regions of repeated DNA sequences,
possibly very short ones, providing for short duplications at the
level of one gene cor even less than that. This may underlie a rapid
evolution of novel enzymatic activities by gene duplications.

The above statements are suggestive of certain experimental
approaches to a laboratory evolution of metabolic pathways, of which
some have already been successfully tested while others are in order:

- enrichment: selection conceived as selective stress with appropriate
compounds for bringing about evolution of microorganisms capable of
utilizing new substrate. Herein, use is often made of a progressive
substitution of mineralizable substrate by its recalcitrant analogue;

- in vivo genetic transfer when genes of crilical enzymes are trans-
ferred from strain to strain for their incorporation into the pathway
of the recipient strain in experiments of the type of conjugation,
transduction, transformation. Such experiments are mostly feasible

precisely owing to plasmid localization or transposon organization
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of biodegradation systems;

- in vitro evolution of novel metabolic pathways when the cloned and
well studied genes are selectively introduced into a microbial
strain for developing new pathway;

- protein engineering under which the cloned and well studied genes
are used for target-directed changes in the structure of encoded
enzyme for generating new substrate affinities or, vice versa,

restricting the range of utilized substrates.
4. Examples of Experimental Evolution of Biodegradation Pathways

{1) Localization of biodegradative genes on plasmids enables assembling
within one bacterial cell of a genetic material which controls
degradation of various organic compounds. Dr. A. Chakrabarty, who one
time collaborated with the industry in the USA, showed the possibility
of constructing pseudomonads strains carrying a few plasmids specifying
degradation of varicus petroleum hydrocarbons: aliphatic (OCT plasmid),
cyclic (CAM), polycyclic aromatics (NAH). In the author’s opinion, such
strains have a number of advantages compared to mixed cultures (which
can, e.g., exhibit antagonistic interrelations) They were proposed for
abating the environmemtal pollution caused by crude petroleum and ijts
products. Similar strains were also constructed a few years age by
Boronin et al. (1987) (USSR Academy of Sciences, Institute of
Biochemistry and Physiology of Microorganisms). Polyplasmid strains
proved to be capable of effective utilization of c¢rude petroleum, gas
oil and lubricants.

(2) Plasmids were found to be a suitable material for constructing
bacterial strains with an enlarged degradation spectrum of chlorinated
organics. The strain Pseudomonas sp. BI3 (pWRI1) displays a remarkable
ability to wutilize chlorinated aromatic compounds, e.g. 3-chlorobenzoate
or 4-chlorophenol as sole source of carbon, Nonetheless, it has been
shown that narrow specificity of the enzyme carrying out the primary
attack on chlorgaromatic compounds prevepts utilization of 2- or
«~d-chlorobenzoate, At the same time, the plasmid TOL controls the

synthesis of dioxygenase which is much less specific and readily
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transforms 2- or 4-chlorobenzoates into intermediate oxidation products.
The latter, however, camnot be utilized by the strain carrying the TOL
plasmid because of its inability to oxidize chlorinated metabolites of
the “"meta"-pathway of catechol oXxidation. Transfer of the TOL plasmid
into the strain Fseudomonas sp. BI3 enabled Reineke and Knackmuss (1979}
to obtain a new strain capable of degrading 4-chlorobenzoate or
3,5—dichlor‘0bé|:'lzoate.

We obtained similar results by incorporating the biodegradative
plasmid of naphthalene into the strain P. seruginosa 640x which was able
to degrade DDT. The constructed strains were not only more efficient in
DDT degradation but also acquired the capability to degrade ancther
pesticide, kelthane.

(3) Methodology of genetic engineering as applied to horizontal
evolution was demonstrated in recent studies (Lehrbach et al., 1984;
Ramos et al., 1987} In experiments on_the intreduction of plasmid TOL
into the strain Bi3 (pWR1), the transconjugants previously obtained
showed no growth on 4-CB, and the mutants degrading 4-CB were found only
by subsequent selection. These mutants proved to be deficient In the
catechol 2,3-oxygenase of TOL plasmid. It was inferred that B13 (pWRI;
TOL) processed 4-CB to 4 ~chlorccatechol using the TOL enzymes, whereas
4-chlorocatechol was subjected preferentially to the meta-cleavage by
the TOL 2,3-oxygenase but did not follow the ortho-cleavage by catechase
II of a modified pWR1 ortho-pathway. This resulted in the inhibition of
pyrocatechase and lethal conditions for cells. Mutational inactivation
of the TOL catechol 2,3-oxygenase prevented d-chlorocatechol from
following meta-cleavage route thus imparting to B13 cells (pWRI;
TOL-C230] the . ability to utilize 4-CB as a growth substrate. To check
experimentally ‘this conciusion, Lehrbach et al. (1984) cloned genes of
the multicomponent enzyme toivate 1,2-dioxygenase (xylXYZ) and the next
enzyme of TOL plasmid xyl-route dihydrocyclohexadjene carbe..ylate
dehydrogenase (xyll) as well as their promoter P, and the regulatory
locus xy1S of xyl2-operon on a broad host range vector [derivative
RSF1000, IncP-4). The hybrid plasmid was introduced inte BI3 (pWRI})
(Fig. 3) which developed a degradative and growth capability on 4-CB.
This experiment showed unequivocally that to wutilize 4-CB, the stram
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FIGURE 3. Degradation pathways of 3-chlorobenzoate and 2,4-dichlorophe~
noxyacetate controlled by the the strains A. eutrophus JMP134, Pseudo-
monas sp. bi3 {pWR1), P. putida (pAC27). A, B, C, D, E, F denote genes

lacalized on plasmids.
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Tfdl-operon: A - 2,4-dichlorophenoxyacetate monooxXygenase, B - 2,4-di-
chlorophenol hydroxyiase.

Tfd2-operon: C - chlorccatechol 1,2-dioxygenase, D - chloromuconate cyc=-
loisomerase, E - dienelactone hydrolase, F - trans-cis—chlorodiene-lac-
tone isomerase.

A strategy is schematized for constructing hybrid pathways: horizontal
{left) and vertical (right] broadened ranges of substrates

{Lehrbach et al., 1984).

1t was further found that though BI3 (pWRl; xyl XYZLS3) could grow
on 3-CB and 4-CB, it was unable to utilize 3,5-dichlorobenzoate
[3,5-DCB) because of low effector affinity of xylS regulatory protein to
3,5-DCB (Ramos et al., 1986}. To overcome this block, a mutant gene XyIS
was obtained whose product. xyl$ protein, was effectively activated by
3,5-DCB, and in this form it activated well the transcription of the
xyIXYZ gene. A strain capable of growth on 3,5-DCB was obtalned by the
introduction of a recombinant plasmid carrying the mutant gene xylIS inta
the strain B13 (Ramos et al., 1986]. It is worthy of note that the
transdominance of a positively acting regulatory protein provides an
opportunity of the direct use of mutant regulatory genes for efficient
changes in metabolic activities of cells, without the necessity of
preliminary elimination of a wild type regulatory gene.

Ramos et at. (1987) used a similar approach with application of
mutant regulatory gene xylS for enlarging the number of metabolizable
substrates of the TOL meta-cleavage route in metabolism of
alkylbenzoates. The TOL piasmid is known to specify the catabolic
pathway of benzoate, 3= and d4-methylbenzoates (3-MB, 4-MB),
3,4—-dimethylbenzoate (3,4-DMB) and 3-ethylbenzoate (3-CB). This pathway
is controlled by genes of xyl2-operon (Fig. 3} whose transcription is
regulated positively by the regulatory gene xylS. But the ability to
grow on methylbenzoates and 3-EB does not embrace 4-EB, and this
peculiarity proved to be due to the low effector affinity of xylS
protein to 4-EB as an activator. Therefore, having obtained, via
ingenious selection, the mutant gene xylS whose xXyIS protein was
effectively activated by 4-EB and by introducing the recombinant plasmid
carrying the mutant gene into the strain P. putida (TOL) Ramos et al,
(1987) succeeded in obtaining a strain capable of growth on 4-ER.
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(4) A vertical evolution of new degradative pathways was demonstrated by
Lehrbach et al. (1984) pointing to experimental feasibility of the
central pathway of chlorocatechols cleavage aimed at its vertical
broadening and realizing a degradative route for chlorosalicylates.
Numerous attempts to isolate from soil bacteria capable of catabolizing
chlorosalicylate have been unsuccessful. The above-described plasmid
NAH7 encodes, among others, the enzyme salicylate hydroxylase (nahG)
(Fig. 3) which exhibits broad substrate affinity and oxidizes not only
salicylate but also methyl and chlorosalicylates to corresponding
catechols. The gene nahG occupies the first position in the operon nah2
(sal} and overlaps at the level of promoter sequences with the gene nahR
encoding regulatory protein [(Schell, 1985). A DMNA fragment of NAH7
plasmid containing the genes nahG and nahR was clened on a vector with a
broad host range, and the recombinant plasmid was introduced into the
strain BI3 (pWRIl). The resultant recombinant strain developed a capacity
for growth on 3-, 4~ and S~ chlorosalicylates (Fig. 3).

Hence, mebilization of the NAH? salicylate hydroxylase intoe a
bacteria capable of degrading chiorocatechols broadens vertically the
degradation pathway resulting in construction of an orpanism capable of

catabolizing compounds resistant to attack by soil microorganisms.

Conclusion

As seen from the above examples, experimental possibilities of a
horizantal broadening of catabolic pathways are based on the
availabjlity of isofunctional degradation cycles of the structurally
similar organic compounds and the existence in certain cycles of enzymes
with broad substrate specificity, (this refers first to key the enzymes
of degradative pathways - mono- and dioxygenases). In this context, of
special significance is the possibility to change the affinity of
proteins to their substrate effectors using mutagenesis. For attaining
such an understanding of the experimental possibilities we are indebted
to the pioneer works carried out by Clarke and co-workers (Clarke and
Ornston, 1985), whose elegant studies clearly demonstrated that the

substrate specificity of the amidase of pseudomonads, for which
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acetamide is common patural substrate, and the effector affinity of the
regulatory protein of amidase gene may be consistently broadened.
Experimental possibilities of 2 laboratory vertical evolution
depend on a convergence of biodegradative pathways of various organic
compounds to a small number of central routes. For example, the pathways
of cleavage of aromatics converge to a limited number of
dihydroxy-aromatic intermediate metabolites such as catechol, gentisate,
protocatechoate, which are further subjected to cleavage of the aromatic
ring to produce substrates of the Krebs cycle, This makes possible a
vertical buildup of the central pathways, e.g. the ortho-route of
chlorocatechol cleavage, by addition of supplementary enzymatic steps so
that the constructed pathway acquire the capability to utilize maore
complex compounds, as it was shown by studies on genetic construction of
a strain capable of degrading chlorosalicylate (Lehrbach et al., 1984).
Developments in genelic construction of hybrid catabolic pathways
are promising in the sense of their use for the cleanup of the
enviropment. One should, however, be aware that the wuse of the
approaches described provides no guarantee of success in an endeavour to
solve certain  biotechnological problems. The sclution of certain
problems will apparently call for the construction of entirely new
catabolic pathways, as, for example, may be the case of the degradation
of such compounds as cresols in combination with chlorophenols. This
problem stems from the fact that industrial effluenrts commonly contain
mixtures of chloro- and methyl-phenols which are not only a difficult
subject for degradation but also destabilize phenol-degrading microbial
communities. The difficulty is that catechols and chlorocatechols
undergo the cleavage via ortho-routes, whereas methylcatechols follow
the meta-fission. As a rule, in an individual microorganism only one
pathway is functional, though both routes may be present. However, in
the case of a mixture of chloro- and methylcatechols both pathways
operate, and one organism becomes recipient of the products of cleavage
of both types of catechols, the situation thus becoming lethal to cells.
Theoretically, the problem may be solved by constructing catabaolic
cycles effecting only one mode of the aromatic ring fission, either meta

or orthe {Ramos and Timmis, 1957).
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Another problem is the stability of recombinants. Until now the
problem was viewed as No.l in biotechnology, and it appears that the
stability of recombinants may be raised by introduction of cloned genes
irto chromosomes of the host strain. However, the maintenance of
sufficient efficiency of substrate wutilization may require amplification
of key genes. This in turn brings to the forefront the problem of
constructing transposon vectors of cloning that would permit multiple
transposition of a desired gene into a chromosome,

The first sucéesses realized in the construction of hybrid pathways
for degradation of xenobiotics showed that complex problems related to
biotechnological processes of the environment cleanup may be tackled
solely by thorough genetic and biochemical investigations of the
catabolic pathways. The prospective tasks of experimental strategy that
await a solution are also becoming clearer. OF these, the most pressing
are the development of cloning methodology, techniques of effective gene
expression and stabilization of recombinants, and methods of protein
engineering. Finally, if today one could see an efficient synergy of
genetics and biochemistry for investigating biodegradation problems,
tomorrow will require a similar use of genetics and physiology. On this
agenda are also prospects of improvement and stabilization of
recombinant strains, genctic manipulation of physiclogical barriers, and
genetic analysis of physiological parameters. It is quite obvious that
only a comprehensive approach embracing the entire potential of
genetics, gene engineering, biochemistry and physiology will be
instrumental in tackling the most complex problems of the cleanup and

protection of the environment from deleterious anthropogenic products.
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MICROBIAL TECHNOLOGIES FOR THE ENVIRONMENT PROTECTION
AGAINST XENOBIOTICS

L.A. Golovieva

In recent decades, the environment has received a tremendous flux of
synthetic compounds which are used by man as insecticides, dielectrics,
retardants, detergents, etc. Originally, the use of these anthropogenic
substances appeared beneficial and, owing te their stability, low inputs
were required for producing fairly positive effects. Later, it™ has
become apparent that the environmental toxicity and persistence of such
compounds is & real hazard to both man and animals. This brought on the
agenda the burning issue of the environment decontamination. The United
States alone had to arrange for over 3,500 burial sites for metallic
containers with residval chemicals. Leaks from the corroded containers
are a continual source of pollution of the biosphere. The problem is
much more dramatic in the regions where compounds of the type of 'orange
mixture’ had been sprayed for a long period over large areas for
defoliation. The restoration of such areas contaminated with
polychloroaromatic compounds is an extremely difficult task. These
examples serve to explain the ever-growing interest in the screening of
active microbial strains and the ‘'breeding’ of novel microbial forms

using genetic engineering techniques.
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Another approach aise appears very exciting to many biotech-
nologists, and that #s the substitution of the xenobiotics, applied
nowadays in fairly high concentrations, by antibiotics, mycohetbicides
and bacterial toxins which are efficient in amount of a gram per acre.
Let us consider in greater detail these two aspects of ecological
biotechnology.

The discovery of biodegradation plasmids and the possibility of
their transfer ta various strains (Table 1) opened up new vistas for
constructing novel efficient strains te degrade petroleum, DDT, poly-
chlorobiphenyls, 2,4,5-T and many other products. The ability of
plasmids to exchange genetic material and to interactl resulted in the
development of a new method of molecular selection termed the
plasmid-assisted molecular breeding for the biodegradation of persistent
toxicants.

Some examples presemted below include the culture of P. testoste-
ront which carries a plasmid DNA of 67 kDa and s capable of degrading
alkylbenzene suiphonate. The plasmid encodes the desulphonating enzymes
and five of the enzymes of meta-cleavage pathway (Fig. 1)

TABLE 1. List of some biodegradation plasmids.

Plasmid Degradation pathway Origin Size [MDa) Reference
Camn camphor con,* 300 Chakrabarty, 1980
OCT  n-octane non~con, 250 Chakrabarty, 1980
Sal salicylate <OR. 58, 48, 42 Chakrabarty, 1930
NAH naphthalene con. 46 Chakrabarty, 1980
AYL-K xylenestoluene con, 30 Chakrabarty, 1980
ZHP 2~hydroxypyridine 7 63 Weinberger, 1979
TOL xylene/toluene con. a0 Chakrabarty, 1980
NIC nicotine/nicotinate con. n.d.** Chakrabarty, 1980
é-aminocyclohexanoic acid
pOAD2 dimer nen-coft. 29 Negaoro et al., 1980
plP! 2,4-D con. 58 Chakrabarty, 1980
PACS xylene/toluene COn. 76 Chakrabarty, 1980
pAC2Zl  p-chlorobiphenyl con. 65 Chakrabarty, 1980
3-chlorcobenzoate com. 63 Chatterjee et al., 1981
pAC27  3-and 4-chloro- con. 59 Chakrabarty, 1981
benzoate

con® - conjugated; n. d.*¥ -~ not determined.
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The plasmid called ASL was readily transferable to strains of
other Pseudomeonas species or to plasmid-free strains of P. testosteroni.
The transfer was brought about under physiological conditions simulating
those in activated sludge, soil, natural water bodies (Cain, [1981). The
discovery of plasmids which specify oxidation of the long-chain
hydrocarbons suggests that oxidation of the alkyl chain in alkylbenzene
sulphonate may be plasmid-encoded and that successful develepments in
engineering microbial strains with enhanced ability to degrade

persistent detergents is not a matter Tor the distant future.

SO, H on o
- degulphu- H catechal- COOH  dahydroe- ,‘ COOH
——
Q; ration : ‘ 2, 3-dioxy- C genase L COOH
0, genaae &,
A!.kylbe.nzene A!.‘ky!.ca-
sulphatiabe techol I
Q '
i'\cmﬂ hydra- f__coon  decarb- ~§oon
HO N B e
tays C ax y!. q,se Q
K, R,
A-hydrexy-2- Zvalkyl -4
cxyalkangake oxalocrotonace

FIGURE 1. Degradation of alkylbenzene sulphonate by
P. testosteroni Pt51 (Cain, 1981}

Chloroaromatic acids can also be degraded by pure cultares, though
these are rather rarely found. Their degradative characters may be
ephanced with genetic means. Knackmuss and co~workers from the Gittingen
University showed that introduction of the P. putida mt-2 cells carrying
TOL-plasmid into a chemostat with Pseudomonas sp. BI3 capable of growth
on 3~chlorobenzoate (3-CBJ [ed to the emergence of cells abie to develop
not only on 3-CB and 4-CBA but also on 3,5-dichiorobenzoic acid
(Knackmuss et al., 198i). Chlorocatechols, whose cleavage is always 4
problem in the oxidation of chioroaromatic acids proved to be degradable

by iscenzymes already present in Bi3 cells.
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Of interest is the progress on cloning of genes which encode the
enzymes of carbofuran degradation by a culture of Achromobacier by the
US Department of Agriculture in Beltsville {(Kearney et al., 1983). The
authars performed cloning of the plasmid and chromosomal DNAs into the
cosmid vector pCPl3 and hope that the information derived from these
experiments will enable a good insight into the way in which degradative
functions emerge and are distributed among microbial populations in the
soil.

An obvious example of the use of biodegradation plasmids to
construct strains with enhanced ability to degrade xenobiotics is the
work on designing strains capable of degrading DDT, kelthane and
methoxychlor carried out at the Institute of Biochemistry and Physiology

of Microorganisms (USSR} (Golovleva et al., 1984).

TABLE 2. Degradation of DDT, methoxychlor and kelthane by Pseudomonas
aeruginosa 640x, BSBI6 and BSB27 (cultivation during 14 days).

Residue, % of Comntrol
Insecticide v
640x B5E16 BS827
DDT 32 i 40
Methaoxychlor g2 as 32
Kelthane 68 13 9

TABLE 3. Dioxygenase activities in P. aeruginosa 640x and constructed
-strains BS816 and B5827

Enzyme activity, mol/min+mg protein

Source
of metapyrocate-  pyrocatechase protocatechoate-
carban chase 3,4 oxygenase
640x BSB16 BS827 640x BSEI6 BSB27 640x BS816 BS327

Naphthalene - 440 2864 - 1.2 0 0 o 0
Salicylate - 5322 155.4 - 5.0 [0 [4) a 0
Benzoate g 16.9 10.3 13.2 1176 89.8 240 0O 0
p-Hydroxybenzoate 0 91 305 0 0 0  379.7 469.9 591.0
Homogentisate 0 629 56 0 i Q 0 0 0
Gentisate 0 5.4 9.5 4.0 1 ¢ [t o 0
Glycerol 0 33 283 0O a 0 Q 0 0
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The strain FP. aeruginosa 640x was lound to cometabolize DDT but the
process was very slow. Thorough analysis revealed that the strain lacked
the essential enzymes of aromatics metabolism (Table 1}). Researchers
from the Laboratory of microbial extrachromosomal heredity joined in the
work, and new 640x-based strains were constructed which carried
biodegradative plasmids specifying synthesis of enzymes absent from the
parent culture, Two resultant strains P, aeruginosa BS8i6 and BS827
showed activities of both enzymes of interest - metapyrocatechase and
salicylate hydroxylase (Table 2), the strain B$8l6 showed greater
degradation of DDT [Table 3) and, what is of the utmost interest, the
strains degraded kelthane - a DDT analogue (Table 2). In two weeks
kelthane was completely degraded by the strain BS827, whereas the parent
strain produced Insignificant degradation of the insecticide.

Released In soil, the strain BSB27 produced drastic activation of
kelthane degradation., Experiments were carried out during 1985-1987 on
test—grounds enclosed with frames in parallel with laboratory model

experiments with the soil samples (Fig. 2).
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FIGURE 2. Bacterial counts for P. aeruginosa BS827 and dynamics
of kelthane depletion in soil ecosystem.

A - kelthane-free soil; B - soil free of strain BS827; C - soil
with strain BS827 and kelthane.

74



In 3 months the kelthane residue in soil accounted for 72%, whereas
in experiments with BS827 the pesticide residue did not exceed 87 after
the same period. Studies of the strain viability in natural ecosystems
showed that it was dependent on. the pesticide availability in soil
(Tatle 4). In control experiments, the plasmid was deleted in 43% of the
strain population in 13 days, while after 40 days the whole population
lest the plasmid. In contrast, in experiments with kelthane from 72 to
1007 of cells preserved this plasmid. A closer study of the strains
isolated from the soil indicated that the plasmid was not always stable
in them: in parallel with variants in which the plasmid was either
totally preserved or deleted, there were cases with deletion of the Nah®

+
or Sal characters.

TABLE 4. Viability in soil of P. aeruginosa BS827 carrying plasmid pBS3

Experiment Strain Cell percentage in the population
duration, phenctype
days with kelthane without kelthane
*o ot
L Nah Sa) 100.0 100.0
13 Nah’Sal’ 83.0 39.0
Nah’Sal| 13.0 19.2
Nah_Sai_ 4.0 1.8
Nah Sal o 43.0
17 Nah’ sal” 72.0 19.6
Nah_Sa]+ o 18.7
Nah_sai_ 11O 13.1
Nah Sal 17.0 48.6
41 Nahsat” 100.0 0
Nah_Sal 0 0
Nah Sal” 0 8
Nah Sal v] 92.0

Emergence of phenotype variants of the strain BS827 after its
introduction in so0i]l suggested mutations had occurred in the plasmid,
This suggestion was supported by results of the plasmid DNA
electrophoresis in the agar gel (Fig. 3).
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FIGURE 3. Agarose gel electrophoresis of plasmid DNAs,

Malecular masses of plasmid DNAs are indicated in kb.

Lane a - BS827 DNA; lane b - BS1000 DNA; lane ¢ — BSI00! DNA;

lane d - BS1002 DNA; lane e - marker plasmid DNA.

The loss of the Nah or Sal characters is clearly seen to coincide
in the electrophoregram with the decrease in the pBS3 mass. Phenotype
variants of the strain DS$827 were found to be less effective in kelthane‘
degradation compared to the strain BS827 itself, the rate of kelthane
degradation being particularly low with the deletlon in the strain of
the Nah character. Analysis of enzymic activities in the strain variants
with deletion of some specific characters showed the following
correlation: in varjants with poor or zero kelthane degradation the
metapyrocatechase and salicyiate hydroxylase were virtually not
available ([Table 5). Consequently, despite the fact that the
sail-released strain - degrader of a xencbiotic can survive and bring
about degradation for a long period, some variants may in time emerge
which would be either devoid of degradative properties or display much
poorer degradation ability compared 1o the parent strain. The
possibility of the emergence of variants with unpredictable characters
is not ruled out. This possibility should be always kept in mind while
deciding upon the advisability of the use of specific microbial species
for abating levels of xencbiotics in the envirunment.

Therough stiudies carried out in a number of laboratories with TOL,
SAL, pAC25, pACZ7, and pAC28 piasmids which encode resistance to
antibiotics showed that in the course of selection they may underge

certain structural rearrangements leading to formation of novel
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plasmids, the latter emerging by incorperation of genes from other
plasmids. Thus, hybridization of “’P-labelled DNA of pAC2S plasmid with
EcoRl fragments of restriction of SAL, TOL apd PAC30D plasmids clearly
pointed to a certain homology of pAC25 with SAL, TOL and, to some
extent, pAC30 plasmids. Plasmids of the pAC25 type may apparently emergs
as a result of recombination of wvarious fragments fr‘on; plasmids of the
SAL and TOL type which specify biodegradation of analogous nonchlori-
n;ted eompour[ds. whereas a homology with the pAC3D plasinid may be in the

region of replications, maintenance or transfer of plasmid genes.

TABLE 5. Activities of key enzymes of the oxidation of aromatic
compounds in P. aeruginosa BS827 and its variants,

Enzyme activity, nmol/min-mg protein

Pheno-
type Metapyrocatechase Pyrocatechase Salicylate hydroxy.ase
Substrate Substrate Substrate

*BA PCA GI BA PCA Gl BA PCA Gl SA

Nah'SaiT 8 72 141 500 0 O 2 0 4 70

Nah_Sal{_ g 3 I8 63 0 4] G a0 a 0

Nah Sal 0 © 0 290 o §7 0 0 6 18

Nah Sal Q 0 0 181 0 4] o o QO 0

* BA - benzoic acid, PCA - protocatechoic acid, Gl - glycerol, SA
- salicylic acid; concentration of subsirates ~ 10 mM.

Our S-month experiments in a soil with mixtures of Pseudomonas
strains containing different biodegradation plasmids c¢learly indicated
that at least two plasmids TOL and pBS27L, which control degradation of
toluylate and e-caprclactam, respectively, could be transferred to other
Pseudomonas strains free of plasmid Dh.iA [Table &).

Taking intr:: account that under natural conditions new plasmids
emerge by union of genes from other plasmids and that they interact thus
broadening the set af xenobiotics sensitive to microbial attack, there
appears a possibility to engineer novel strains in the laboratory under
strictly selective conditions when the persistent xenabiotic is the sole
source of carbon. The example is degradation of 2,4,5-T brought about by
researchers from the llincis University (Kellogg =t al., 1983). In the
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beginning, laboripus attempts to {solate a strain able to degrade
2,4,5-T were unsuccessful. The authors succeeded In isolating the
culture Pseudomonas cepacta ACHID0 which was capable of utilizing
2,4,5-T as the sole carbon soyrce in concentration of 1.5-2.0 g/l. The
culture has been isolated after prolonged cultivation in the chemostat
of a mixture of P. putida strains carrying the plasmids CAM, TOL, SAL,
pAC2l, pAC2S and others, with microbial samples of soils from different
polluted areas. A mixed cuhure isolated from the fermenter had furthe.r
been maintained for a long period in flasks with increased

concentrations of 2,4.5-T.

TABLE 6. Selection of transconjugants by D-plasmid markers amongst all
strains released to soil.

Selective medium Titre of trapsconjugants

Donor Piasmid for selection of in soi} sampies
strain transcon jugants 2,45-T 2,4,5-TCF Control
BS853 pHEZS6 3-CB, streptomycin ~ - -
BS844 pBS27L Cap, rifampicin - - 2 10

Cap 10 - ~
PpG9{TOL) TOL m-toluare+rifam-

picia 210 10 10

BS817 pBS2 Sal+streptomycin - - -

Nah+streptomyein -~ - ~
BS856 pBS4 Sal+streptomycin - - -

MNah+streptomycin - - -

The pure culture isolated by the authors proved to be capable of
degrading 2,4,5-T in samples of different garden soils. Over 90% of the
introduced toxicant was degraded in 4 days In the experiment, whereas
only unessential removal of the pollutant was found inm the control.
Degradation of 2,4,5-T was accompanjed by the release of chioride.
Various scil samples showed similar results for both low (100 pg/g soil}
and high {1070 pg/g soil} concentrations of the herbicide.

The results obtained epabled the authors to conclude that thanks to
plasmid interactions it becomes possible to breed mixed cultures and to
izolate later tiherefrom pure microbial cultures using the method of
plasmid-assisted molecular breeding {PAMB). It is believed that such
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strains may be efficient in local clean-up of areas highly polluted with
toxicants of the type of 2,4,5T. Moreover, the PAMB technique may
enable selection of strains able to degrade chlorinated dioxins, while
the release of these strains into polluted scil and water may be
instrumental in tackling the problem of removal of these toxicants from
the environment.

The second most important approach in ecological biotechnology
which has been developed intensively in recent years is the replacement
of persistent pesticides by biclogical means of plant protection, . e.
antibiotics, mycoherbicides, and  bacterial toxins  preduced by
micrcorganisms, as well as inoculations of bacterial biomass capable of
effective  protection of plants against various disease vectors.
Inoculation of plant seeds and roots with such bacteria as Bacilius sp.,
Agrobacterium redicbacter K-84, Pseudomonas sp., Chaetomfum sp. and
others was shown to render the plants disease-resistant. The experiments
were conducted under field conditions. Many Pseudomonas species were
found to produce antibiotics and toxins that are also very effective as
preparations for plant protection. These are heterocyclic nitrogenous
compounds of the type of phenazines and pyrrolnitriles. Bacteria of the
Pseudomonas genus can produce iron-binding compounds termed sidero-
phores. These compounds were alsp shown to protect plants and contribute
to their growth. A great number of fungi were investigated for their
mycoherbicidal activity, and many of them have been found to be

effictent in abating _specific weeds that are highly resistant to

conventional chemicals. *

Thorough studies conducted by researchers from the Merck Sharp
company resulted in the discovery of very interesting compounds -~
avermectins (Fig. 4). This group embraces eight closely related
macrocyclic  lactones isoclated from a novel streptomycete - Str.
avermetilis.

They exhibit potent activity against a number of important human,
animal and plant parasites. 22,23-dihydroavermectin Bi (ivermectin) is
widely used as an endectocide in animals where it is highly effective
against most pathogenic nematodes and arthropods. Ivermectin is also

currently under investigation for treatmenmt for human infections with
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the filarial worm Onchocerca volvulus, the causative agent of human
onchecerciasis which often leads to blindness. Avermectin Bz (abamectin}
is under development as an agricultural pesticide and also it is toxic
to all arthropods. At some level it is generally more toxic against
acarine species and tess potent against jnsects. Recent studies aimed at
modification of avermectin Bi1 have resulted in the discovery that
4-epiamino-4-~dioxyavermectin is approximately one hupdred fold more
active than the initial avermectin against the southern armyworm

Spodoptera cridania.

FIGURE 4. Structure of avermectins.

Avermectin R Rz Rz
Ala CzHs CHz
Ao CHs CH3
Aza OH CzHs CHa
Az OH CHa CHa
Bia Cz2Hs H
B CHa H
B2a OH CzHs H
B2u O CH3 H

Another interesting preparation is bialaphos which has been
developed by the Japanese firm Meiji Seika. It is synthesized by
Streptomyces hygroscopicus. This is the [irst herbicide ever produced by
fermentation. Its structure is rather unusual and, jn gemeral, it is
quite a unique tripeptide phosphinotriacylalanylalanine:

‘ﬁ) Iil CI-I:3 (:H:3
CH_TP—-CHZ—CHZ-C—CONH—-C——CONH—FC—COOH

OH Nl-l2 H n

80



The fungus Phytophthora palmivora is being efTectively utilized in
the USA against weeds on c¢itric plantations, The preparation is
manufactured by Abbott Co. under the name of ‘devine'. Another
commercial preparation manufactured in the United States by Upjohn Co.
on the basis of Collototrichum gloesporoides fungus is called ‘collego’
and widely used for abating wild herbs in rice and soya-bean flelds. The
devine is applied as a liquid suspension of chlamydospores in
concentration of 6.7 10° spares/ml in the proportion of 2.5 1/ha, The
college is employed in the form of dry powder containing 15% sporous and
857 inert ingredients and sprayed from airplanes, or using specially
equipped tractors, in quantities of 25-40 g/ha.

In Australia, the rust fungus Puccinia chondrillina proved to be
efficient For combating weeds in wheat fields,

The fungus Fusarium solani isolated from infected seeds and germs
of -the Texas pumpkin showed good herbicidal activity. Detailed studies
conducted in field and greenhouse conditions pointed to the fungus
applicability for abating the Texas pumpkin - a vicious weed on
soya-bean plantations. The f{ungal preparation is applied as a liquid
suspensien in greenhouse experiments or as a granulated material of sand
and corn meal containing 5% of fupgal mass. The fungus displayed
herbicidal activity for 12 months, but after this period its biomass in
soil was no longer sufficient for killing sprouts of Texas pumpkin.

Utilization of biological means for plant protection faced the
biotechnologist with a number of problems related, in the first place,
1o the need for production of important quantities of biomass; secondly,
to methods of release inte soil of the microorganisms themselves and of
the substances synthesized by them; thirdly, to problems of their safety
to man and the environment. There are proposals for the use of sodium
alginate gel for preparing tablets with fungal mycelia, or with conidia
and fungal mycelia, etc. The future of this field of bictechnology
appears bright but progress wili depend on the jeint effort of molecular
biologists. plant physiologists, ecologists, microbiclogists and
biotechpologists. These and other aspects of the problem will be

examined in greater detail in the lecture of Dr. D.N. Chermensky.
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SORPTION AND PHASE DISTRIBUTION OF PESTICIOES IN SOIL

V.P. Sukhoparova and N.D. Ananyeva

The process of sorption-desorptional interaction of pesticides with the
soil is for researchers a subject for continuai studies. A large body of
knowledge has been accumulated to date on problems of pesticide
adsorption by the soil solid phase. Various aspects of the pesticide
sorption-desorption have received a detailed coverage in numerous
reviews and papers rich in substantiated experimental results. In this
lecture we shall briefly examine the role played by the physico-chemical
properties of pesticides and by the basic characters of the soil
sorpticnal complex (such as the contemt of organic matter and clay
minerals) in the process of pollutant interaction with soil. We shall
also attempt to feature the actual state of another, no less important
aspect that is inseparably linked with the sorption problems, namely the
phase distribution and redistribution of pesticides in soil, and the
methods that are likely te provide us with both qualitative and
quantitative information on the forms of pesticide occurrence in soils.

The phenomenon of sorption-desorption interaction of pesticides
with scil is an exceedingly complex one. It is affected by both the
structure and properties of the sorbates, and the character of a soil,
or rather the soil absorbing capacity. The sorptional capacity of =oil

is in a great measure determined by the nature of functional groups and
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substituents, pasition
groups, the character
molecules. Thus,

of  substituents

of molecular

with

charges, and the

respect to  functional

polarity of

studies of the arylamidic herbicides sorption revealed

that their sorptional properties depend on the structure of the aromatic

part of the molecule.

phenyl radical causes a shilt of the electron density,

The introduction of various

substituents into

and, subject to

this, the sorptional characters of toxicants are weakened or enhanced.

Those of herbicides,

halides,

for instance,

are strengthened by the fixation of

Table 1 features a classification of pesticides based on the

characters of pesticide linking in the course of adsorption.

TABLE 1. Classification of pesticides based on their behaviour during

adsorption (1)
Group Class Name
lonic: cationic Dipyridyls Diquat, paraquat
alkaline Sym-triazines Atrazine, propazine,
simazine, prometryne,
Sym-triazoles Amitrole
Acidic: Chlorophenoxy- 2,4-D
acetic acid
Benzoic acid Dicarbam, amiben
Picolinic acid Cycloram
Phenols Dinoseh
Non-ionic: Organchalogenic DDT, endrin, dieldrin,
hydrocarbons lindanee, heptachlor,
toxaphene
Phosphororganic Parathion, diazinon
compounds
Phenylcarbamates Propham, chlorpro—
pham, carbaryl
FPhenylurea Fenuron, monuron,
linuron
Anilide Propachlor, propanil
Phenylamide Diphenamid
Thioccarbamates Eptam, CDEC, aldicarb
Benzonitriles Dichlobenil
The extent of adsorption is affected by Important
characteristic of pesticides such as solubility: adsorpticnal retention

of compounds weakens with growing *solubility.

Thorough studies of the sorption of pesticides by soils enabled
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researchers to develop methodological approaches to its prediction for
natural conditions. Thus in 1969, Hance {2) proposed an equation for

predicting the sorption of compounds capable of forming hydrogen bonds:
lg k = 0.067(F - 45N} ~ 0.65

where k is the constant from Freundlich's equation; P Is the parachore;
N - number of substituents in a molecule which are capable of forming
hydrogen bonds.

Comparison of the results obtained by the above method with those
from experimen"ts, however, gives a poor .or rather an unsatisfactory
correlation.

In a recent study, an attempt was made to use the method of
molecular connectivity aimed at dovetailing information on chemical
structure of a pesticide molecule {molecular size, ramification of
lateral chains, availability and saturation of hetercatoms) and
experimental data { distribution index in the system octanol:water,
adsorption coefficient, organic matter content). Yet, 46 pesticides
referred to different classes exhibited poor correlation (3).

The above studies stress once again the complexity of pesticide
sorption by the so0il and the dependence of this process on numerous
factors.

Thus it may be stated that sorption of pesticides by soil is in a
certain nmeasure controlled by their physico-chemical properties and by
specific  features of chemical structure. This process is also
essentially affected by the properties of a soil and this will be the
subject of the discussion that follows.

Sorption of pesticides by the soil is known to be regulated by its
sorptional capacity which in turn depends upon the characters of
constituent colloids: organic, mineral and organo-mineral ones.

At present, the general consensus is that organic part of the soil
is a major contributor to the process of peéticide adsorption.
Pesticides are basically organic substances and their molecules display
a high affinity te soil humus compared with the mineral portion of the
soil. This s evidenced by numerous studies conducted with various

classes of pesticides.
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Sorptional binding of arylamidic herbicides (fepuron, monuron,
arezine, metobromuron, diuron, linuron, chlorcbromuron) correlated well
with the content of organic matter in soil, whereas the presence of clay
minerals had little effect on their adsorption (4) Adsorption of an
organophosphate, azinphos-methyl by 19 soil samples (pH: 4.5-7.9;
organic matter: 0.03-13.1%; ciay: 8.7-62.0%) correlated with the content
of organic matter, the clay fraction contributing only after removal of
the soil organic matter (6). Investigation of the distribution of
simazine over granulometric fractions of the soddy-podzolic soil
revealed that after a 4-month interaction of the toxicant with the soil,
13 to 83% of the simazine had accumulated in the finest fraction (0.001
mm), which accounted for about 0.12 of the total soil mass (7).

The specific surface of soll particles was reported by many authors
not to play a decisive role in simazine sorption. The distribution of
the toxicant over the se¢il fractions correlated with that of humus. This
afforded a conclusion on the prevalent role of humus in simazine
sorption by podzolic soils.

Sorption of pesticides by the organic portion of soil depends not
only on the content but also the qualitatlve composition of humus
{8-10), and in peaty soils, on the measure of peat decay ({ll). Thus a
study of arylamidic herbicide sorption by the meadow-alluvial,
soddy-pedzolic  {humus content: 1.8 and 1.5%, respectively) and
humic-peaty (organic matter content - 73.8%) soils showed that the
amount adsorbed increased with the percent of organic matter. Yet, the
bonds Tormed by arylamidic herbicides with the humic-peaty soil, which
are rich in organic matter, exhibited rather low strength. In this case,
the use of a mixture of solvents with the differing polarities for
desorption purposes allowed nearly a quantitative exXtraction of
herbicides from the ’sorbate/humic-peéty soil' complex (12). This
obgervation suggests that the widely held opinion that 'the more organic
.matter in soil, the stronger sorptional retention of pesticides® ({13-14)
is not quite correct. Such a viewpoint appears to be valid only for
comparison of soils appdrented by their genesis and quality of organic
matter. One should distinguish between the soils containing the organic

substance commonly termed humus and those rich in crude organic matter
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of which peaty soils are an example.

While studying the process of pesticide sorption by soil, one
should bear in mind the significance of the soil mineral part. Thus, a
study of propanil sorption by montmorillonite revealed that the
herbicide is not only adsorbed at the surface but also finds its way
intc the interstitial space, i.e. is sorbed irreversibly ({15). The
uptake of paraquat by the clay minerals proved to be irreversible, and
microorganisms did not degrade it (186). [souron (s better sorbed by
soils rich in montmorillonite as compared to those high in kaolinite. A
direct correlation was traced between the content of the argillacecus
montmorillonitic fraction and the extent of toxicant adsorption {17).
The sorptional capacity of the montmorillonitic group was found to be
10- 1S times that of kaolinite. Therefore, the idea that organic matter
plays a dominant role in the sorption of xenobiotics by secils with high
content of kaoclinite compared to those rich in montmorillonite (18} does
not appear groundless. The dominant factor in soil-pesticide interaction
is attributed to the colloidal particles of the soil forming the organic
and mineral fractions (19), which are called the ‘colloidal complex’ of
the seil (1). With the above examples we attempted to show that in
nearly ali cases the authors apparently tried not only to investigate
the peculiarities of pesticide sorption-desorption by various goils but
also to elucidatie the role of major components of the soil solid phase
in xenobictic binding, Knowledge of the contribution of specific
components of the soil absorbing capacity may become instrumental in
unravelling the mechanjsm of pesticide residue binding with the soil. A
methodic approach was developed to this end : it consisted in treating
the soil with appropriate reagents, which would decompose or extract
particuiarr components of the soil absorbing capacity, After such
a treatment the =soil samples are utilized for investigating sorptional
mechanisms and elucidating the role of specific components in pesticide
binding. Thus, in studies of atrazine sorption, use was made of a native
soil: its humus-free portion obtained by the treatment with hydrogen
peroxide (according to Hedroitz), the mineral part free of sesquioxides
{after a treatment with hydrogen peroxide and subsequent removal of Rzl.‘_l3

following Jackson's technique) and humic acids isolated from native



soils by extraction with 0.1 N sodium hydroxide solution followed by
reprecipitation with sulphuric acid. Organic matter was shown to be the
principal sorbent of atrazine in soddy -podzolic and chernozemic soils,
while in the krasnozem the involvement of sesquioxides {(whose content js
high in krasnozem) was essential, since their removal resulted in a
drastic decrease in the sorption extent (Z0L

Adsorption of atrazine by a sandy clay and a loamy soil was also
noticeably inhibited by the removal of the soil organic matter followed
by that of iron and aluminium oxides (21).

Thus .preparation of scil sorbents of varying sorptional capacity by
specific treatments of the soil makes it possible to demonstrate the
quantitative role of individual components of the soil in the binding of
xenobiotics.

In this context, a few questions arise: in what way c¢an one
identify the pesticide bound to organic components of the soil, what
part of it is sorbed by mineral particles, and how to quantify its
distribution in the soil? Under natural conditions, a pesticide is known
to be distributed over the soil constitutive phases (let us call it the
phase distribution) and becomes eventually bound te them. This fact
predetermines its further behaviour in local environments: herbicidal
effect, accessibility to microorganisms, persistence, degradation rate
etc. The xenchiotic may be degraded or transformed by microorganisms
provided it is uniformly distributed in the soil liguid phase and is not
bound to its organo-mineral colloids. Pesticide residues sorbed by the
soil solid phase were shown to remain practically unaffected by seil
microorganisms (22). Plants also take up from the soil mainly the
dissolved portion of herbicide, i.e. that contained in the soil liquid
phase. The binding of pesticide residues lowers appreciably their
accessibility to plants,

Numerous studies suggest that the rates of xenobiotic removal from
soil {during vegetation period} vary depending on the residence time of
the toxicants in soil. The rate of removal of HCCH which resided in soll
for a long time is ten times less when compared to that of recently
applied HCCH (23). The authors attribute this to an enhanced sorptional

fixation and to changes in the character of ijts localization in the
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50il. Another example shows that during the first several months after
application of lindane, the highest rate of its removal from soil was
observed. After three months, the soil contained only 10% of the applied
quantity of lindane and this percentage did not drop further for quite a
long period (23, 24). 1t may be suggested that there occurs a
redistribution  of  xencbiotics  amongst soil  components  ({phase
distribution}, which is the cause of the different residence times of
their residues.

Analysis of the relevant literature and experimental data cbtained
by the authors support the idea that xenobiotics are not, as a rule,
totally degraded, and their residues, on the average, may persist for
rather a long time in quantities of 10 to 207 of the applied amount. It
iIs noteworthy that numerous data underline the differing characters of
toxicant binding to the soil solid phase, thus implying various forms of
pesticide linking with components of the spil sorptional complex. From
now on we shall use the term 'form of pesticide’ for designating
specific types of pesticide binding te scil. But what will be the fate
of pesticide residues and to what soil constituents are they strongly
bound? What factors are responsible for high persistence of pesticides
in the soil? In what manner does the redistribution of a pesticide
occur? All these questions are intimately related to our understanding
of the state of the pesticide in the soil and, Ffirst and foremost, to
its phase distribution amongst the organic and mineral particles of the
s0il.

To date, two basic trends (or rather two lines of studies) have
been observed in an endeavour to give substantiated answers to the above
questions,

The first line of research is based on investlgating the dynamics
of pesticide removal from the soil during the vegetation period,
estimating the rate constants criteria such as Tso’ qu. and TW’
me(mpc - max. permissible conc.) and revealing any correlation of the
latter values and residue levels, with soil characters and various
ecofactors. The investigation of the dynamics of pesticide
disappearance, though an important and necessary condition in the

studies of pesticide persistence, is unable to explain the origin and
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identify residues bound by scil components. All such experiments, though
labour- and time-consuming, are advisable and should be encouraged. The
first step in the studies of particular features of pesticide
degradation consists in determining the kinetic characteristics (rate
constants and various T criterial. We believe, however, that the dynamic
pattern should be supplemented with characterization of the toxicant
phase distribution (also dynamic} in soil. Therefore the second trend,
or the next step, is called for, and it should deal with studying the
fate of xenohiotics in the soil. This concerns the identification of
various forms of xenobiotic binding and establishing their phase
distribution in soil. This line of research is intermingled with
unravelling the problem of bound (ﬁon-extractable) pesticide residues,
i.e. identification of the portion of residual pesticides that resist
isolation by conventional extraction techniques. It should be pointed
out that a uniform methodological approach to investigating pesticide
forms in the soil has not yet been developed. Neither is there a general
consensus in interpreting the data on phase distribution of Xenobiotics
in soil.

Our earlier studies (12) showed that the poorly, medium and
strongly adsorbed portions of pesticides may be extracted from the soil
with properly selected extractants differing by their physico-chemical
characters, while the use of specific techniques for treatment of soil
samples enabled the identification of the bound form of adsorbed
compounds.

Desorption of arylurea-derived herbicides and chlorinated apilines
from humic-peaty, soddy-podzolic and meadow-alluvial soils with various
extractants under static conditions showed that water extracted from 18
to 60% of the poorly bound pesticides, acetone - 19 to 65% of the medium
bound and a mixture of solvents with differing polarities from 50 to
1007 of the strongly bound forms. The content of bound hydrolysable
toxicants in these soils was 16 to 487, depending on the type of soil
and the character of compounds. Such classification of pesticidal forms
made it possible to show varying strength of arylamidic herbicide
residue binding with soil but did not provide sufficiént data for

quantitative assessment of the role of various components in pesticide
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sorption, I.e. for elucidating the mechanism of binding. Moreover, the
concapt of 'bound residues’ presupposes the necessity of identification
of the soil sorptional complex components to which they are bound and
which may be the cause of irreversible xXenobiotic sorptian.

A successful attempt to elucidate the roie of some soil compounds
in the binding of simazine may be examplified by the isolation of five
forms under which it is present in the soil (25):

). Free: is extracted from soils by displacement with saturated zinc
chloride solution whose density is higher than that of simazine;

2

3

Reversibly sorbed: is isolated by treatment with IM KOH solution;

H

Trreversibly sorbed: is extracted by the mixture of organic salvents

&

- chioroformimethanol  (I:4h
4, Simazine included inta malecular composition of humic substances: is
extracted from soils with 2% NH‘OH followed by gel chromatography of
the complex;
5. Simazine as a constituent of plant residues: is extracted with the
mixture chloroform:methancl (1;1) after isolation of plant biomass
from soil and hydrolysis.
The above forms of simazine corretate with their residence times in
the sailr
free — from ! 1o 20 days;
reversibly sorbed - from 20 to 150 days;
irreversibly sorbed - from 15 to 700 days;
fhumus-bound simazine - depending on soil humus characters;
plant residue-bound simazine - from plant death to compiete
decay after burial in the soil
In the method propqsed by Yu.V. Kruglov (26), the free simazine is
extracted by chloroform from soil suspensions prepared on the basis of
chernozem, serozem, 2zheltozem, peat, and soddy-podzolic secils. Herbicide
residues bound to humates are extracted with 0.5 M sodivm hydroxide
solution. Herbicide residues bound to mineral portion of the soil were
evaluated by difference technigque. The author classified the pesticidal
forms as free, organic matter~bound and mineral residue-bound.
The ahave examples demonstrate that researchers make arbitrary

classifications of the pesticide forms. To our mind, the scientific
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effort aimed at tackling the problems relevant to sorption, binding,
distripption and redistribution of =xenobiotics must concentrate on
developing uniform analytical techniques which would allow jsolation of
the soil solid components to which pesticide residues are bound. In
addition, it is necessary to identify the free apd weakly bound toxicant
forms that are mainly cordained in the liguid phase of the soily
pracisely this portion of pesticide controls its uptake by plants,
degradation rates, transformation, migration etc.

Numercus studies clearly indicate that the organic matter of soils
plays a major part in xenobiotic binding. Hence, the use of such 'mild’,
for orgdpnic matter and pesticide residve bound to it, extractants as
sodium pyrophosphate and sodium hydroxide deserve primary attention.
Utilization of drastic treatments of soils leading to destruction of the
organic compounds is hardly advisable for performing the phase analysis.

In addition to organic colloids the soil sorpticnal complex also
includes a mineral portion composed of argillaceous minerals and
amorphous colloids, mainly iron, manganese and aluminium hydroxides.
Therefare, & need is felt for assessing the contribution of mineral part
of the soil complex 1o the sorption of toxicants, For certaln varieties
of soils it may be decisive. It is noteworthy that a good number of
reagents are applicable to the lIsolatlon of iron, manganese and
aluminium hydroxides,

Utilization of conventional and new selective extractants for
separating constituents of the soil sorptional complex permits isolation
of the bound pesticide farms.

in this connection, we atiempted to work out a method for the phase
analysis of pesticides based on selective extraotion of soil components
together with pesticides bouynd to them. As a result, the following
classification of the forms of pesticide distribution in the soil was
proposed:

1. free (poorly bound);
exchangeably sorbed;

2

3. organic matter-bound form;

4, oxide~ and hydroxide-bound form;
5

. mineral residue-bound form (271
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Figure 1| schematizes the dynamics of the linuren forms'

distribution in the soil.

Forms of arylamidic
herblcldes, X

FIGURE 1. Dynamics of the distribution of arylamidic herbicides
in a grey forest sojl.

- free form;

exchangeably sorbed form;
- form bound to organic matter;
~ form bound te oxides and hydroxides;

~ form bound to minera! residue.

It turned out that three months after the herbicide application,
the free and exchangeably sorbed forms were no longer detectable. The
portion of herbicide bound to organic matter, hydroxides and soil
mineral residue increased during the vegetation period. After a
three-month  period, only firmly bound pesticide residues were
extractable, and they resided in the course of one year.

Figure 2 features the depletion of the herbicide with the
decreasing content of the free and exchangeably sorbed forms (total} and
the disappearance of the portion bound to organic matter (totall, The
character of "the two depletion curves (I and 1) is identical, i. e. the
observed depletion of herbicide content is determined by the decreasing
quantities of its free and exchangeably sorbed forms. This process
terminates rather rapidly, essentially at the end of 1.5-2.0 months
after the application of the toxicant to soil. It should be stressed
that the availability of free and exchangeably sorbed forms provides an
explanation for the highest herbicidal effect and the possibility of the
intensive degradation of the pestlcide by microorganisms during the
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first months CFollowing its application. After 1.5-2.0 months, virtually
all the herbicide still residing in the soil is represented by the bound

form, whose depletion is very slow.

Herbicide concentration, mg/kg

1t
1F

Time, days

FIGURE 2. Dynamics of arylamidic herbicide concentrations in a
grey forest soil.
1 - total herbicide content;
11 - content of free and exchangeably sorbed forms;
1II - content of forms bound to organic matter, hydroxides,
and mineral residue.

Thus, the isolation of pesticide forms and studies of their
dynamics enables one to identify the character of thelr binding to soil
sorbents and the cause of differing residence times of pesticides in the
soil, and to predict the period of their intensive effect on biota. The
latter statement appears extremely important from the economic viewpoint
as it contributs to the efficient and safe application of chemicals for

plant protection.
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QUANTITATION OF PESTICIDE RESIDUES AND METABOLITES IN SOIL

Z.I. Finkelshtein

Studies of the Tfate of pesticides in natural environments involve
certain specific features:

- low quantities of toxicants applied per unit soil area: this is in
particular characteristic of pesticides of the third generation used at
concentrations of a few grams per hectare;

- capacity of pesticides and their metabolites to sorption by the soil
components: this creates problems for their extraction from the soil and
suhsequent quantitative analysis;

- a broad spectrum of chemical compounds used to produce pesticidal
effects.

Therefore, reliable Identification and gquantitation of pesticides
in soil call for selective, highly sensitive and universal analytical
techniques.

High diversity of the structure of pesticides predetermines the use
of various methods for their analysis that differ even within specific
groups of toxicants. The most common pesticides are the chlorinated
organics, organophosphorus compounds, as well as derivatives of
symmetric iriazines, phenoxyalkanoic acids, urea, carbamates, thic- and
dithiocarbamates, pyrethroids ete.

Nonetheless, whatever the group of pesticides, the basic procedure
of pesticide residue analysis in soil is common including the following
steps.
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i.  Sample conditioning which embraces soil sampling technique,
extraction of pesticides and their metabolites from soil followed by
purification and concentration of extracts.

2. Identification and quantitation by chromatographic methods.
1. Preparation of Samples

1.1. Sampling Technique

Sampling is a crucial step in the determination of residual quantities
of pesticides in specific environments. Negligent manipulations may be
the cause of incorrect analytical results.

Sampling is performed on several different locations of the soil
area under study. The quartation technique is wused for taking the
average sample of about 1 kg from which smaller samples are taken far
laboratory investigation. It is advisable to use the minimum weight of
sail to spare time during sample treatment and alse 10 save reagents,
but a sufficient amount is required to operate within adequate
sensitivity limits of the analytical technique employed. Usually, soil
samples of 10 to 100 g are sufficient.

The amount of a pesticide residue is commonly ;;xpressed in grams or
milligrams per 1 kg of air-dry soil. In order to minimize losses of
toxicants it is recommended to analyze most recent soil samples with
natural moisture levels. Parallel sampling is performed for measuring
the moisture content in the soil. The soil is also analyzed for

determining pH, organic matter content as well as some other properties.

1.2. Extraction of Pesticides and Their Metabolites from Seil
Extraction of toxicants with an appropriate organic solvent or a mixture
of solvents at room temperature is well suited for most analyses. Rarer
cases call for distilling with water vapour or extraction.in a Soxhlet
apparatus.

In most cases pesticide residues are extracted from a moist soil.
Extraction from the air-dry soil is practiced only for water-insoluble
persistent toxicants, The ratio of soil mass to solvent volume is

usually 1:(1-2.5). The extraction is carried out by intensive shaking of
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a soil sample with a solvent for 30-90 min. Thereafter the soil is
separated by centrifugation, another portion of the solvent is added and
the operation is repeated. The iwo supernatants are combined. If needed,
the third extraction may follow.

Depending on the soil type, isolation of pesticides shows specific
features, as soils differ by their agrochemical properties and,
censequently, display varying retention capacities for pesticides that
in turn are characterized by specific chemjcal structures. The
composition of c¢lay minerals, humic substances, the texture of the
inorganic part of the soil and other characters are known to essentially
affect the extent of pesticide sorption by soils.

A large body of data can be found in literature on the binding to
seil of 3-chloraniline, 4-chloraniline, dichloraniline, 2,4-dichloro-
phenol which are metabolites of the pesticides referred to the
phenylureas, phenylcarbamates and other groups. These metabolites form
covalent bonds with the soil humus. The size of the soil clay fraction
influences sensibly the sorption of aldrin, malathion, and parathion.

Assays are usually performed aimed at checking whether the
pesticide extraction is complete; a preset quantity of a pesticide is
introduced into a soil. After thorough mixing, the sample is analyzed
following the procedure described later in this work. A parallel
analysis of the pesticide-free soil is also carried out. The yield (%)
of the pesticide introduced is calculated by comparing the applied and
found quantities. This factor is used to correct the analysis results.
One should also bear In mind the fact that the aging of soil samples
results in enhanced capacity to pesticide sorption. Therefore, in
addition to fresh applications of pesticides, it is advisable to stage
experiments for checking the extractability of toxicants under
conditions of prolonged contact of pesticides with a sterilized soil.

The choice of an appropriate solvent for the pesticide extraction
is a wvery important step. An ideal extractive should dissolve the
toxicant under study well but must not extract foreign compounds [i.e.
be selective), be easily accessible, sufficiently pure, and have a low

boiling temperature.
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The most frequent solvents for the pesticide extraction from soil
are hexane, petroleum ether (light fraction), chloroform, ethyl acetate
etc. or mixtures with alcohols (methanol, isopropanocl) and ketones
(acetone) in various proportions. The effect of pesticide extraction is
usually better if it was preceded by moistening the soil with a .ixture
of water and acetone. The choice of a solvent is somewhat facilitated by
keeping to the rute: that a polar solvent extracts polar compounds.
While studying toxicants of low poilarity, one should remember that
metabolites are in general more polar than their parent compounds. It is
thus advisable to give preference 1o mixtures of solvents having

differing polarities.

1.3. Purification and Concentration of Extracts

While extracting pesticides from the soils rich in humus, the resultant
extract usually contains many co-extractants that interfere with the
analysis. Such extracts should be subjected to purification. (ne of the
cleanup techniques most commonly employed is a redistribution of the
extract components in an appropriate system of solvents. Good results
are obtained for the extraction of some pesticides by amending the
water-acetone extractive mixture with calcium chloride. Extracts of séme
persistent pesticides are purified by oxidation of accompanying
compounds with concentrated inorganic acids.

The most popular technique is purification of the extract by column
chromatography on silica gel, alumina, activated carbon, florisil.
Herein, nonpolar compounds are eluted from a column packed with one of
the above adsorbents by a nonpolar solvent, whereas the more polar ones
- by a mixture of nonpolar and polar solvents. For the extracts that
are only slightly coloured, the purification step may often be omitted.

Concentration of the extracts is carried out by evaporation using a
rotor vacuum system with a water bath at 35-40°C. For removal of the
mare velatile solvents, preference is given to spontanecus evaporation
at 20-30°C in a flow of air or nitrogen. Potential loss of the pesticide
under study is minimized by concentrating the extracts down to 5-10 ml
volume prior to their purification. Further concentration is carried out

to obtain valumes of 0.2-0.5 mi. Total evaporation of the solvent shouyld
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be avoided, as it is fraught with a substantial loss of the toxicant

under investigation.

2. Chromatographic Identification and Quantitation of Pesticides and
Their Metabolites

A broad spectrum of physico-chemical techniques is In use for separating
complex mixtures of pesticides, and subsequent qualitative and
quantitative  analysis of the isclated components. Of  these,
chromatographic methods are the most widespread. The emergence of
numerous novel chromatographic technigues and the improvement of those
in use have permitted to single out variants such as column, paper,
thin-layer and gas chromatography. These chromatographic procedures
allow  effective isolation of individeal components from complex
pesticide mixtures. Chromatographic separation is a process in which the
constituents of a mixture are repeatedly redistributed between two
immiscible phases, one of which iz the stationary phase while the other
is the mobile one. Separation of compounds occurs either owing to their
ability to bind to the sarbent surface (adsorptional chromatography) or
due to their partition between the immobile (solid or liquid) and maobile
{liquid or gaseous) phases [partitional chromatography) (Table 1).

2.i. Thin-Layer Chromatography
Thin-layer chromatography {TLC) is the simplest and readily accessible
method for qualitative and quantitative analysis of pesticides that can
be easily performed in any laboratory. It is a variation of liquid
chromatography brought about in a thin layer of a sorbent fixed on a
solid support. Depending on the character of retention of the components
under separation by the sorptional surface, TLC may be subdivided into
adsorptional, partitional, ion-exchange, molecular sieve and affinity
chromatography.

Without indulging intoe theoretical considerations relevant to TLC
which are described in sufficient detail in numerous moncgraphs, let us
examine its practical applications for the analysis of pesticide

residues,
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TABLE I. Variations of chromatographic methods

Staticnary phase

Solid substance Liguid
Gas {adsorption) {partition}
Mobile Gas adscrptional Gas partitional
phase chromatography chromatography
Liqud, Ligquid adsorptional Liquid partitional

chromatography chromatography

Separation of a mixture of compounds on a chromatographic plate
{development of a chromatogram) may be performed in any glass vessel of
suitable size fitted with a lid and ¢alled a chromatographic chamber. A
system of soclvents is in the bottom of the chamber. It is advisable to
operate with chambers saturated with the vapours of the solvent system
used. The establishment of equilibrium conditions is favoured by the use
of chambers with tight lids or by fixing straps of filter paper to three
vertical sides of the chamber. Saturation of the chamber with the
solvent vapour enables one to aveid the ‘edge effect’ under which a
compound exhibits lower chromatographic mebility in the middle of a
chromatogram as compared to that near its edges (Fig. la).

The appropriate choice of a solvent system is critical in the
separation of compounds by TLC., Various organic solvents display
different abilities to eiute specific compounds due to various types of

interactions.

Chromatogram origin

-. —
- -

Front of shlvents

FIGURE la. Illustration for the ‘edge effect’ due to the deve-
lopment in a chamber unsaturated with vapours of solvents.
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The simplest means of obtaining a system with the required elution
capacity is to mix two solvents with the differing polarities.
Determination of their proportion.is carried out eXxperimentally, since
variation of the elution capacity of solvent mixtures is not linear. A
solvent system even with close polaritles does not necessarily provide
an efficient resolution of a specific group of ocompounds, Tentative
selection of an appr‘opriate solvent system usually calls for the use of
Stahl's method according to which a number of spots of the mixture of
compounds under study are applied to a chromatographlc plate. Thereafter
a fairly small quantity of the solvent system is brought to the spot
centres with a pipette. The miniature circular chromatograms obtained
are heipful for deciding about the system that provides the optimum
resolution.

The next step in the analysis of pesticides is the detection of
individual compounds on a chromatogram. The coloured compounds de not
reqguire any special detection procedure but unfortunateiy this is not
the case with most pesticides. In the first place, if the plate contains
a luminophore, it can be examined under UV-light. The spots of arganic
compounds with cyclic structures or conjugated double bonds are revealed
as absorption zones. Thereafter, the detection may be carried out by
spraying chromatograms with a suitable reagent that may be of a
general-purpose character or specific for certain elements of functional
groups. Literature carries extensive lists of reagents that produce
colour reactions when specific elements or functional groups are
present.

One of the basic characteristics of the TLC is the Rf value which
represents the ratio of the distance between the spot centre and the
origin (a) to that between the solvent front and the origin (b} (Fig.
ib).

Rr values vary within the range of 0 to . The Rr is not a physical

constant and is dependent on a number of factors:

quantity of the sample applied;

distance between the origin and the bottom edge of the plate;

depth of immersion into the solvent system;

extent of the chamber saturation with vapour of solvents;
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- purity grade of solvents;
- thickness of the sorbent layer;
- activity of the sorbent layer;
~ temperature and humidity of ambient air.
All these should be accounted for while using the tabulated data.

Pront
1line Lo -~ ‘

ey |

s} [ :
origin I SR R - TN H

1 2 k] 4

FIGURE 1B. Resolution pattern of a mixture of compounds in an
adsorbent thin layer,
I, 2, 3 - individual compolunds; 4 - a mixture of compounds.

To identify specific components of the mixture under analysis, some
standards of compounds, that may presumably be present in the mixture,
are also applied to the chromatographic plate. Compounds may be
considered identical if their chromatographic mobilities (Rs values)
coincide in 2 or 3 systems of different polarity and when they show the
same ¢olour character upon treatment with specific reagents.

To obtain quantitative data on the content of a pesticide in a
sample, a number of spots are made on the plate with a gauged capillary
by applying aliquots of pesticide extracts and another set of spots are
made on the same plate by aliquots of pesticide solutions of known
concentration.

A semi-guantitative evaluation of the pesticide content in the
sample Is made by visual comparison of the toxicant and standard with
regard ta_ their spot areas or colour intensity. The spot areas can be
1'1'1:'::-.15t.1r‘0:d'l and used for determination of the toxicant concentration from a
calibration graph. The error of such an evaluation amounts to 10-20%.
The accuracy of such determination may be increased, but in this case
the procedure is complicated by the use of various physico-chemical
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detection  techniques (densitometry, spectrophotometry, fluorometry
etc.}.

TLC is well svited for the analysis of pesticides labelled with
radioactive markers ({radicautography). This facllitates both the
identification of the pesticides and their metabolites, and quantitation
of pesticide residues.

2.2. Gas-Liquid Chromatography

The method of gas-liguid chromatography (GLC) is particularly suitable
for the analysis of residual quantities of pesticides. Its basic
principles are as follows. The prepared sample is introduced with a
microsyringe through a rubber seal into the injector wnit of a
chromatograph where it is evaporated and transported by a flow of
a carrier pas along the column packed with a support - a solid inert
particulate material whose granules of duly selected size are coated
with a thin film of a liquid phase. The column is placed in an oven at a
preset temperature or the temperature varies between certaln limits

(programmed temperature).

Sample lnput

fetector signal

Time
FIGURE 2. A differential cluromatograim,

11, tz are the retention times for compounds 1 and 2; h is the
peak height; Hos is the peak width at 1/2 height; § = h-no -

The liguid phase selectively retains individual components of a
mixture of studied compounds transported along the column in the flow of
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inert carrier gas. The sample components resolved in the column are
eluted after different retention times and recorded on a potentiometric
recorder in the form of peaks of differential chromatogram, the abscissa
indicating the retention time and the ordinate - the detector signals
(Fig. 2).

The GLC technique is highly sensitive enabling determination of
compounds present in quantities of 107" to 107" g due to detectors that
are selective with regard to organic compounds containing halogens,
phosphorus, sulphur, nitrogen - all being common functional constituents
of pesticide malecules.

This type includes the electron capture detector (ECD), thermo-ion
detector (TID) and flame-photometric detector {(FPD).

Another wunit of GLC chromatograph crucial for the successful
resolution of components is the chromatographic column. Routine analyses
of pesticides make use of glass columns (0.3-2.0 m x 2 mm). packed with
an inert solid support coated with a thin layer of immobile liquid
phase. Those in most frequent use for the analysis of pesticides are
methylsilicone liquid phases (OV-f, 0QV-101, SP-2100, SE-30, C-200),
which are particularly well suited for analyzing nonpolar pesticides. At
the same time, their use for investigating compounds with polar groups
is not ruled out.

Polar compounds are fairly well chromatographed on the polyester
phases PEGA and DEGS. Correct determination of the quantity of liguid
phase to be applied to a solid support is as important as the choice of
the liquid phase itself. For modern detectors it is recommended to
utilize columns with no more than 2 to 57 of the liguid phase, since the
efficiency of such columns has been shown to increase with the
diminishing amount of liquid phase. Packed columns are readily
obtainable f'ror_n manufacturers but liquid phase loading and column
packing present no problem using vacuum and vibration. The column should
be conditioned to remove the phase of volatile compounds by passing a
flow of the carrier gas through the column and maintaining the latter at
a conditioning temperature (tcmd_l which is stated in the relevant
catalogues, being wusually somewhat higher than the maximum working
temperature of the phase. For methylsilicone phases it is about 260°C
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and does not exceed 230°C for DEGS. The duration of conditioning of the
column Is not less than 16 hours. During conditioning the éxit end of
the column should be disconnected from the detector.

For the routine analyses of residual gquantities of pesticides,
capillary chromatographic celumns [(5-100 m x 0.2-0.3 mm) are not
recommended, but they are given preference for the separation of complex
pesticide mixtures, since they permit more effective resolution and
rapid analysis.

As a rule, most pesticides are sufficiently volatile for direct
injection from =soll extracts inte the chromatograph but those having
carboxyl groups [(e.g. phenoxyalkanocle acids) have to be converted in
more volatile derivatives prior to their injection. Various methylation
and silylation reactions serve this purpose.

For determination of residual pesticides, an extract aliquot of
0.5-1.0 pl is injected. Introduction of exceedingly high volumes or
concentirated samples may result in the overloading of the column and
detector. The input temperature is usvally some 10-20°C higher than that
of the column temperature.

A peak of the toxicant under study is identified using values of
the retention time [t"t_}, i.e. the period of time between the moment
of sample injection and the appearance of the peak maximum on a
chromatogram. It should agree with the tret. of the pesticide standard
(Fig. 2).

Quantitation of pesticides using GLC is based on the proportional
dependence of the peak height (or its area) and the toxicant
concentration in the sample. The height of the peak (h) is the easiest
parameter to measure. The area of the peak is calculated by multipiying
the peak height by the peak width [uo_ 5) measured at its half-height
(Fig. 2). Compared to its height, the area of the peak is less sensible
to variation of chromatographic parameters thus making this mode of
calculation more universal. Several methods are currently used to derive
quantitative data: absolute calibration technique, method of internal
standard and comparison technique. Absolute calibration is based on
determining the relationship between the peak height (or its area) and
the pesticide content in the sample. A calibration graph is plotted
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based on the injection of equai volumes of preset concentrations of the
pesticide under study. For determining pesticide concentration in a soil
sample, aliquots of its extracts are injected into the chromatograph,
and the peak height [(area) is wmeasured; the concentrations of the
pesticide are determined from the calibration graph. This method suffers
the necessity of daily verification of the calibration. Many other
techniques, having their own advantages and drawbacks, bave been
reported in literature.

During the past decades, the Laboratory of enzymatic degradation of
organic compounds (Institute of Biochemistry and Physiology of
Microorganisms, USSR Academy of Sciencesl has gained substantial
experience in the application of chromatographic techniques to studies
of the pathways and conditions of microbial degradation of various
pesticides, In this context, the dynamics of degradation of the
herbicide molinate (a thiocarbamate) has been under a thorough
investigation. Quantitation of the toxicant was performed using GLC.

Fig. 3 shows the time course of the molinate depletion.

Detectar signal

Days

FIGURE 3. Dynamics of molinate bioconversion. 1 - malinate; 2 -
molinate epoxide; 3 - keto-derivative of molinate; 4 - molinate
hydroxy-derivative.

This work led to the isolation of products of its bioconversion by
TLC techniques, and their identification was carried out by methods of
chromato-mass-spectrometry and IR-spectroscopy.

Further investigation of molinate metabolites revealed that its
keto—derivative proved to be more toxic than the parent herbicide.
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Degradation of kelthane (DDT analogue) resulted in simpler metabo-
lites compared to the parent compound, metabolites (Fig. 4) that could
apparently be invoived in the major pathway of microbial metabolism,

Transformation of the organophosphorus insecticide, phosalone gives
2-aminp-5-chlorophenol, that condenses to form more complex and
persistent compounds which are a potential hazard to the emvironment.

In conclusion it should be noted that techniques designed to
quantitate the analysis of pesticides are continually being improved.
Recent literature describes novel techniques in high performance thin
layer chromatography (HPTLC) characterized by the use of precoated
plates with a layer of a sorbent composed of a uniform fraction of very
small particles. A varjation of HPTLC has become competitive with GLC
and HPLC in relatjon to the efficiency and sensitivity.

Use of high performance liquid chromatography (HPLC) has also
gained importance in the analysis of residual pesticides, The most
conventional method of liquid column chromatography has been
‘rediscovered” owing to development of highly effective columns and
improvement of detection technigues. This method allows separations and
analyses of nonvolatile compounds without derivatization, thermalily
unstable substances as well as compounds of high molecular weight. Since
HPLC is mnot a destructive technique, it is well suvited for
semi-quantitative and quantitative apalysis as well as for quantitation

of trace amounts of pesticides,
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MICROBIAL DEGRADATION OF CHLORINATED AROMAYIC COMPOUNDS

R.N. Pertsova

Organochlorine pesticides are among the most efficient and widely spread
classes of chemicals used for plant protection. These include herbicides
- chlorinated derivatives of phenoxyacetic acid (2,4,5 -T; 2,4-D, MCPA);
insecticides - DDT and its analogues (kelthane, methoxychlor, methio-
chlor}, chlorinated derivatives of cyclohexane (lindane, heptachlor)
ete.  Utilization of these pesticides, however, creates potential risks
for the bicsphere. This is due to high recalcitrance of chlorinated
compounds: DDT, for example, persists in the environment for up to 20
years, while aldrin - for up to 12 years.

Many chlorinated organic compounds undergoe only slight changes in
the environment, and their metabolites migrate in the biosphere together
with the parent pesticide,

It is also noteworthy thatr environmental transformation of
chlorinated peéticides may result in formation of metabolites whbich are
no less toxic and at times prove to be even more hazardous.

One such example is the herbicide lindane (y-hexachlorocyclohexane)
capable of producing its «-isomer which displays carcinogenic
characters.

Chiorinated pesticides have been found in soil, water, plants,

animals,and even the human body, despite the fact that the recent years
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have seen substantial reduction in the scope of application of these
pesticides, the drop in concentrations in local environments is
insignificant, Therefore, the need for abating their levels in the
environment is nowadays an important problem.

The present lecture outlines one of the perspective approaches to
solving the problem of the environment clean-up from chlorinated
pesticides based on their microbial degradation. A review is also
presented of recent progress [n screening and  selecting microbial
strains capable of degrading chlorinated pesticides, investigating
routes and mechanisms of pollutants bioconversion by active cultures, as
well as novel microbial technologies for cleaning the environment of
persistent toxicants.

Resistance of chlorinated organics to microbial attack is related
te three basic causes: (f) absence in most soil-based microorganisms of
enzymes capable of biotransforming such compounds, (fi) no transport
into the cell and (iif) formation of metabolites toxic to micro-
organisms. For example, Pseudomonas putida mt-2 grown on 3-chlorebenzo-
ate produced halogenated catechol. The 3J-chlorocatechol produced could
not be metabolized by the culture, as it inactivated the enzyme required
for further metabolism of the J-chlorocatechol. Other metabolites of
chlorocrganic compounds are also known to exhibit biocidal properties.
Yet, soil microorganisms exist which are able to degrade chlorinated
pesticides. These are, as a rule, mixed cultures of 2-4 strains, and in
rarer cases - pure cultures.

Later, there will be more discussion of active strains, but for the
moment, let us consider in greater detail the possible metabolic routes
for chlorinated organic compounds.

Dehalogenation is the most important initial step of the
degradation of chlorinated organic compounds. Enzymic mechanisms
operating during dehalogenation have not yet been adequately studied.
Nonetheless, the information available on the subject allows one to
single out a few reaction types: {l) reductive dechlorination, (2)
dehydrochlorination, {3) hydrolytic dechlorination.
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1. Reductive Dechlorination

This reaction involves the substitution of a halogen atom by hydrogen. A
classical example of veductive dechlorination is microbial transfor-
mation of DDT:

c:-@—rrl—@-cl —_— CL-G—TH—@-CL

cCiy HECLy
boT oD

Reductive dechloripation has also been reported to occur in chloro-

phenols, chlorobenzoates, and chlorophenoxyacetic acids.

2. Dehydrochlorination

This reaction is accompanied by simultaneous removal of a halogen atom
and a hydrogen from the neighbouring carbon atom.

Such a mechanism was proposed as the [nitial step in the

degradation of DDT-analogues and lindane:

CH:‘O-@'T‘!—Q-OMS _—H—'c:- CH 0= @ -ﬁ - @ -OCH,

2cly cClg
methoxychlor
cl <1 cl
4 - HCiL
<l <1 cl cl
<l cl Ccl <1
lindane pentachlorocyclohaxene

3. Hydrolytic Dechlorination
This is a nucleophilic substitution of a halogen by a hydroxy group.
Like other dechlorination  reactions, this  route of enzymic

dehalogenation offers removal of =a halogen without affecting the
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arogmatic ring. Hydrolytic dehalogenation is known to occur in 3- and

COOH COOH
@n @ on

Dehalogenation is followed by another no less important step in the

4-chlorobenzoates,

degradation of polychlorinated organic compounds, i.e. the cleavage of
aromatic rings. Fission of bicyelic compounds such as DDT and its
analogues starts, as a rule, with the cleavage of one benzene ring to
produce aromatic acids, mainly benzoic acid. Such a route has been
descrited for DDT metabolites - bis{4-chlorophenyl}methane and chloro-
diphenylmethane.

Under aercobic conditions, oxidation of benzoic acid may be induced
by the benzoate-oxidase system leading to catechol or hydroxylation may
be brought about by hydroxylases to form protocatechuic acid.

During aerobic decomposition of catechol and protocatechuic acid,
the following types of reactions are possible:

- ortho-cleavage (intradiolic) between two hydroxylated carbons;
~ meta-cleavage {extradiolic] between one hydroxylated carbon and the
neighbouring hydroxyl-free carbon.

The products of benzene ring fission may be utilized by the cell as
growth substrates. Such an enzymic combination is very unusual for
microorganisms and is rather rarely found wunder natural conditions.
Therefore, the search for microorganisms capable of degrading
chlorinated organics is a laborious task. Isolation of such active
straing is effected from natural sources that have been in a long-term
contact with the chlorinated compound under study or with one of its
structural analogues. It is assumed that in places of contact of the
natural microflora with the pollutant, active microbial forms capable of
assimilating the Xenobiotic emerge owing to its rapid adaptation. The
microflora is sampled from such polluted sources and inoculated on solid
media having the toxicant as the sole source of carbon and energy. Such
selection  provides strains capable of utilizing  mono- and

dichloroaromatics. To date, no strain has been found directly in
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polluted environments that could directly utilize three or more
chlorinated agomatics.

In addition to the active microbial strains found in mnatural
sources, an effort is made to isolate highly degradative strains from
enrichment cultures. To obtain an enrichment culture, a liquid mineral
medium containing the toxicant under investigation is inoculated with a
sample of known mass or volume taken from a polluted patural source. The
pollutant may be present in the medium either as a sole source of carbon
and energy or (n combination with additional substrate.

The most frequent situations are when the chlorcaromatic compounds
cannot be utilized by the microflora as the sole source of carbon, but
nonetheless they undergo biodegradation in the presence of additional
substrate, i.e. in conditions of cometabolism. Cometabolism is based on
provision of basic processes responsible for bioconversion of the target
substrate (a chloroaromatic) with energy, cofactors, metabolites on
different levels - transport of substrates, biosynthesis of enzymes,
their functioning at the expense of incorporation an additional organic
compound. Cometabolism is related to particular features of the
regulation of peripheral metabolism based on metabolic links between
bioconversion of one substrate (xenobiotic) and wutilization of another
(cosubstrate). As a cosubstrate, representatives of numerous chemical
groups may be used: sugars, alcohols, hydrocarbons, aramatic and
aliphatic acids ete.

The compound studied is inmitially introduced in the concentration
which produce no toxic effect on representatives of microbial species
known from the Iliterature to be the most frequent agents of its
biotransformation. In time, the initial concentration is gradualiy
increased. When the process commences in conditions of cometabelism, the
concentration of the cosubstrate is decreased proportionally, while
increasing the concentration of the chloroaromatic. The overwhelming
majority of active strains capable of degrading various chloroaromatic
pesticides have been isolated using the enrichment culture technique; a
few examples are given below,

Active strains of Corynebacterium sp., Flavobacterium peregrinum,

Pseudomonas sp., Achromobacter sp. have been isclated by the method of
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enrichment culture from soil, water, sludge, and sewage {Table 1}

TABLE 1. Active strains isolated by enrichment culture technique.

Substrate Strain Source
under degradation

2,4~D Corynebacterium sp., Flavobac~ Liquid sewage,
terium peregrinum, Pseudomonas soil, activated
&§p., Achromobacter sp. sludge

MPCA Alcaligenes paradoxus Soil

2,4,5-T Brevibacterium sp, Soil

DDT, methoxy- Pseudomonas aeruginosa, Actino- Soil

chlor, kel= bacter calcoaceticus, Alcall-

thane genes sp.

These cultures are able to degrade 2,4-D. The same technique was
employed for isolating a strain of Brevibacterium sp. capable of
co-oxidizing 2,4,5-T, and the strain Pseudomonas aeruginosa 640x
co-metabolizing DDT. The described method of enrichment culture enables
isolation of active microbial strains from the environment.

Recently, a novel technique for the genetic design of microbial
strains with enhanced ability to utilize chloroaromatic compounds has
been developed based on progress in genetic engineering. The method is
based on the possibility of assembling in one strain the degradative
genes from several strains which are responsible for specit‘ic s;ceps of
metabolic pathways on different levels of the Xenobiotic degradation.

Such a way of engineering novel microbial strains i{s feasible due
to the fact that the enzymes involved in the metabolismn of chlorinated
organics are encoded by plasmids with a few exceptions. At present, some
10 plasmids are kpown which are responsible for the degradation of
chlorcaromatic compounds (Table 2).

Employment of appropriate genetic techniques permits the transfer
of plasmids, and consequently parts of metabolic pathways, from one
strain to another. This approach develops from the research carried out
in recent years by Knackmuss (3), Chakrabarty (8) and in the Laboratory
of enzymatic degradation of organic compounds (Institute of Biochemistry

and Physiology of Microorganisms, USSR Academy of Sciences, Pushchino).
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TABLE 2. Plasmids controlling bjodegradation of chloroaromatic compounds

Plasmid Substrate Plasmid Reference
under degradation size (MDa)

piFl 2,4-D 51 Fisher et al., 1978
PP, pJP and Don a. Pemberton, 1981
pIP 2,4-D, 3CB, MCPA 97, 51, 83
pAC2] p-chlerobiphenyl 65 Kamp a, Chakrabarty,1979
pAC25, pAC27, 3CH, 4CB, 3,5DCB 68, 59, 50, Chatterjee et al., 1981
PAC2E,pAC29 50
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FIGURE 1. Metabolism of 4-chlorobenzoic acid and 3,5-dichloro-
benzoic acid by transconjugants of Pseudomonas sp. B13. {a) -
enzymes of Pseudomonas sp. B13; (b} - enzymes of P. putida
mt-2; (la) - benzoate 1, 2-dioxygenase; (lb) -~ toluate 1,2-di-
oxygenase; (2a,2%) - dihydroxybenzoate dehydragenase; (3a) -~
py¥rocatechase I; (3aa) - pyrocatechase II; (3b) - metapyroca-
techase.

Knackmuss et al. engineered a hybrid strain that united the
ortho-pathway of cleavage of the aromatic ring by Pseudemonas sp. BI3
with a relatively unspecific toluate dioxygenase of P. putida mt-2. The
strain was constructed on the basis of Pseudomonas sp. BL3 utilizing
3-chlorobenzoate to which the TOL plasmid of P. putida mt-2 was
transferred. It is interesting to note that reposing cells of the new
strain metabolized 4-chloro- and 3,5-dichlorobenzoate in addition to
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utilization 3-chicrobenzoate (Fig. ).

The same strain, Pseudomonas sp. BI3, and the strain Alcaligenes
sp. AT, which degrades phenol via the meta-pathway and is inactive
towards chlorophenols were used for obtaining transconjugant strains. A
novel strain utilized phencl via the ortho-pathway, metabolized 2, 3,
4—chlorophenols and 3-chlorobenzoic acid.

The use of genetic engineering techniques enabled Chakrabarty et
al. to obtain the culture Ps. cepacia AC 1100 capable of utilizing
2,4,5-T as the sole source of carbon. To obtain the culture, various
bacterial strains were used, isolated from sewage treatment works, and
Pseudomonas spp. carrying diedegradation plasmids - TOL, SAL and pAC25,
The cultures were maintained in a chemostat end supplied with 2,4,5-T
as the sole carbon source. After proionged cultivation, a mixed culture
was isolated which assimilated 2,4,5-T, while inoculation of ihe mixed
culture on solid agarized media gave a pure culture utilizing 2,4,5-T.

Researchers from the Laboratory of enzymatic degradation of organic
compounds [(Pushchinal were successful in obtaining the hybrid strain P.
aeruginosa BS827 by f{ransferring the plasmid of bicdegradation of
naphthalene and salicylate pBS] in the strain P. aeruginosa 640x capable
of co-metabelizing DUT. The new strain was more effective in degrading
DDT compared to the wild on: and, moreover, was ahle to degrade kelthane
~ a DDT analogue.

As mentioned above, a very important aspect in the degradation of
chloroaromatic compounds is the study of metabolic pathways. Degradation
of certain xenobiotics is known to produce metabolites that are more
toxic, mutagenic and teratogenic than the parent compound. Hence, the
necessity for a thorough investigation of possible metabolic routes in
degradation of =xenobiotics by specific active strains. One of the most
studied chlorcaromatic herbicides is 2,4-0. A whole range of cultures
representing the genera  Pseudomonas, Alcaligenes,  Arthrobacter,
Achromobacter were jsolated and found to convert or utilize this

compound, whose metabolism appears to be adequately studied (Fig. 2)
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FIGURE 2. Bacterial metabolism of 2,4-Dn

Much effort has been devoted to research inta the microbial
degradation of DDT. To date, no strain has been isolated capable of
utilizing DDT as the sole carban source. Total degradation of DDT was
successful only in conditions of cometabolism. Cometabolic degradation
of DDT has been studied in sufficient detail using the culture of P.
aeruginosa 640x.

The initial steps of the microbial degradation of DDT were found to
require anaerobic conditions, whereas terminating reactions starting
with hydroxylation and cileavage of the aromatic rings proceed better
under enhanced aeration. Specific cosubstrates are needed for different
steps of dechlorination. For example, dehalogenation of the aliphatic
fragment of tt;e DDT molecule stands in need of an additional subsirate -
hexadecane, while that of aromatic fragments proceeds better with
glycerol as cosubstrate. The metabolic routes were established for
microbial degradation of DDT by P. zeruginosa 640x (Fig. 3).

Studies of the microbial degradation mechanisms for persistent
xenobictics are conducted, as a rule, in laboratory conditions on liquid
media with pure cultures. In real conditions pollutants are found
everywhere; in soil, water, air, siudge etc. Their properties may change
somewhat in time: they are growing more persistent. The cause of the
persistence of chlorparomatic compounds ia soil may be the lack of
conditions that favour the microbial degradation. Of these, the most
essential are: accessibility of pollutants to microbial enzymes, which
is determined by the extent of their sorption by soil particles and
coiloids, availability of organic compounds acceptable as energy
substrates far -the microflora, moisture content, aeration conditions and

some other factors.
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FIGURE 3. Pathways of DDT degradation by F. aeruginosa 640%.

The sorption of pesticides by soil constituents is a very complex
process which is the sum total of the effects of many other processes.
The mechanisme of the sorption of chloroaromatic compounds by soils,
including the effects of clay fractions and soil organic matter have
received sufficient coverage In numercus papers and reviews. Therefore,
in the present study, the accent will be placed on assessing the effect
of the chlorinated aromatics sorption by scil, on the measure of success
of the microbial attack on these pollutants, since more often than nat,
the adsorption of chlorearomatics renders them highly insensitive to, or
totally Independent aof, micrabial activities. In a homogeneous nutrient

medium, propanil is readily utilized by microorganisms, whereas in
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conditions of microbial attack on the bentonite-herbicide complex, only
the portion of the propanil desorbed into solution was degraded, while
some 20-307% remained inaccessible to microbial cells. The above
inference is in full measure valid for metabolites of chlorinated
aromatics. Thus, the degradation of the herbicide dichlofop-methyl was
studied in three soils: loam, sandy loam and silty soil. in all three
cases, the herbicide was transformed into an acidic derivative and
adsorbed by soil particles. In the first two soils the derivative was
Turther metabolized, whereas in the silty soil the acidic metabolite
Tormed a scil-bound complex and could be extracted only through heating

with an alkaline solution:

o complex

% 5y i
cm@ -o-t'f(-coocm, Cl-@-o-@-o-clm-c\ — = witn
Ha = = CHy OR a0il

The problem of the effect of organic matier on microbial
degradation of chloroaromatic compounds has two aspects: on the one
hand, the organic matter may prove to be a sorbent for pesticides, and
on the other to serve as a source of carbon and energy providing for
increased microbial populations andsor a source of factors required for
bringing about primary steps of the biodegradation of xengbiotics.
Usually, soil contains very low concentirations of chloroaromatic
compounds and they cannot provide for a sufficient development of
microbial populations even when utilized as the sole source of carbon
and energy by some microbial groups, Therefore, the concentration in the
medium of low-molecular-weight organic compounds readily accessible to
microorganisms may become the limiting factor of the degradation. An
additional supply of organic matter often enhances the degradation of
chloroaromatic compounds. Literature describes the stimulating effect of
the additions of green mass of alfalfa or peas on the degradation of
lindane and methoxychlor, or of cattle manure, rice hulls and straw on
the degradation of DDT and heptachlor. It should be noted, however, that
cases were reported in which such readily metabolizable substrates as
glucose had a low efficiency and sometimes even an inhibiting effect on
the degradation of some pesticides.

Aeration Is also one of the essential factors for the degradation
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of chlorcaromatic pollutants, Various pollutants are attacked by
microorganisms only under specific conditions of oxygen supply. In
certain natural soil environments, aercbic, anaerobic and microaero-
philic conditions may exist, Deficient oxygen status or even anaerobic
conditions  may emerge inside individual soil <clots, as the
microorganisms residing on their surface absorb oxygen but do not allow
it to diffuse inside the soil clots. Moistening of scil also contributes
to the removal of some air and inhibition of aerchic microbial
processes. In flooded soils, e.g. in rice fields, only the uppermost
soil layer enjoys a satisfactory supply of oxygen. Going deecper in soil,
the Eh values drop to 100-110 mV, thus creating conditions for reduction
processes.

For certain chlorcaromatic pollutants, aercobic conditions are
indispensable for bringing about microbial degradation, e.g. the rate of
removal of trichlorobenzenes from soil is essentially enhanced wunder
aerobic conditions. On the other hand, anaerobic conditions are
preferred for degradation of polychloroaromatic compounds. Heptachlor,
endrin, aldrin and lindane are better degraded in anaercbic microzones.
However, total degradation of highly persistent pollutants of complex
structure, such as DDT and methoxychlor requires alternation of aerobic
and anaerobic conditions. In the course of DD degradation by P.
aeruginosa 640x, the degradative steps which follow its bioconversion to
benzophenone and beazohydrol require conditions of intensified aeration.

The rate of methoxychlor degradation increases 70-fold wunder
alternating conditions of aeration from the anaerobic to aeroblc.

Hence, modern means of increasing microbial degradation of
chlorgaromatic pollutants in soil are the introduction of additional
sources of organic matter for stimulating the development of active
microflora and flooding or tilling of the soil for changing the soil
aeration regime. All these efforts are aimed at inducing the development
of the autochthonous soil mijcroflora.

Recent years have witnessed the development of totally new
approaches, e.g. the use of genctically engineered bacterial strains to
degrade chlorocaromatic pollutants in natural environments. Both

successes and failures have been reported in relatjon to their use for
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the cleanup of the biosphere. Thus the strain P. aeruginosa BSB27
carrying the plasmid pB53 for the soil ecosystem purification of
kelthane [DDT analogue) has been constructed in the Laberatory of
enzymatic degradation of organic compounds (Pushchino) and tesied n
natural soil conditions. The strain was found to be viable in soil and
capable of degrading kelthane in c‘(;ncemrations | to 100 pg per | kg of
soil (Fig. 4). 1t is of course premature to speak of large-scale
applications of such strains. Before the final conclusion is made, a
thorough investigation should be carried out with regard to their
tehaviour in various ecological niches, possibility of transfer of their
characters to representatives of  autochthonous soil  microflora,
stability of the character responsible for degradation of the xenobiotic

and many other aspects. This approach opens up broad promising vistas.

% -
o m
A [ w
o oY o8 1[}{;{ -
sy
L ok t - S~ 1 E
B et N e
1084 10“1 10 ! &
0 . H
5 b w
5 Y 4L 4l v \\ .
P e "
o | H L
.'5107" 1ot 0 10’ S lsn E
0 | . J 4
U . =
el L 3 o
= t—. | L i =
] 0 [T ] Dl 30 [y 18] o] 3n 60 30

FIGURE 4. Numbers of P, aeruginosa B5827 (2) and dynamics of
kelthane depletion {3} in a natural soil ecosystem.

1 - total population of micreoorganisms; A - without kelthane;
B - without strain BS827, C - strain BS827 with kelthane,

* CFU - colony-forming unit.
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CHROMATOGRAPHIC-MASS-SPECTROMETRIC IDENTIFICATION OF XENOBIOTIC
BIODEGRADATION PRODUCTS

V.M. Adanin ]

1. Introduction

The identification of pesticide degradation products derived from
chemical, photochemical and (netabolic processes is an essential
component in  defining a compound's toxicology and environmental
behaviour. In general, minute amounts of sample are sufficient for
analysis by mass-spectrometric methods (M), and the information obtained
includes molecular weights as well as structural details.

Some of the most important spectrometric improvements in recent
years are sophisticated inlet systems employing capillary gas
chromatography and high-pressure liquid chromatography on-line to mass
spectrometer, various methods of jonization, fast scaoning of full
spectra, heightened sensitivity, and computers specially designed for
handling MS data. '

In this lecture we do not propose to deal in detail with the
various instrumental .designs of mass spectrometers, or with the
interpretation of mass spectra of different types of molecules. Such
information is available in textbooks.

We hope that this introductory “paper® on MS will give the
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reader some (insight into the potentialities of MS in microbiological

rasearch.
2. Methods of lonization

2.1. Elecirorn Impact

The basic principle of MS is the sepalration and registration of atomic
masses. The ionization procedure takes place in the Ion source of the
instrument and .can be accomplished in several ways.

In an electron impact (EI} ion source held at high vacuum
(~10’7t0rr‘) the vaporized sample is bombarded with a beam of electrons,
the energy of which can be varied from about 10 to 100 eV. The
spectrometers are usually operated at 70 eV, a value which yields
spectra of good reproducibility and of high diagnostic wvalue. Most of
the jons formed will be singly positively charged:

M+e— MY + 20

If sufficiently excited, the M lions decompose to form a variety of
charged and neutral species.

Reactions involving only a simple cleavage of the molecular ion
radical [M+.), or a successive series of such simple cleavages are often
accompanied by reactions that involve cleavage of two bonds followed by
rearrangements. The overall behavioural result of electron impact on the
molecules in the ion source is conveniently illustrated by a graph (mass
spectrum] in which the abscissa indicates the ratio of mass to charge
{msz) and the ordinate Indicates the relative ' abundance of the jons
produced (Fig. 1).

Although  electron  ionization (El} is widely wused in the
characterization of pesticides, it bhas =serious limitations in the
analysis of their degradation products. Such compounds are usually more
polar, have lower vapour pressure, and are often thermally unstable, and
thus difficult to wvolatilize, or are structurally unsuited to the
_production of abundant molecular jons. These problems can be
circumvented to some extent by derivatization or by use of lower

ionjzation energies, although with lowered sensitivity.
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FIGURE 1. Electron ionization mass spectrum of DDE.

2.2, Chemical lonization

An alterpative icnization technique, chemical ionization (Cl), provides
mass-spectral information that often complemenis that from electron
lonization. Chemical ionization is of the so-called soft ionization
techniques: j.e. it achieves ionization of the analyte without
transferring excessive energy to the nascent ions. The chemical
iomization method relies on ion-molecule reactions that yield new
ionjzed species. In the case of El-ionized methane, the collisicn of
cations with neutral molecules yields the formal CH; ion Fig. 2).
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FIGURE 2.. Methane chemical ionization mass spectrum of diazinon.
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This reactant ion in turn ionizes the analyte, usually by proton
transfer, to give the “quasimolecular ion”, MH+. Various reactant gases
have been used, including methane, isobutane, hydrogen and ammonia.
These reagent gases sometimes are used as carriers in gas
chromatography-mass spectrometry (GC-MS). The quasimelecular icn M’ is
less likely to fragment, since it is lower in energy than MY Thus CI is
useful for assigning molecular mass in cases where the analyte exerts at
least a low vapour pressure in the source and is not thermally labile.
in single-ion monitoring (SIM) applications the MH is fregquently chosen
for quantitation due to its intensity. Thanks to advances in design and
vacuum technology there exist several commercial instruments that can
perform El, CI, and negative-ion chemical iopization (NCI) with only
simple adjustments or almost simultaneously. These and other methods
described below are most useful when used in combination.

Disadvantages of Cl include highly temperature-dependent spectra,
which may result in poor reproducibility. Further, the relatively high
pressure in the ion source used in Cl means that contamination of the
ion source tends ta be more pronounced than in EI. The high purity of
reactant gases is an important prerequisite for reducing the risk of

contamination and minimizing the background spectrum.

2.3. Field lonization

Field ionization (FI) of a molecule occurs when the molecule interacts
with a strong electric field (101 -10° V/cm). Sufficiently high fields
can be produced in sources where sharp blades, wires, or metal points
form the ancdes. Removal of an electron from a molecule in an electric
field is accompanied by a much smaller transfer of internal energy to
the molecular ion than in the case of EI. Because of the high relative
abundance of the molecular ion in F1, mass spectra obtained by EI and FI
are complementary. In field ionization the gaseous sample is passed near
the electrical field, while field desorption (FD) utilizes a sample
coated on the emitter which is usvally a wire coated with microneedles
consisting of organic polymers and graphitized regions. In FD only M
ions are formed, and consequently this technique is of particular wvalue

for determinations of molecular weight (Fig. 3).
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FIGURE 3. Field desorption mass spectrum of underivatized
2,4,5-trichlorophenylacetic  acid  (2,4,5-T).

FD is an extremely sensitive method and is of great advantage for
trace analysis, Minimum amounts detected are in the range of 1™ g. FD
is particularly wuseful for organic molecules of Jow volatility or
thermal instability and shows great promise for the analysis of polar

pesticide metabolites.

2.4. Fast Atom Bombardment (FABY lenization

In secondary ion mass spectrometry {SIMS), the sample to be analyzed is
placed on a metal surface and bombarded with primary ions of high
kinetic energy {(usually Ar'). At the metal surface, ion-molecule and
charge exchange reactions produce secondary ions, which may be of

Y, IM-H] , [Msmetall” and fragment

several types including M* , MH
ions.

A related but simpler technigue (FAB) uses fast neutral atoms for
bombardment with the sample loaded in an involatile liguid or on a solid
matrix. The sputtering of surface molecules from a liquid sample on
impact within a high-energy atom beam produces positive, negative, and
neutral species. The process of jon ejection is not yet well understood,

A great variety of matrices and bombardment gases have been

examined. Thioglycol, triethanolamine, and many other compounds are
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effective alternative matrices to glycerol. Molecylar ion intensity is
also affected by the reactant gas, decreasing in the order Xe + Ar =+ Me.

FAB has been compared with FD in both positive- and negative- jon
modes and has been found to provide a greater abundance of fragment
ions, which may aid structure elucidation.

FAB has also been used successfully in combination with mass
spectrometry-mass spectrometry (MS-MS). The latter removes the glycerol
“background” and can serve as a separation stage for each component of a
mixture.

SIMS and especially FAB are being increasingly recognized as useful
methods for the ionization of thermally unstable, Involatile, and
multifunctional molecules. Simplified instrument designs for FAB,
including the use of quadrupoles and their increased availability will
undoubtedly enhance the importance of this technique for the analysis of

pesticides and their transformation products.

3. Separation of Ions

3.1. Magnetic-Sector Analyzers

On acceleration of the ion beam out of the ion source, it Is focused by
a series of lenses or slits and passed through an electric potential
which Ffurther focuses the beam according to its energy lelectric
sector). The beam is then passed through a magnetic field for mass
separation. This combination constitutes a double-focusing instrument
suitable for high-resolution mass spectrometry (HR-MS]. HR-M5 s
particularly useful for determination of elemental composition by exact
mass measurements with an accuracy of a few parts per million.

Other analyzer arrangements include single-focusing designs in
which the electric sector is omitted {low resolution), and reverse
geometry in which a magnet precedes the electric sector. An advamage of
the latter ig achieved when selected masses are focused into the
field-free region (and the electric sector) by manipulation of the
magnetic field. Some of the selected ions decompose, giving metastables
with different kinetic energies, they can be separated by the electric
sector. This technique, termed MIKES (mass-analyzed ion energy
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spectroscopy) is effective in the examination of mixtures, since ions
characteristic of a given component can be transmitted. The metastable
species characterize the substance without interference.

In a modification of the MIKES technigue, the mass-selected ion is
collisionally excited by passage through a collision cell containing an
inert gas at high pressure (-10°° torr). This modification, known as
collision-induced  dissociation (CID-MIKES], aids in differentiating

structural isomers.

3.2, Quadrupole Analyzers

Another type of analyzer is based on the use of quadrupoles for mass
separation. Quadrupoles are based on a completely different principle
than that of wmagnetic sector instruments. Four parallel rods are
arranged in pairs so that between each pair of opposite and
electronically connected rods a direct-current {dc} voltage is zpplied
with a superimposed radiofrequency (rf) field. Under the influence of
these fields, {ons acquire complex trajectories, and under constant
rf/dc changes in the voltage, ions are separated according to mass. The
quadrupole filter allows only one mass to pass through the system at any
point in the scan. Its capabilities are similar to those of a
single-focusing magnetic sector instrument (i.e, maximum resclution
2000, high mass 1200 amu} bot it does not provide data on metastables.
Quadrupoles are particularly useful for GC-MS since the Tull mass range
can be scanned in milliseconds. They are also amenable to
computerization for precise control of the rod voltages.

Quadrupoles have proven very useful in the development of tandem
mass spectrometry or MS-MS, a technique in which separation of
components in mixtures is carrjed out by ijonization and several stages
of mass separation rather than by chromatography. Although not yet
utilized widely MS-MS should prove to be more selective, more sensitive,
and faster than techniques with prior gas chromatographic (GC)} or liquid
chromatographic [LC) separation. Initially ions are separated, producing
a primary mass spectrum from which a single ion is selected to obtain a
secondary or daughter ion spectrum.

Any of the present range of ionization techniques can be used 1o
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ionize the sample prior to the first stage of mass analysis.
The tandem mass spectrometry was recently used in the analysis of

mycotoxins in biclogical samples at the sub-parts per million level.

4. Introduction of Sample

4.1. Direct Inlet Probe

Modern mass spectrometers usually provide several means of introducing
the sample into the ion source. The simplest is the direct inlet probe
technique. It utilizes a smali glass or gold crucible attached to a
metal rod. The rod may be advanced through an airtight seal connected to
a vacuum lock so that the opening of the crucible closely approaches the
btombarding electron beam. The inlet probe is designed for accurate,
rapid heating, by which a small quantity (ug or less) of sample can be
vaporized and introduced into the beam of electrons. Precisely
constructed direct inlet systems permit controlled, fractionated
distillation in the source and thus consecutive analysis of components

in a mixXture.

4.2. Gas Chromatograph

The most important operation for the pesticide analyst is the
introduction of sample provided as a chromatography eluent from GC and
more recently from HPLC. When packed GC columns are utilized, the high
gas flows required necessitate the use of molecular jet separators at
the interface. These differentiate between sample and carrier so that
enrichment of the analyte relative to the carrier gas takes place.

The use of capillary columns {0.25-0.3 mm) and now wide-bore
capillaries (0.5 mm) enhances the usefulness of GC-MS, allowing for
direct introduction of the sample into the ion source in addition to
increased chromatographic resolution.

In CI-MS the ionization gas can be used as a carrier or introduced
directly to the source as a make-up gas. GC-M3 is of particular
!mportance in the regulatory analysis of pesticides and has been applied
to a variety of pesticide degradation products.
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4.3, Liquid Chromatograph

The high-performance liquid chromatography (HPLC) has advantages over GC
in that compounds are not exposed to excessive heat, less sample cleanup
is required, and derivatization is usvally not necessary. The first
suceessful commercially available LC-M$ interface was the transport or
moving-belt system. The operating principle of the moving-belt can be
separated inte three distinct steps: deposition of the eluent, removal
of the solvent in vacuum and volatilization of the sample inte the jon
source. The other popular mode of on-line LC-MS has been called direct
liquid introduction (Di]), DLI LC-MS often uses a split such that only |
-5% af the total effluent {c introduced into the mass spectrometer. Only
CI mass spectra are available from DLI LC-MS experiments, which often
provide desired molecular weight information.

Recently developed thermospray LC-MS interface promises to be
useful addition to the range of MS methods applicable to analysis of
xenobiotics. In most instances the base peak in the thermospray mass
spectra corresponded to the protonated molecular jon species IM+H]+
{Fig. 4).
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FIGURE 4. Thermospray of mass spectrum of siduron.

5. Use of Computers

The coupling of mass-spectrometry ic computerized sysiems considerably

enhances their utility and ease of operation. The computer can
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coordipate scanning control, data acquisition, and data processing.
During the [970s, computers were used (o cope with the great volume of
data produced during analysis by GC-MS.

The process of converting infoermation acquired by the cemputer
{digitized scan/time/intensity data) into the mass spectrum reéquires
mass calibration using a reference compound. These substances vary,
depending on Ionization mode, mass range, and inlet. Perfluorckerosene
[PFK) is normally used in magnetic sector instruments (m/z 40-800) and
heptafluorotributylamine in quadrupoles [(m/z 40-600) for EI-MS and
Ci-MS. Calibration at higher masses utilizes substituted triazines.

In addition to obtaining low-resolution spectra, the data system
can be used to determine accurate masses for establishing elemental
composition. With the mass spectrometer operating at high resolution
(>8000), the sample js admitted and jonized simultaneously with the
reference material. The data system lacates the reference signals and
recalibvrates, taking any variations into account. The accurate masses of
abundant jons are computed by interpolation between adjacent reference
ions, which are then subtracted, leaving the accurate mass spectrum of
the sample. This technique is suitable for GC-MS given peaks of
sufficient width.

Repetitive or multiscan data processing is typical for the analysiz
of chromatographic eluents {(GC-MS and LC-MS) but can alse be applied to
thermmal separation of substances on heating the direct introduction
probe. The trace obtained is the total ion current (TIC) chromatogram,
equivalent to the chromatogram obtained with a conventional nonspecific
detector as far as peak retention times but not areas, The comptiter sums
the ion aburidances and normalizes and plots them against time or scan
number to produce the TIC. Quantification of chromatographic peaks can
be carried out with certain limitations. The TIC can be relieved of
background signals by subtraction of the appropriate spectra, usually
thoge adjacent to the peak of interest. Mass chromatograms obtained by
plotting specific masses against time c¢an be used to check the
homogeneity {(purity) of chromatographic peaks. Single-scan data can be
compared with a library of reference spectra in a computer library

search. Most commercial data systems have libraries stored on magnetic
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discs or tape containing several thousand reference EI spectra - e.g.,
the National Bureau of Standards compilation {(USA) contains 38,785
camplete spectra. Libraries based. on other ionization methods are not
generally available.

In the usual mass scanning mode, also termed full scan or total
mass scanhing, a mass range (e.g. 50~450 amu) is scanned repetitively.
Alternatively, the mass spectrometer can be pre-programmed to detect
only certain masses in a technique known as single~ion monitoring
(SIM-MS) or multiple-ion detectjon (MID-MS). Quadrupole instruments are
particularly suited to this application, since they are not subject to
hysteresis problems as magnetic instruments. In fact, quadrupoles
operate at maximum sensitivity in this mode, since the detector acquires
data only at masses of Interest. Accordingly, Mirex and its degradation
products, for example, are analyzed with a detection limit of 500 fg by
SIM, whereas a detection limit in the low picogram range is achievable
by MID.

Mass spectrometry is widely employed as confirmatory technique in
pesticide resldue analysis. A full spectrum of the suspected residue
provides the greatest amount of structural information and specificity;
however, a limited-mass scan including diagnostic jons or MID of three

or more jions may suffice.

6. Quantitation Procedure

Mass spectrometry methods can be used to obtain quantitative information
in addition to their powerful contribution toward structure elucidation.
Quantitation by MS is carried out by using calibration graphs of the ion
abundance of Internal or external standards, much as peak areas are used
in GC.

The method of standard additions has been used in quantitative mass
spectrometry, and absolute calibration by external standards may often
Zive high precision and accuracy. Best results, however, are obtained
with iInternal standards, where calculations can be based on ratios
rather than absolute measurements, The substances which are used as

internal standards may be homologs (with similar substituents) or
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isotopically labeled materials (ﬂc. zI-I, o, Homologs require previous

chromatographic separation {(GC, LC), and those yieding common fragment
fons are preferred for ion-monitorlng tethniques. A substantial mass
difference [ 3 amu) between the isotopically labeled analyte and actual
analyte is necessary, particularly for substances with broad isotope
clusters (e.g., polychlorinated molecules). Such standards may also
function as carriers that decrease the loss of ultratrace quantities on
chromatographic adsorbents and elsewhere.

Recently, atrazine, lindane, pentachlorophenol, and diazinon have
been determined in water using standards containing stable isotopes.

The highest sensitivity for quantitation is achieved with single-
or multiple-ion detection. The abundance of one or more selected
abundant jons is acquired in real time as components emerge from the

chromatographic system.
7. Chemical Derivatization

Modification of chemical structure by introduction of substituents in
the reactive groups of a molecule has the same goals in MS as in gas
chromatography applications. Improvement of volatility or therma)
stability of the sample can be accomplished, and enhanced chromato-
graphic resolution can be obtained by a variety of reactions.

Silylation is probably the most commonly used procedure, applicable

to acids, phenols, alcohols, and amines (Scheme 1).

~0OH
-COOH

~Q-Si(CH3)a

-COO-5i{CHa)z
-S-Si(CH3)3 ’Si(Cl-la)a
(1) -NHSi{CHz)3; (2] _\

Trimethyk-

silyl (TMS)

donor i{CHa)a

SCHEME 1. Preparation of silylated derivatives.

Advantages of such type of derivatization include Improved
volatility, easy removal of the protective group, and mass spectra that
often  exhibit abupndant molecutar jons or Intense characteristic
fragments (e.g., M-CHS). Other commonly vsed derivatizations Involve
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alkylation, acylation, and isotopic labeling.

In addition to improving the efficiency of sample introduction into
the ion source, new substituenis may increase the abundance of M* with
groups of low jonization potential, or direct fragmentation toward more
intensive iong, suitable for SIM, or to fragments that provide

structural information.
8. Application Examples

The use of mass spectrometry to identify and quantitate organic
pesticides is coatinually expanding, and the rate of appearance of new
reports increases each year.

In spite of its limitations, electron-impact MS (FEI-MS) continues
to be the principal method for identification of degradation products,
mainly due to the availability of instrumentation and ease of operation,

Mumerous studies have used EI-MS combined with GC introduction for
analysis of the chlorinated insecticides, probably because of their
thermal  stability. Mercapturic acid derivatives of  chlorophenyi
metabalites of lindane have been characterized by GC-EI-MS. after
derivatization to the triflucrcacetyiated butyl esters. SIM was
successfully utilized to determine hexachlargeyclohexane isomers in
aquatic environments. Thus, parts per trillion levels have been
established using deuterated internal standards.

When SIM was used for the analysis of the chlorinated pollutants,
the meolecular-ion cluster areas are a fairly constant fraction of the
total lon current, essentially regardless of the chlorine number, thus
simplifying the determination of relative concentrations.

Many studies have analyzed the chlorophenoxy herbicides and their
degradation products. A direct interface EI-GC~-MS has been used faor
2,4-D  analysis in air samples 1o obtain maximum sensitivity and
reproducibility. The base peak used for SIM allows for sensitivities
below 1 pg.

The presence of a strong molecular iom, characteristic in chemical
ionization M5 {CI-M$), is an important requirement for structure
etucidation.
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Aldicarb, butocarboxime, and their metabolic sulphoxides and
sulphones have been analyzed by GC-CI-MS, although aldicarb and its
metabolites are subject to decomposition in the column. Fragmentation
patterns are useful for differentiating aldicarb and butocarboxime.

Carbaryl is difficult to analyze by GC in environmental samples,
but GC-CI-MS (ammenia)l has been successful at sub-parts per million
levels with quantitative results in close agreement with those obtained
by HPLC.

Various mass specirometry techniques were compared in the analysis
of di-(2-ethyl hexyllphthalate metabolites, EI was nonspecific, with
each metabolite revealing the familiar mr/z 149, 163, and 18] ions,
methane ©1 provided molecular weight data (ie., MH' , IM+29]° | etc),
in the oxygen NCI mode data complementary to methane Cl was obtained;
and CID-MIKES was specific enough to differentiate isomers.

The involatile herbicide hexazione has been examined by FAB- MS.
Recently a procedure has been reported that combines TLC and FAB-MS.
Direct analysis of chromatographic zones should prove useful for a
variety of polar and thermally labile materials that cannot be separated
by GC.
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MICROBIOLOGICAL ASPECTS OF THE PURIFICATION OF INDUSTRIAL
WASTE WATERS

R.M. Alieva

Uncontrolled disposal of toxic synthetic substances aggravaies the
potential hazards of inan's impact on the enviromment. Anthropogenic
stresses on ecological systems are caused, in the first place, by
channelling to the environment synthetic organic compounds and heavy
metals. Such substances display, as a rule, rather high toxicity to, and
persistence in, tocal environments.

The seif-purification capacity of the biota is heavily affected by
the ever—increasing influx of deleterious industrial wastes,

Biochemical treatment of waste waters using activated sludge as the
major technogenic agent of the effluems’ cleap~up has gained ground in
disposal of the agricultural and communal sewage, which is characterized
by a relatively stable composition. The industrial waste waters,
hawever, carty high concenirations of oxidation-resistant compounds, and
this makes conventional sewage treatment technologies somewhatl obsolete.

Microbial technologies for the purification of waste waters, when
extrapolated from agricultural and communal sewage to industrial wastes,
which contain relatively high quantities of toxic organic compounds and
heavy metal ions, prove to be low-efficient. They call for development

of novel, research-based methods, since the oxidative potential of the
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microbial community in activated sludge is no longer sufficient.

An urgent need is thus felt for elaborating ecologically sound
strategies of the wuse of microorganisms for neutralizing noxious
substances prior to their release td the epvironment. Effort aimed at
tackling the probiem should, first and foremost, Tocus on  screening
active microbial strajns, which display high degradative ability, their
comprehensive investigation and the development of a novel system of
their utilization. Such an endeavour, if successful, will provide
protection of the activated sludge microflora from bighly toxic
componenis of the sewage.

Specific chemical industries, for example those producing synthetic
rubber and a number of other organic compounds based on divinyl and
o-methylstyrene, discharge highly toxic effluents. These waste waters
have a complex chemical composition, a-methylstyrene and crotonic
aldehyde Tbeing amongst the most noxious because of their toxic
characters and present at high concentrations due to imperfection of
certain  technological steps. Their concentrations in waste {reatment
plants are many times higher than tolerated doses, and the activated
sludge in the aeration tanks is obviously unable to pravide far
effective utilization of these toxicants,

The above problem has been for a few years one of the basic lines
of applied research at the Institute of Microblology and Virology of the
Kazakh SSR Academy of Sciences [Alma-Ata).

In this context, the present lecture presents the fundamental
background, experimental material, and the experience gained as a result
of the effort to develop more efficient microbial techniques to be used
in waste treatment plants for abating drastically levels of the above

pollutants,

L. Inhibitory Effect of the Sewage Toxic Components on
Microbiocenosis in the Activated Sludpge

The formation of microbial populations in waste treatment planis onccurs
under the influence of various physico-chemical factors [(aeration

conditions, temperature, pH etc.) and the chemical composition of
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organic and mineral substances under treatment. With this in mind, we
undertock analysis of the waste treatment plant, which suggested
division of the whole system into 4 specific ecclogical zones.
Physiological studies of the basic microbial groups reveazled that these
zones are in the main populated by aercbic heterotrophic microorganisms
{bacteria, fungi, yeast and actinomycetes). Major attention was paid,
howeaver, to characterization of the aeration tanks that are the site of
basic degradation processes.

The activated sludge is a cenosis composed of bacteria, Fungi,
yeast and protozea with the heterotrophic bacteria present in large
quantities. Among these, the predominant are Gram-negative, nonsporous
members of the genera Pseudomonas, Alcaligenes, Xanthomonas, Zoogloea,
Proteus, FEscherichia, Sphaerotilus and Azotobacter. Gram-positive
bacteria are represented by the genera Bacillus, Micrococcus,
Staphylococcus, Lactobactllus, Listeria, Corynebacterium. In addition,
two fungal strains of CGeotrichum sp. and yeast Rhodotorula and
Cryptococens were isolated. Among bacterja, the most dominant are the
genera Fseudomonas, Alcaligenes, Xanthomonas, Zoogloea with Trequent
accurrence of the genera Bacillus, Corynebacterium, Micrococcus.

The microfiora of the activated sludge is composed of different
groups of protozoa which are sensitive biologleal indicators and respond
to changing environmental conditions. In the waste treatment plant, the
activated sludge is populated by the Ffollowing groups of protozoa:
Aspidiscka, Arcella, Monaostyla, Vorticeila, QOpercularia, Sphaerophria.

A distinctive feature of the industrial sewage is that it is the
recipient of substantial quantities of toxic technogenic compounds that
create stresses on the activated sludge microflora.

Pulse discharges of o-methylstyrene, crotonic aldehyde and mercury
iong to the activated sludge prove to be fatal for specific microbial
groups, and these most vulnerable ‘ecological targets’ gradually
disappear (Table 1).

Studies of the effect of the above toxicants at concentrations
exceeding the tolerated levels showed that 6—12.hours after contact with
the pollutants, the occurrence for many microorganisms falls. The

species composition of the sludge microflora is reduced, Pseudomonas and
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Bacilius sp. are becoming dominant in the sludge microbiocencsis, while

the microfavna is tutally destreyed.

TABLE !. Effect of tuxic .vmpounds on the qualitative composition of
microflora in activated <ludge

Control a-Methyittyrene Mercury ions Crotonic aldehyde
Pseudomonas Pseudomunas Pseudomonas Pseudomonas
Alcaligenes Alcaligenes Alcaligenes

Xanthomonas

Zoogleea Zoogloea

Escherichia

Proteus

Asatobacter

Spaerotilus

Bacillus Bacilius Bacitlius Bacillus
Staphylococcus

Listeria

Lactobacillus -

Corynebacterium Corynebacterium Corynebacterium

Micrococcus Micrococcus

Cryplococcus Cryplococcus Cryptococcus

Hence, the major consequence of the interaction of activated sludge
with industrial effluents is the reduction of the microbial community.
qualitative changes effected in the sludge, and inhibition of
biochemical activity. These point to the fact that the system is
overloaded with toxic pollutants and is no longer able to process the
discharged compounds.

Following the above statement, the strategy aimed at averting grave
perturbations in the activated sludge biocenosis should focus on
improving .ne existent technologies of sewage clean-up and preventing
accidental cor uncontrolled influx of toxic compounds in sewage treatment

plants.

2. Microbjal Degradation of Toxic Organic Compounds

Some SO0 microbial strains belonging to various taxonomic groups have
been assayed for their ability to utilize xenobiotics as the sole carbon

source in the attempt to find microorganisms that could grow at the
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expense of a-methylstyrene and crotonic aldehyde.

Screening in microbial culture coliections failed to provide any
positive results thus giving an impetus to a search for active strains
in mnatural biocenoses. At present, the search for such microbes may
acquire a purposeful character provided it makes use of a microflora
adapted to specific substrates. Conditions for such an adaptation may
arise in the activated sludge and industrial waste waters as the result
of long-term adaptation by the microbial population to heavy
concentrations of these compounds, in other terms, by their
microevelution.

The use of conditions which developed in sewage from the mentioned
industries permitted the isolation of more than 50 microbial strains
capable of degrading o-methylstyrene and crotenic aldehyde in the
activated sludge and waste waters,

The degradation of crotonic aldehyde was studied using the strain
Bac. pumilus 153 which exhibited the highest oxidative characters.
Intensive growth of this culture was accompanied by proportional
degradation of crotonic aldehyde.

The first 3 days showed degradation of some 630 mg/sl or 787 of the
total crotonic aldehyde. Further, a decline in bacterial growth, and
consequently the aldehyde depradation rate, was observed, the pollutant
being completely oxidized after 5-6 days. The use of a mixed cuiture
understandably curtailed the period of crotonic aldehyde degradation.

Growth of these cultures on industrial effluents containing
ethanol, butanol and ethyl acetate showed that the bacteria adapted to
such conditions were capable of oxidizing the crotonic aldehyde in
cancentrations up to 1.0 g/] within 2 days.

Studies of the metabolic routes in the crotonic aldehyde oxidative
degradation by the cultures Bac. pumilus 153 and Bac. megaterium 148
pointed to hydration of its double bond to form two molecules of
acetaldehyde followed by production of acetic acid, which was utilized
by the microorganisms in constructive metabolism.

Oxidation of crotonic aldehyde may be represented as:

CHS-CH=CH0 + 2HOH —— ZCHSFCHO —_— 2CH3—COOH
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Investigation of the dynamics of a-methylstyrene (AMS) bacterial
oxidation by the strains P. aeruginosa 8 and 13 showed active growth of
the cultures on this substrate. Its initial concentration of 2 g/l was
completely oxidized within 24 h, while 4 g/l enhanced bacterial growth,
and in 2 days the toxicant was no longer detectable in the medium
(Fig. I).

- o .t
. ¥

. - 2
-~ *E - <]
S e’ N
: A 5

g w g
[ o
g e Woa o
i LA ;
[V B H 5 oop g
s . a & -
v f ; . ) o
g 1o / . s & 5

a N < ¢
o t . I g
w g ' & m °

E X . L =]

\ b <

- \ v 2
.1 A
i [, \
T P S [ - ] 3 e a “t
‘!Pime. hrs * Time, hrs

FIGURE 1. Dynamics of AMS oxidation and growth of P. aeruginosa
&(a} and P. aeruginosa DS I3(b) in the liquid medium 8-E.

—— biomass production on 2 g/l {[) and 4 g/l {2) of AMS;

-~= AMS depletion from 2 g71 (1) and 4 g1 (2).

The oxidation was shown 1o proceed best at 28°C, pH 6.5-8.5, under
conditions of aeration and the toxicant concentration of 2-4 g/l

The maost distinctive feature of the microorganisms isolated
directly from the sludge or waste treatment plant is their high
oxidative activity during degradation of a-methylstyrene and crotenic
aldehyde. Of these, over 30 cultures were found to utilize 2 to 10 g of
e-methylstyrene and toluene, and about 20 strains capable of oxidizing
0.8 to 1 g of crotonic aldehyde per 1 litre of medium. A microbial
collection was established based on the genera Pseudomonas and Bactllus,
which included strains able to utilize the most toxic waste products
from acetaldehyde and synthetic divinyl rubber production: x-methyl-
styrene, crotonic aldehyde and toluene.

In  additicn to high oxidative potential in relation to
a-methylstyrene and crotonic aldehyde, the isolated cultures also
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developed, in the course of adaptation, other unique distinctive
characters compared to their microbial analogues isolated from natural
environments. Thus,  nearly all sludge-isolated strains of the
Pseudomonas genus were remarkable for their enhanced ability to grow on
aromatic hydrocarbons ({toluene, biphenyl, naphthalene) and to display
poor growth on oxidized aromatic compounds. They proved to be tolerant

to high concentrations of mercury.

3. Investigation of the Pathways of a-Methylstyrene Peripheral
Metabolism by Plasmid Carrying Pseudomonas Strains

Many xenobiotics are transformed by microorganisms inte metabolites that
may prove to be more toxic and recalcitrant compared to the parent
substrate.

Peripheral metabolism of a-methylsiyrene {AMS) was best studied for
the strains P. asruginosa 8 and 13, and P. acidovorans 9.

Physico-chemical analysis gave evidence for B8 compounds as
metabolites of AMS degradation by P, aeruginosa 8 and [3 which utilized
AMS as the sole source of carbon and energy at concentrations of 2 .to 1O
g/l

Study of the culture growth dynamics revealed that the basic
process of AMS bioconversion occurs in the exponential phase of 6-I2
hour duration (Fig. 1).

Thorough exarnination of the data obtained suggested two dIfferent
routes be operative in AMS catabolism. The principal oxidative route
starts with hydroxylation of the aromatic ring to form (cis)-2,3-
dihydroxy-l-isopropenyl-6~-cyclohexene and 3-iso-propylcatechol followed
by the ring cleavage via the meta-route with the metapyrocatechase of
broad substrate specificity to form 3 aliphatic ketoacids differing by
their carbon chain length [CT—Cq) {Fig. 2).

Elucidation of the structure of the above acids was complicated by
their involvement into subsequent metabolism.

The minor route of AMS degradation is related to the accumulation
of wa-phenylacrylic acid and «,a~phenyimethylglycol which are the
products of the isopropenylic fragment oxidation, At the same time,
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acetophenone was produced v¥ia a-methylbenzylic alcohol but these

metabolites did not accumolate in the stationary phase.
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FIGURE 2. Primary steps of AMS degradation by P. aeruginosa 8 and 13.
I, AMS; N, acetophenons; IIl, a-phenylpropionic acid; IV, a-phenyl-
acrylic acid; V, a.e~phenylmethylglycol; VI, loxy)-isepropenylben~
zene; Y, cis-2,0-dihydroxy-1-isopropenyl-6-cyclohexene.

Under conditions of the bicconversion of washed cells, acetophenone
disappeared rapidly Ffrom the medium giving no metabolites. The key
enzyma of the aromatic ring cleavage - metapyrocatechase was induced by
acetophenone. Acetophenone is apparently further catabolized by the
culture via the ring meta-cleavage.

Metabalism of AMS by P. aeruginosa 8 and 1J is characterized by a
diversity of routes for the primary enzymic attack on the molecule. This
pattern is indicative of the oxidation of xenobiotics and was outlined
in earlier works devoted to oxidative degradation of xylenes,

pseudocumene, ordram, and DDT (Skryabin and Golovleva, 1976).
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The dynamics of AMS oxidation by P. aeruginosa 9 was characterized
by poor microbial growth, though the substrate disappeared totally after
2 days. Analysis of the culture liquid pointed to the availability of 2
products: a-methylbenzylic alcohol and acetophenone thus confirming that
AMS degradation by P. acidovorans 9 s a typical microbial bicconver-
sion. Analysis of the key enzymes which bring about oxidation of the
aromatic ring showed the availability of nearly all enzymes involved in
the ring cleavage.

Summing up the above example, it may be inferred that the
appropriate choice of microbial cultures adapted to highly toxic
conditions permits total oxidation of the toxicant, as is the case with
AMS, whereas establishment of metabolites and degradatien routes may be

used as the guide-lines in staging similar studies (Fig. 2).

4, Investigation of the Plasmids Responsible for the Biodegradation

of a-Methylstyrene and Toluene by Pseudomonas Strains

Enzymic systems responsible for the oxidation of alkylbenzenes are known
toe be controlled by plasmid genes (Boronin and Skryabin, 1985).
Investigation of 11 strains able to degrade AMS showed the avallability
of a plasmid DNA with molecular weight of the order of 30 MDa. Cultures
of these strains on beef-peptone agar and nutrient broth did not lead to
the emergence of plasmid-free versions in microbial population. Neither
strain treatment with subinhibiting concentrations of mitomycin € (20
pg/ml) provided plasmid-free variants. However, P. aeruginosa DC-13
showed a drop in the molecular weight of plasmid DNA. Herewith, variants
with deietions of the plasmid were losing their ability to catabolize
AMS and toluene as well as thejr resistance to mercury ieons. The
frequency of occurrence of such variants made up 20%, on the average,
The absence of reversions to the initial phenotype speaks in favour of

the deletion loss of genetic determinants.
S. Biotechnology of Local Purification of Waste Waters
Therough study of microbial cultures able to degrade AMS and toluene
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suggested the use of the most active strains for the clean-up of
industrial sewage. However, the microbial technology intended for
purification of Iocal waste waters to be efficient, requires high
concentrations of degradative microorganisms. It was therefore necessary
to develop techniques of immobiliZation of active strains in order to
establish - a stbilized technological system, In this context, two
directions were given first priority: aggregation of micgrobial cultures
into flocculi (bulking of activated sludge) on divinyl-styrene latex and
cell immobilization on solid supports.

The production conditions limit the choice of materials used for
fixing microbial celis. Preference (s given te solid materials such as
glass fibres, porolon (porous polyvinyl chloride) etc, As supports for
immobilizing microorganisms, porolon, glass «cloth and bead- or
'hedge~hog'-shaped glass fibre were assayed. The best results were
obtained using poreolon and glass cloth. Model experiments were carried
out in a biochemical sewage treatment pilot plant under conditions of
continyous culture using active degradative strains immabilized on glass
cloth. Results of these experiments illustrate the feasibility of waste
water microbial purification of crotonic aldehyde and AMS in

concentrations 1 to 2 g/l

5.1. Local Industrial Sewage Purification of Crotonic Aldehyde and AMS
Under industrial conditions, microorganisms capable of degrading
crotonic aldehyde and AMS were immobilized on inert supports and used in
an installation for local purification of industrial effluents (Alieva
et al., 1985}). The Iinstallation contains strips of porolon or glass
cloth, their dimensions being predetermined by those of the waste water
discharge canals starting in the production shop. .

The effluents discharged from the acetylene hydration unit are rich
in crotonic aldehyde and acetylene {flow rate - 10 ma/h, at 30°C),
whereas the of acetaldehyde rectification unit discharged the waste
water at 40-50"C with the flow rate of 150 m’/h.

5.2. Clean-up of the Effluents from the Acetylene Hydration Unit.
The installation inciudes a microbial purification unit composed of
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tail-strips of porolon on which active degradative bacterial cultures of
the genus Pseudomonas were earlier immobilized. The unit of microbial
purification thus prepared is installed in the shop discharge canal. Use
of this unit permitted the total removal of the aldehyde from the waste

water discharged (Table 2}.

TABLE 2. Local waste water purification from aldehydes in the acetylene
hydration production unit,

Puri- As- Conc-n of components, mgsl Purification
fica- say effect, 7
tion No. prier to after
step purification purification from COD from initial
COD***  conc-n
CA* AA® C2Hx CA  AA CzHz ca
1 25.6 1394 132.8 0 o) 15.9 28.7 100
First 2 48.3 1925 1656.1 o] O 207 9.3 100
unit 3 74.8 173.3 l48.6 9.1 1.3 27.8 86.7 B7.8
4 1037 1287 153.3 23.2 6.2 1.9 74.8 7.6
Second & L12.7  19.3 180.2 ] Q 316.5 4.7 100
unit & 173.4 1687 136.8 0 0 22,4 90.8 100
7 218.2 120,99 157.6 a7 83 295 8Lé 2.7
8 2528 138.8 9B.7 281 13.6 1.4 8L.3 88.9
Third ¢ 226.3 187.2 76.7 0 0 124 924 100
unit 10 276.4 167.5 123.8 0 Q 1e.9 89.8 100
11 3445 1487 1743 9.3 197 235 946 97.3
12 3608 170.6 86.7 216 835 1.3 9L9 54,0

* - crotonic aldehyde; ** - acetaldehyde;
*«% . chemical oxygen demand.

Chemical production control gave some 8B.7-91.3% for the effect of
the clean-up. Modelling of the bulk discharges of crotonic aldehyde in
concentrations up to 103 mg/l (4-Tald increase compared to the tolerated
dose) did not affect the purification efficiency. In the purified
effiuents, the aldehyde conceniration did not exceed the maximum
tolerated dose of 24 mg/l thus giving an aldehyde removal efficiency of
71.67% and 74.87 in terms of the chemical oxygen demand (COD). Further
increase of the crotonic aldehyde concentration was impossible because

of the risk of exceeding the maximum permissible concentration of the
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pollutant in the final waste water discharge.

To enhance the pyrification effect, a second, and later a third,
microbial purification units were installed in the waste water discharge
canals. These of additional units raised the efficiency of purification
to 92,77 thus making possible peutralization of bulk aldehyde discharges
up to 340- mgsl while maintaining the purification effect at no less than
9G% level, in a number of instances, the aldehyde was completely removed
from the discharge.

Similar results were obtained for the effluents from the
acetaldenyde rectification unit where purification was carried out at
different temperatures. The data obtained showed that the purified
discharge contained the aldehyde within tolerated limits even when the
bulk discharge gave the 10-fold quantity. A 10°C temperature ipcrease
did not practically affect the bacterial activity level, whereas at 50°C
the purification efficiency dropped only by 1-4%.

5.3. Waste Water Purification of AMS in the Synthetic Rubber Production
Similar installations were wused for purifying effluents from the
synthetic rubber producticn unit. The waste water was basicaliy poiluted
with AMS, synthetic fatty acids (S5FA} apd latex. AMS concentrations in
the effluent did not exceed 100 mg/l. However, during pulse AMS
discharges, its conceniration increased 6~fold. Oxidation of AMS was
carried out by the mixed cuiture of B. cereus 3 and P. aeruginosa 6 and
8. Testing of the installation under industrial conditions showed a high
purification effect in relation 1o AMS and other organic compounds
(Table 3},

In emergency situations (300~600 mg AMS per litre), the toxicant
concentration was rapidiy reduced to a tolerance level with the
purification efficiency of 99.67%. During a month-long test of the
installation under industrial conditions, it received some 21,600 m of
waste water with AMS concentrations reaching at times 600 mg/l. Under
such  conditions  the installation  displayed reliable  performance
providing a 9952 purification efficiency, i.e. practically total
microbial oxidation of AMS,
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TABLE 3. Efficiency of the installation for the local waste water
purification from AMS.

AMS concentratjon, mg/l Purification efficiency, %
prior to after of AMS according to COD
purification purification

44.4 0.2 99.9 92.5

£9.0 0.4 99.9 51.0
155.6 i1 59,9 £9.9
298.B 2.3 99.8 25.4
646.2 2.8 99.6 80.2

In conditions of increased industrial output additional pollutants,
mainly highly toxic organic compounds and heavy metal ions, are
incorporated into industrial sewage which, when discharged
uncontrollably to the environmenti, perturbs the natural biocenoses.
Increased public concern in  relation to environmental protection
requires principally new, research-based microbial technologies for the
degradation of xencbiotics, the more so¢ since the conventional
techniques relying on the oxidative characters of the activated sludge
microflora are nc longer efficient because of repression of the enzymic
systems and destruction of microbial populations by the increased
contamination potential of the sewage.

Recent research shows that the highly toxic components of
industrial sewage influence certain microorganisms; some hitherto active
organic matter oxidizers are removed from microbiocenosis. This, in
turn, leads to a decreased biochemical activity of the activated sludge
and to an overloading of the system with pollutants and its inability te
process the discharged toxicants.

On the other hand, selective conditions occurring in the activated
sludge and sewage force the remaining microflora to form populations
having the capability to degrade toxicants present in sewage.

The results from the sewage treatment plant operation in Alma-Ata
are promising. Over 50 active mijcrobial strains isolated from the
industrial effluents not only displayed bhigh degradative characters

towards AMS, toluene and crotonic aldehyde btut they also acquired some
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unique properties not found in analogous strains of the Pseudomonas and
Bacilius genera isolated from natural environments. The unique
characters of such microbial strains are highly promising for developing
novel microbial technologies with efficient degradation {1-10 gs/I} of
the toxicants discharged in industrial sewage. Immobilized on inert
supports, these microorganisms bring about preliminary transformations
of organic pollutants producing simpler forms that are further involved
by a spontaneous microflora into metabolic processes which occur in the
activated sludge.
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ECOLOGICAL ASPECTS OF THE MICROORGANISM-PESTICIDE INTERACTION

YuV. Kruglov

In conditions of intensive farming, pesticides prove to be the most
efficient tool for plant protection from various pests and weeds., Owing
to their application the efficiency of crop cultivation has increased
tremendously, but at the same time problems related to the environment
protection have also become more acute.

At the present time, annual world production of pesticides is about
3 min tons of which nearly 50% are herbicides applied to combat wild
vegetation.

Experts prognosticate that the level of world production of
pesticides will be B-10 mln tons by the year 2000. The extent of
pesticide stress on the scil varies from country to country within the
range of 300 g to 30 kg per hectare depending on the soil-climatic
conditions, crop varieties and the level of agricultural production.

Pesticides are synthetic, i.e. man-made substances that display
(with rare exceptions) very high physiological activity and are utilized
in quantities of 0.5 to 0 kg/ha, often applied repeatedly to the same
fields. Subsequent or simultaneous application of  fungicides,
herbicides, and insecto-acaricides results in superimposition of one
type of pesticide on another.

The relatively high persistence of pesticides and their metabolit'es
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allows for their environmental cycling from several days to years, thus
creating an unprecedented potential of anthropogenic effect on naturally
oCCurring processes.

Irrespective of the procedure, 50 to 1007 of applied pesticides
find ultimately their way to soil. Therefore, the soil is a sort of
a depot, the bas}c venue of microbe-pesticide interaction and a
continual source of pollution for other ecosystems, feed and food
products. At the same time, of all the natural systems, the soil is the
only one for which the permissible level of herbicides is not legally
regulated in most countries.

A large body of literature has accumulated on the effects of
pesticidés on the scil microflora and biochemical processes, though most
of the reports are of a descriptive nature. Interpretations of
soll-microbial analyses are often conflicting and hardly useable for
informative comparison.

Two monographs published in recent years on this subject (Pesticide
Microbiclogy, 1978; Insecticide Microbiology, 1984) are not free of the
above-mentioned shortcomings. Over the last decade, a number of reviews
have appeared that present a fairly good factual and logical analysis of
the experimental material accumulated to date. Therefore the purpose of
the present lecture is to focus on methodelogical principles of the
soil-microbial assessment of pesticide toxicity and analysis of the
basic regularities underlying formation and activities of microorganisms
upen  toxicamts' introduction in  the secil. An  evaluation of the
subsequent  effects of  pesticide application on soil fertility,
prognostication, monitoring and development of efficient and safe
methads for chemical plant protection in agriculture will be hardly
feasible without revealing such regularities and adequate understanding
of the cause-and-effect relation in the behaviour of soil microorganisms
in response to pesticide stress. Unfortunately, current practices of
plant protection as well as environmental programmes take little into
account of the results of microbial soil studies. Thus, methodology of
the soil-mierobial assessment of pesticides should be regarded as the
key problem in this field.

The core of this problem consists in the fact that in soil we do
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not deal with only one species, and even not with mixed cultures, of
microorganisms but with their associations that function and evolve in
conformity with the ecological statute.

In ecology, the basic unit is an ecological system which Iis
characterized by a flux of energy, turnover of substances and specific
structural organization. The soil microflora is part of the terrestrial
ecosystem in which the role of specific microorganisms is determined by
their place in the flux of energy and the cycles of elements.

Microorganisms occupy various trophic levels, though the principal
flow of energy passes through saprophytes. The basic sphere of their
activity is mineralization and humification of the products of exoosmos
and organic matter of dead animals and plants entering the soil. These
are closely related to processes of soil formation and plant nutrition.

While considering the soil microfiora as a structural unit of the
land ecosystem, We may also attempt to formulate the principal task of
the soil-microbial assessment of pesticide toxicity and that of exogenic
substances in general. It consists in determining the upper limits
e.g. stress, concentrations, under which the energy f(low is affected,
the cycling of substances is perturbed, and the structural organization
of microbiocenosis is upset. 1t also predetermines the choice of
indicators {Table 1). These embrace basic parameters of the ecosystem
including the soil capacity to a self-cleapup from pathogenic microbial
forms and toxic chemicals.

The first three parameters are of certain interest from the
ecological and agronomical viewpoints, while the next two {4, 5) are
important from the sanitary and hygienic ones, With these indicators in
mind, one can have a clear idea about the changes that take place in the
soil biota wunder the influence of pesticides. This naturally implies the
availability of quantitative criteria which are indispensable for the
objective assessment of such changes.

Toxicological evaluation of chemicals is known to be based on the
principle of thresholds which states that ’beyond a certain range of
concentrations the chemical ceases to be poisonous and will no longer

affect the organism in the manner hitherto inherent in it’.
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TABLE |. Soil-microbial evaluation of pesticide toxicity

Ecological and
sanitary-hygienic
nic indicators

Energy flux

Cycles of major
elements

Biocenosis
compositicn

Sanitary
conditions

Soil capacity
for selfpurifi-
cation

Basic indicator micro-
organisms and processes

Additional
indicators

Soil  respication

(COz2 emission)

Nitrogen: nitrification,
Nz~fixation

Phosphorus: mineralization
of organophosphates
Carbon: COz emission, degra-
dation of cellulose
Saprophitic bacteria,
actinomycetes, fungi, micro-
scopic algae, microfauna
Symbiotic systems:

- bacteriotrophic plants,
- mycotrophic plants,

~ lichens

Pathogenic forms of micro~
organisms

Persistence of pesticides,
kinetics of detoxification

Ammonification,
urease, protease
Phosphatase

Invertase,

amylase

Species  diversity,
dominant species,
indicator species

Antibiotic
potential
Bioconversion of
pesticides,
metabolites

Methodologically,
revealed by analysis

versus pesticide dose*

*

the threshald character of an action may be

of the experimental curve

4

'effect on inicroflora

presented in its generalized form in Figure L.

FIGURE 1. Effect of pesticides on the microflora and biochemical
processes in soil (dose/effect curvel.
N, microbial counts or rates of biochemical processes;
C, pesticide concentration.
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It is seen that upon reaching certain concentrations, herbicides
.overcome the physiological resistance of microorgantsms. The number and
rates of biochemical processes in the soil drop drastically. It should
be noted 1that the toxic effect of pesticides on the microflora
disappears long before their concentrations in soil reach zero values.
In a number of instances low concentrations produce a stimulating effect
indicative of phystalogically active compounds,

Quantitative assessment of the toxic effect reposes on the use of
differing levels of the inhibiting action,

Taking into account the rather Jlow accuracy of the seil and
microbial analytical technigues and their lability with time and space,
we assume for the criteria of toxicity such concentrations of herbicides
{RCSO} at which they repress half the numbers of microorganisms or the
rates of biochemical processes pccurring in the soil.

As the maximum teolerated concentrations of pesticides in soil are
preset as dictated by production needs, and sanitary and hygienic
regulations, it appears advisable to express their ‘harmfulness’ with
regard to individual soil-microbial parameters by comparison with the
production-required concentration (PC}l. We define the RCWXPC ratio as
the reliability or safety index (Kcl. By its meaning, it is similar to
the index of the range of therapeutic effect used in pharmacology for
evaluating medicinal properties of substances, and it is supposed to
indicate how many times the inhibiting concentration of the herbicide
exceeds the production-needed one.

As in the case of medicinal substances, the application of
pesticides is a necessary measure caused by man's striving to create
conditions favouring crop cultivation and thus obtain maximum yields of
agricultural produce per area  unit.  Therefore, the application of
pesticides in agriculture, as well as the use of curative substances in
medicine, is {raught with certain risks. Regarding themicroflora as one
of the critical factors of soil fertility, such hazards diminish with
the increasing safety index 1Ks).

For practical risk evaluation the following ‘safety scale’ is used:
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Ks Inhibitory Effect

bejow L powerful inhibitor ({sterilizer)
1 to 10 maoderate inhibitor

10 to 100 poor inhibitor

above 100 practically nontoxic

The use of this scale to assess the toxicity of herbicides provided
results that are presented in Fig. 2. The effect of herbicides, referred
to various classes of chemical substances, on the biota appears to be of
a selective nature which makes it possible to single out the most toxic

compounds and the most vulnerable components of the land ecosystem.

Glyphosat Atrazine TMTD Carbothion
K
100 ] 4/|-ﬂ i
10
1.0 ‘
0.1 | |

|
0.01 M_

1234567 1234567 1234567 1234567

FIGURE 2. Diagrams of the soil-microbial evalvation of pesticides,
1, bacteria; 2, fungi; 3, actinomycetes; 4, microscopic algae; 5,
nitrification; 6, degradation of cellulose; 7, soil respiratjon;

Ks, safety coefficient.

Specific microbial groups and processes for which the safety index
{Ks) is below 1, may be regarded as a sort of ‘targets’.

Variation of other scil-microbial parameters will naturally depend
on how closely they are linked to such 1targets. Thus atrazine,
prometryne, monurcn and other herbicidal inhibiters selectively repress
the growth of microscopic algae. [t seems that in the agroecosystems.
where higher plants are the basic producers, the above herbicides will
not substantially affect 1the production processes responsible for

renewal and accumulation of organic matter in the soil. On the other
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hand, if they find their way to primitive soils in which algae and
lichens are the basic producers, they may lead to catastrophic
consequences.

Inhibition of the nitrification processes by carbothion and ragor
results In the accumulation of ammonium nitrogen and compensation for
the loss of nitrogen fertilizers due to denitrification and leaching of
nitrate under the conditions of intensive cultivation. Repression of
nitrogen fixation by TMTD and carbothion blocks the sole natural scurce
of replenishment of the soil nitrogen pool.

Yet the negative result per se does not provide sufficient reason
for refusing to use chemicals to protect plants. A comprehensive and
thorough analysis of experimental material is in order before the finai
conclusion can be drawn.

Long-term observations showed that the deleterious effect of
pesticides on target microorganisms is reversible. The dynamics of the
toxic effect may be characterized with the U-shaped curve (Fig. 3).
After a time, depending on the pesticide type, the microbial numbers and
intensity of biochemical processes in soil are restored. The amplitude
of variation and the restoration rate depend on the toxicity and
persistence of the pesticide, as well as the adaptation capacity of the
microbial population. For powerful biocides, such as carbothion for
example, the negative effect is more lasting compared to their residence

time in the soil.

T

100 ’ T
Time

-

v, nf the coptrol

Microbial counts,

FIGURE 3. Dynamics of the pesticide toxic effect on soil
microorganisms.
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FIGURE 4. Dynamics of numbers of algal population in soil under
repeated seasonal pesticide treatments.
1, 2, 3, 4 - years of treatments with herbicides.

After systematic application over several years, the iphibiting
pesticidal effect is shown with a pulsating curve (Fig. 4). Here, the
amplitude of the fluctuations in the numbers of microorganisms decreases
after recurrent treatment of soil with pesticides. Hence, the negative
effect of pesticides on the system indicators is reduced with repeated
applications to soil. There occurs an adaptation of the microorganisms
whose nature and causes will be dealt with later in this lecture.

In the case of highly recalcitrant pesticides (monuron] and their
strong toxic effect on target microorganisms a different pattern is
observed [Fig. 4). Complete restoration of the numbers of micreoorganisms
is not attained by the end of vegetation period. The level of biological

activity in soil Is decreased accordingly. Therefore, the systematic
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application of persistent pesticides Is ome of the most serious dangers
to the soil biota and, consequently, reguires a thorough ecotoxico~
logical evaluation.

The reversible (or temporary) character of the pesticidal toxic
effect on the indicator group of target microorganisms is due to a
number of causes. First, the pesticide concentration in the medium does
not remain  constant: it Is reduced as a result of the pesticide
dispersion over the soil profile, its subsequent adsorption and
degradation under the effect of physico—chemical and biological factors.
Second, there occurs an adaptation of microorganisme to the hercbicide in
question. From the ecological viewpoint, the term adaptation should be
understood here not only as the genetic or physiological adaptability of
an individual microorganism or a species, but rather as specific changes
in the popufation of microbial indicators and microbial community on the
whale,

For the sake of illustration, Fig. 5 presents the results of a
study of the speclies composition In populations of cyancbacteria and
microscopic algae in a soil treated with herbicides. The frequency of
occurrence is seen to diminish for many species one week after herbicide
application, while part of them disappears totally from the algal
cenosis. A predominant position is occupied by 1-2 species which are
essential for the productivity of alga! flora. Restoration of the
species composition occurs slowly and is dependent on the toxicant
persistence,

Such a sitwation is stabilized by repeated leng-term applications
of herbicides. The most vulnerable microbial species are merely ‘thrown
out’ from the microblocenosis as the result of regular herbicide
appiications. This leads to formation of a qualitatively new community
whose distinctive featores are a decreased level of species diversity,
high index of predominance, absence of cyanobacteria responsible for
melecular nitrogen fixation. (Fig. 6).

The major consequence of regular long-term applications of
herbicides is a restrueturing of the microbiai community and, first and
foremost, changes in the species composition of the microbial [ndicator
group.
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FIGURE 5. Effect of herbicides on the species composition of
algae in soil.

1 ~ Amorphonostoc punktiphorme, 2 - Anabaena sp., 3 - Cylind-
rogpherum sp., 4 - Phormidium automnale, 3 - Ph, curtum, 6 -
Ph. foveolarum, 7 ~ Chlamidomonas goeogama, 8 - Chlilorococcum
infusionum, 9 - Hormigium flacidum, 10 - Chioridella negecta,
\l - Hantzschta amphioxys, 12 - Navicua atoms, 13 - Nitschia
palea.

Stabilized variations in the species composition of the indicative
group are the first warning symptoms pointing to an overloading of the
soil with biocides. The index of species diversity proves to be very
helpful for characterization of such an averdose.

The third important Ffactor responsible for high stability of the
soil as a biological system {s its heterogeneity and multiphase
composition, and hydrophobic properties of most herbicides.

Figure & features a scheme which characterizes the low-granular
structure of a soil and the distribution pattern of microorganisms over
the soil aggregations. Under conditions of deficient or 'normal’ soil

meistening, microorganisms concentrate mainly on the surface of soil
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particles, microcolonies and films, and are incorporated into the
organo-tnineral gel where they are immobilized. Only a smail microbial
portion is distributed in the soil solution. Naturally, microorganisms
display different attitudes towards physlologicailly active substances,
as examplified by antiblotics and other natural compounds. Judging from
the data of soil-microbjal analysis, the +total microbial stability
increases, as a rule, ten to hundred-fold compared te that observed for

pure cultures on synthetic nutrition media.
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FIGURE &. Effect of a long-term application of herbicides on
the soil algoflora. 1-13 - the same species composition as In
Fig. 5.

On the other hand, upon entering the soil, pesticides are adsorbed
by the surface of soil particles and interact with the scil organic
matter by forming with the latter sufficiently strong bonds. This also
affects essentially the pattern of their effect on microorganisms. Our
understanding of the character and extent of this effect are today far

from satisfactory. An interesting phenomenon of pesticide-microorganism
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interaction was observed in the course of direct microscopic
investigation of soils. The pesticides which are poorly seoluble in water
exhibit a discontinuous distribution pattern observed as particles or
films. Their diffusion to the surrounding solution becomes the centre of
microflora formation.

Physico-chemical characters and toxicity of pesticides determine
their specific influences on the microflora. In this case, at least two
types of microbial formations can be singled out associated with the
particles. The first type is characteristic of compounds which display a
broad-range microbicidal effect (Fig. 7). Here, the development of
microorganisms begins some distance away from the particles thus
resulting in the formation of a sterile zone around these particles, the
inhibiting effect being gradually decreased and ultimately transformed
into a stimulating one on leaving the particles. The latter situation is
characteristic of physiologically active compounds. Consequently, under
heterogenic soil conditions the herbicidal effect on the same microbial
community may be both positive and negative at the same time, such a
situation leading to a spatial rearrangement of the microorganisms.

The second type is indicative of substances with a restricted
selective effect. In this case the sterile zone does nmot form. Some time
after the herbicide enters the soil, the surface of particles and
surrounding space become the site of bacterial growth and agglomeration
to form colonies similarly to the pattern observed for the growth of
water-insoluble polymers (cellulose, chitin, synthetic rubber etc.). In
such a case a bacterial monoculture usually forms and colonizes the
surface herbicide. Accumulation of bacterial mass on the herbicide
surface is very slow and varies for different disconnected particles.
Long-term observations show that even after half a year, practically
sterile crystals were found in soil among particles of atrazine
overgrown with dense bacterial layers. An ‘overgrowth’ of herbicides
with the mycelium forms of microorganisms has never been observed.

Actinomycetes and fungi ’avoid' contact with herbicides and display
negative chemotaxis towards these compounds. The ability of mycelial
microorganisms 1o actively escape the 2one saturated with herbicides

under heterogenic soil  conditions wunderlies high resistance of the
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microflora to agricuiturai chemical toxicants and in a certain measure
explains low efficiency of chemicals in the protection of plants against
the soil-based phytopathogens. It becomes clear from this, that the
effect of the poorly water-soluble herbicides on the soll biota is
restricted to a relatively small diffusion =zone and implies the
availability of a comparatively large volume of soil free of herbicides,
or where they are present in low concentrations.

This idea may be (llustrated with the following calculations. Under
a pesticide dose of 1 ¥gs/ha and a pariiculate mass of 10 g, only one
particle is available in one sguare cm of soil. Taking into account that
the herbicide is distributed mainly over the seil layer 1O cm deep, only
one particle will be allotted for 1 com, i,e. the distance between
individual soil particles is thousands of times that of their physical
size,

The above relation is of crucial significance for understanding the
high biological buffering capacity of soil with regard to chemical
toxicants used in agricuiture. These data also point to the peed flor
revising or at least correcting the current concepis on the pathways of
microbial degradation of herbicides in the soil based exclusively on the
occurrence of such processes in aqueous solutions.

This is not exactly the case in reality. The example of the
atrazine behaviour in sgoil indicates unequivocally that the surface of
the pesticide particles becames the site of formation of a specific
microfiora which displays an active development leading to the emergence
of groups, colonies and films, Atrazine particles are covered with
multicellular bacterial layers, reduced in size, lose their shape ond
finally disappear, a bacterial mass being left as jts trace. In other
terms, the degradation of pesticides is taking place.

The above observatjons evidence that the pesticides which resist as
a solid phase and display hydrophobic properties are subject to
microbiat attack and degrade in the 'overgrowth' manner.

While investigating possible depradation routes for  these
compounds, one should also consider the studies of biological lesions.
In the first place, the excenzymes that catalyze reactions of oxidation

and hydrolysis are the most important of all the biochemical mechanisms.
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Low solubility and specific composition of such pesticides renders them
incapable of inducing the enzyme synthesis. Their degradation appears to
involve enzymes with a broad substrate specificity which in  turn
requires additional inducers and energy sources, i.e, the process can
occur only when a growth substrate is available in the medium.

In the second place, microorganisms are capable of producing
reactive products such as organic and mineral acids, sulphur oxides,
hydrogen .peroxide ete. Under their impact, hydrolysis, oxidation and
destruction of the toxicants occur.

Thirdly, one should keep in mind "that in the course of their
activity, micreorganisms can produce various organic solvents [(methanol,
ethanol, butanol, acetone etec.) which will under local effects, transfer
pesticides into solution thus contributing to their redistribution and
degradatien in the soil.

Hence, microorganisms c¢an induce partial transformation or
solybilization of water-insoluble pesticides, the former oceurring
indirectly, via intermediation of the reactive products of . microbial
activities without direct involvement of specific enzymes.

This makes it possible to explain the involvement of microorganisms
in the pesticide degradation, though they have no enzymes capable of
attacking the toxicants. This mechanism differs from both catabolic and
cometabolic routes and should occupy an adequate position in  the
assessment of the role of microorganisms in the pesticide degradation
under natural conditions.

In terrestrial ecosystems, the soil microflora is Intimately
related to other components of biocenosis and, in the first place, to
plants that constitute the principal group of producers. It is precisely
plants that® are the basic nutrition energy sources for saprophytic
microarganisms in the metabiotic cycle of the total turnover of
substances,

Replacement of agretechnical methods for combatting weeds by the
chemical ones results in essential changes in the character of their
growth and residue distribution over the soil profile.

Under agronomical techniques, weeds are buried in the soil and

become a continual nutrition and energy source for the soil
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microorganisms. Analysis of the experimental material and the
information published [n literature on the subject shows that under the
average field contamination with weeds of 0.1 to 0.5 kg/mz. some 1 to 5
tons of fresh vegetation is burijed into the soil per hectare. This
provides for a fairly high level of life activities of heterotrophic
microfiora, when the total mass of weeds is 10 to 100 times less under
chemical protection of plants. Subject to this, the organic matter pool
of the soil deteriorates leading in turn to reduced rates of
microbiological processes.

This mechanism remains sometimes unnoticed by researchers in the
studies of herbicide application to soils for crop protection. But its
effect is clearly felt in the course of repeated herbicide treatments
for protecting perennial plants.

Long-term soll-microbial studies carried out by the author on
plantations of tangerine-trees in the Abkhazian SSR (5 years), on spruce
forest-plantations in the Leningrad region (8-9 years) and in fields of
a medicinal herb (Diascaorea caucasian) in conditions of Moscow region
(3-4 years), provided baslcally similar results. The total repression of
weeds with herbicides leads, In the long run, to a reduction of ajor
parameters of the soil biological activity. The microflora acquires
specific features Indicative of the scils that have been black-Tallowed
for long periods. The total biogenic capacity of the soll is
deteriorated, the relative numbers of sporous bacteria and fungi are
reduced, while the population of humate-degrading bacteria and noecardia
increases. Along with this, there occurs a decrease in the humus content
and the ammonium and nitrate forms of nitrogen are accumulated.

In the herbicidal version of the experiment, losses of humus were
due to a shift of the processes of decomposition-synthesis of humic
compounds to the decomposition side because of a drastic decrease of the
quantity of plant residues supplied to the soil by weeds. Such humus
losses were also due to a functional rearrangement of carbon nutrition
for the microbial community evidenced by increased numbers of
humate-degrading bacteria and nocardia.

Table 2 illustrates the results of an experiment in a tangerine

plantation under subtropical conditions, where a formulation of
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herbicides including atrazine, monuron and region was applied for a
period of 5 years.

The data obtained suggest that systematic herbicide applications
for perennial plant protection ultimately affect the soil fertility. In
this case, the use of organic fertilizers acceptable for a specific crop
(manure, <compost, siderates, Intermediate crops etc.) as well as
rational combination of agronomical and chemical methods for combatting
wild herbs is crucial for the soil protection and maintenance of its

fertility.

TABLE 2. Effect of a S-year seasonal application of a set of herbicides
on the microflora and enzyme activity in soils of tangerine groves.

Soil, as- Ho- Bacterial counts, 100Q/g soil Enzymes Humus
say vari- ri-
ants zon, Saprophytes No- nit- denit= ACD ca=- ur- % %
em ———— . car- rify- rify- * ta- ea- of
Total Spo- dia ing ing la- se con-
res se, " trol
\ 1]
Podzolic:
Contrel O-15 1050 159 7.0 10.0 250 90 7.0 170 4.03
Herbicide - 1470 17 32k 50 60 1 21 &7 3.53 88
Control 15-30 1780 311 2.0 8.0 10 10 4.1 126 3.26
Herbicide - 530 53 41.2 15 [ I 20 - 3009
Alluvial:
Control  0-15 1000 170 - 2000 25 10 22 475 4.36
Herbicide - 830 67 - LO [ 1 1.9 120 3.57 82
Control 15-30 3860 530 - 4.0 250 10 2.4 232 2.50
Herbicide - 920 130 - 1.0 6 i 22 16 2.22 89

¥ = ACD =- aercbic cellulose~degrading bacteria;
** -~ catalase activity expressed in 02 mg/g;
®®¥ _ uyrease activity expressed in pg/g.

Thus, analysis of the above results suggests that herbicides affect
microorganisms both directly and indirectly.

The direct effect is due to herbicide toxicity, it bears a
selective character and is restricted to individual components of
microbjocenosis regarded as ‘targets’ jn the association of soil
microorganisms. The nature and extent of this effect on the soil biota

depends, in the main, on the place and role of the ‘target' in the
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cycling of substances.

The indirect effect is explained by variation of conditions of
nutrition and energy supply for the microorganisms as the result of a
reduced flow of plant residues to the soil. In this situation, complete
reduction of biolegical activity and functional restructuring of carbon
nutrition of the soil microflora can occur. This, in the final analysis,
may lead to a more intensive loss of humus and deterioration of the soil
fertility as a whole.

From the above considerations it follows that prognostication of
the possibie consequences of herbicide application should include the
following steps: specification of the ‘’target’, ecological analysis of
its role in the ecosystem, and examining the ecotope status as a result
of changes in the technology of crop cultivation.

The high sensitivity of microbial indicators provides a real
background for discussing the problem of soil-microbial monitoring of
biospheric pollution. In this connection two approaches stand out. The
first one is concerned with the character and extent of seil pollution
with herbicides, which may be clarified by analysis of the microbial
indicator group structure using the index of species diversity as the
integral tndicator.

Disappearance of certain species from the Dbilocenosis and a
decreasing index of the species d[versity may be regarded as a signal of
s0il pollution with exogenic substances, which allows one to undertake
appropriate steps in order to identify and eliminate the source of
peilution.

This method has been mostly developed for inhibiting photosynthesis
and may in the first place be used in the biosphere reserves.

The second approach is based on the utilization of highly sensitive
test-cultures of microorganisms for experimental determination of
herbicides in the soil.

In our studies we isolated and selected a number of microbial
strains, and developed a few modifications of the algological method for
determining herbicidal derivatives of the sym-triazines and phenylurea
directly in aquecus solutions and soils by circumventing the laborious

and expensive process of toxicant extraction with organic solvents.
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Figure 7 presents nomograms which reflect the relation between the
toxic effect of  herbicides and their concentrations in  the
soddy-podzolic scil. The curves permit quantitation of these substances
in the soil. A set of experiments showed that the sensitivity and
accuracy of determinations of the herbicides which inhibited
photosynthesis using the algological method were equal to these in other
biological methods in which higher plants are used as test cultures, but
the former methed is 5-10-fold faster.

The basic value of the method is in the fact that it allows rapid
evaluation of the phytotoxicity of the herbicide and its metabolites
even in combinations with various natural compounds that accumulate in
the seil, thus making possible amendments to the technology of their

application.
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FIGURE 7. Effect of herbicides on the growth and chlorophyll
production in Ch. vulgaris (method of ‘paper discs').
1-linuren, 2-arezine, 3-diuron, 4-monouron, S5-chlorazine,
é-simazine, 7-atrazine, S8-prometryne.

Figure 8 shows results of the experiment in which the herbicide
diuron was determined by a chemical methaed, while its phytotoxicity was
evaluated using the algological method, The chemical analysis suggests
that plant residues enhance the diuron decomposition. However, the
phytotoxicity was increasing during the 4-month observation. The
explanation may be found in the synergetic or total effect of diuron,
plant residues and products of their degradation.

Similarly, the algological method allows determimation of the
herbicidal metabolite toxicity. Specifically, degradation of chlorazine

to trietazine and simazine was accompanied by the gradual increase in
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phitotoxicity from 4 to 25 times. Transformation of phenyicycloureas to
the corresponding derivatives of phenyl-methylureas produced an increase

of several orders.
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FIGURE 8. Dynamjcs of diuron degradation and phytotoxicity of seil.
1 - soil, 2 -~ spi]l + 2% lupine green mass, 3 - soil + 27 manure.

Thus, the use of indicative microorganisms in monitoring the
biosphere pravides better ecological information compared to the used
chemical analyses, Therefore, utilization of biological methods should
be regarded as one of the most important steps in the ecotoxicological
soil monitoring, microbiological methods, in particujar, playing the key
role,

Analysis of the herbicidal effect on symbiotic systems calls for
special attention, In this context, the leguminous-rhizobial symbiosis
is of the utmost significance from both fundamental and practical
viewpoints.

Physiclogically active by their nature, herbicides can affect both
partners in this symbiosis, Accordingly, their effect on the character
of symbiotic relations will be displayed differently. This also implies
different approaches to the developrent of technologies for their
rational and efficient application.

Table 3 carries experimental results pertinent to  herbicidal
toxicity of 55 strains of nodule bacteria. The herbicidal effect is

m



dependent on the chemical composition of the toxicant and on the type of

bacterial strain, such a variability being fairly high for herbicides of

the atratone type.

TABLE 3. Sensitivity of nodule baeteria to various herbicides.

Diameter Number of strains, %

Her— of sterila
bicide zones, mm 1] 1-5 6-10 over 10
Simazine 106 0 0 v}
Atrazine 96.4 1.6 0 O
Propazine 89.3 0.7 ) o
FPrometryne 63.6 30.9 3.5 Q
Chlorazine 56.3 37.5 6.2 0
Trietazine 63.6 1.6 16.4 16.4
Atraton 9.1 36.4 9.1 45.4
Eptam 100 Q 0 o
Tordon 97.2 ] V] 2.8
Diuron 50,0 2.7 ) 0
Monuren 93.5 3.2 3.1 0
Methurin 69.7 21.2 9.1 v
TMTD D 20.6 48.3 3L0
Carbothion 0 ] 0 100.0
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FIGURE 9. Effect of the soil treatment with carbothion on the
leguminous-rhizobial symbiosis.
1 - spontaneoys infection of lupine with nodule bacteria;

2 — inoculation of lupine seeds with a preparation of nodule

efficiency of

bacteria. Lupine seeds were sown £ weeks after the soil treatment

with carbothion.
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application to soil in concentrations 2-3 times below the PC
(production-required concentration} level is lethal for all nodular
bacteria. As the result, nodules do not ferm on the leguminous plant
roots and the nitrog.u fixation is thus blocked. For their nutrition,
leguminous plants are forced to extract mineral nitrogen from the soil.
H the soil is nitrogen—deflicient, the crop productivity drops (Fig. 9 ).

The residence time of carbothion in soil is 4-6 weeks. Therefore,
incculation of leguminous seeds with nodule bacteria, 4-8 weeks after
the herbicide was applied, produces a total restoration of symbiosis. In
contrast, atrazine is not toXic for nodular bacteria. For example, for
Rhizobium its half-lethal dose is 100 times the production concentration
(PC). Released into soil, atrazine peretrates into the roots and
translocates in the acropetal direction, concentrates in the foliage and
starts  inhibiting  photosynthesis. Essentially, this comprises iis
herbicial effect. The consequence is that foliage as well as roots of
the plant are depleted in monosaccharides, the amount and mass of
nodules diminish, the molecular nitrogen fixation no longer occurs, and
the pilant productivity drops respectively. At high concentrations of
atrazine, inoculation of plants with nodule bacteria produces a negative
effect. This means that the nodular bacteria turn to a parasitic way of
tife (Fig. 10).
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FIGURE 10. Effect of atrazine on the efficiency of leguminous-
rhizobial symbiosis.

1 - lupine drown on sterilized sand: no nodule bacteria;

2 ~ lupine seeds inoculated with a preparation of nodule bacteria.

Herbicidal derivatives of phenoxyalkyl carboxylic acids are used
for wegetating plants when the infection period ends and an active
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growth of the meristem and the formation of bactercidal tissues of
nodules occur.

Experiments with 2,4-dichlorophenoxyacetic acid (2,4-D) with a
radiomarker in the aromatic ring showed that herbicides of this group,
once in the plant and propagating in the basipetal direction, penetrate
inside tubercles and concentrate in the bactercidal tissue (Fig. 111

w
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FIGURE 11. Distribution of C-2,4-D in roots of green pea plants.
t - nodules; 2 - roots.

Capable of the auxin-type effect, the phenoxyalkanes tremendously
affect the formation of nodules. Under the effect of herbicides, the
growth cells of the bacteroidal zone are fragmented followed by their
vacuolization, the cell wall is destroyed, and the bacteroidal tissue
thus disintegrates, As a result, the leglobin content decreases, the
activities of the succinate dehydrogenase and nitrogenase are reduced,
and the extent of nitrogen fixation declines (Table 4).

Comparison of the results of anatomo-morphological and biochemical
studies suggests that one of the basic mechanisms of ihe negative effect
of phenoxyalkyl carboxylic acid derivatives on the scope of nitrogen
fixation is the disintegration of the bacteroidal tissue of nodules.

On the other hand, experiments with upaffected nodules separated
from the plants showed that the activity of nitrogenases is sharply
reduced during incubation of nodules in solutions of 2M-4X and 2ZM-4XM.
This suggests that phenoxyalkanes finding their way into nodules
directly affect the physiological and biochemical apparatus of the
symbiotic nitrogen fixation. Derivatives of phenoxyacetic acid and their
phenolic metabolites are known to be disconnectors of the oxidative

phosphorylation.
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TABLE 4. Effect of herbicides 2M-4C and 2ZM-4CM on the functiopal state
of nadules,

Mass of Nodules Nz-fixation
Assay variants  plants, =
7 of the succinate legoglobin mg % of the

control [*0OD units) (OD units) control
Control 100 .08 0.15 42 100
2M-4C  1-2 leaves 78 0.06 0.10 39 93
7-8 leaves &7 0 0.09 28 66
2-4CM 1-2 leaves 97 Q.12 ¢ 16 51 121
7~B leaves 63 ] 0.05 18 431

Based on the above statement, one may suggest that while
concentrating in the bacteraidal tissue, phenoxyalkanes arrest ATP
regeneration thus repressing the activity of nitrogenases which require
energy of macroergotic bonds.

in the case of phenoxyalkanes, two complementary mechanisms may be
considered in order to interpret their negative effect on the
leguminous-rhizobjal symbiosis. One of them is due to an abnormal growth
of the meristem leading to formation of a malignant bactercidal tissue,
while the other is responsible for the disconnection of oxidative
phosphorylation resulting in the inhibition of nitrogenasc activity.

The effect of herbicides on symbiotic systems is of a diverse
nature, the mechanism of this effect depending on the chemical
composition of the toxicant.

In the exireme case, the symbiosis is disconnected, nitrogen
fixation is arrested, and conditions emerge for the podular bacteria to
turn to parasitism, the fact enhancing the negative pesticidal effect on
plant productivity.

In the ecological respect, this deprives the leguminous plants of
theit major advantage compared to other plants and undermines their
competitivity for nutrition sources.

On the other hand, the use of herbicides (which apparently needs a
more thorough study} for leguminous crops represses or annihilates the
positive effect of the seed inoculation with preparations of nodule

bacteria.
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It fotlows that misinterpretation of the symbiotic character of
leguminous planpt nutrition may result in errors both from the ecological
and economic viewpoints. Hence, all the herbicides proposed for wuses
with leguminous plants are to be tested with due regard to their
potential effect on the leguminous-rhizobial symbiosis.

In conclusion, it should be noted from the above discussicn that
once pesticides are released into the soil, they become a continual
man-made ecological factor that must be taken into account. Systematic
applications of pesticides result in substantial changes in the soil
microorganisms.

Such changes are due ta both direct effects of pesticides on the
microorganisms and specific variations of other components of the land
ecosystem,

Some regularities in the behaviour of microorganisms discussed in
the present lecture allow microbial wuses for monitoring and
prognostication on the possible consequences of the utilization of
chemicals for plant protection as well as a safe application of

pesticides in agriculture.

RECOMMENDED LITERATURE

Insecticide Microbiology. 1984. Lal R.,ed.Springer, Berlin, 268p.
Pesticide Microbiology. 1978, Hill J.R., Wright 5.1. L., eds. London:
Academic Press. 844 p.

Domsch K.H. et al. 1983. An ecological concept for the assessment of
slde-effects of agrochemicals on soil microorganisms. Residue Rev's
B6:65-100.

Andersen J. 1973. A system for evaluating effects of pesticides on soil
microbial activities, Bult. Ecol. Res. Comm., Stockholm, 17:470-478.
Greeves M. 1978. Problems and progress in the evaluation of herbicide
safety to the soil microflora, In: Weed Res. Organization Seventh
Report. 1976-1977, Oxford, p. 95-106,

Simon-Silvestre G., Fournier J.C. 1979. Efferts of pesticides on

the seoll microflora. Advances in Agronomy 31:7-92.

Berestetsky 0.A., Voznyakovskaya Yu.M., Derosinsky L.M., Kruglov Yu.V,
et al. 1984, Biological Basis of Scil Fertility. Moscow, Kolos, 287 p.
{in Russian).

Kruglov Yu.V., Paromenskaya L.N. 1986. Herbicides and leguminous-
rhizobial symbiosis. Izv. AN SSSR, ser.biol. 2:238-249 [in Russian).

176



BIOLOGICAL ALTERNATIVES TO CHEMICAL PESTICIDES

DN, Chermensky

I. Introduction

About one third of the potential crop harvest is lost annually as the
result of adverse activities of pathogenic fungi, viruses, insects and
weeds, Each year over 3 million tons of pesticides with the estimated
cost of some § 15 billion are utilized worldwide for the control of pest
in agriculture., Increased quantities of chemicals applied to soils on a
regular basis are nowadays the cause of mounting public concern. An
extensive literature has accumuiated reporting the negative effects of
intensive use of chemicals in Farm practices: accumulation of persistent
residues in soil, perturbations in biocenoses, production of mutagenic
and carcinogenic intermediates, unpredictable effects on non-target
objects, emergence of resistant forms, etc.

In this context, the recent years witness a heightened expert
attention being paid to the search for biological methods of plant
protection. In contrast to chemicals, the biological means of plant and
animal protection are moare effective: they require essentially lower
concentrations of pest toxicants and their tests are cheaper.

At present, agricultural chemists show interest ino microbial

metabolites, Picloram was synthesized some 30 years after the discovery
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of fusaric acid, a natural phytotoxin, both compounds are derivatives of
pyridine carboxylic acid. Yet the herbicide kayametone (methoxyphen) was
synthesized after a pseudomonad metabolite had been shown to be lethal
for plants at a concentration of 5 kg/ha. Hoechst received a patent for
the Basta's herbicide glufosinate immediately after the discovery of
phytotoxic properties of bialaphos, a metabolite of Streptomyces
species.

Thus Foster’s appeal “Never underestimate the power of microbel” is
becoming ever more popular. Some 15,000 tons of microbial metabolites
are used annualiy in farming practices in Japan alone. In wany
instances, the application of biopesticides does not involve the
necessity of the isolation of pure products - instead, live microbial
cultures or dried powders are in common use. The above advantages
enabled biopreparations to rapidly gain popularity within rather a short
time. In a number of countries, some chemicals have already been totally
discarded and replaced with bioformulations for the pest control in
greenhouses,

According to recent predictions made in the USA, by 1990 the
biological means of plant and animal protection will account for S5S0%,
whereas at the present time their share in pest control does not exceed
some 5-77Z of the market.

11. Bagic Biopreparations and Microbial Cultures Used for

Plant Protection

Some biological means of plant protection have been known since early
times. As early as 900s A.DL, ants were used in China for protecting
citrus plants, In Italy, Bassi used in 1834 bacterial preparations for
protecting the silkworm from a disease caused by the fungus Beauveria
basstana. In 1872, the Russian microbiclogist 1. Mechnikov proposed the
fungus Metarhizium anisopliae for insecticidal wuses, and later his
disciple I Krasilshchik produced by colturing some 53 kg of the fungus
spores during the warm summer season of 1884. In Florida, strains of

Aschersonia were first successfully used for combatting the whitefly,
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destructive in citrus groves, The above examples have become history.
Turning to the present, one has to state that the world register
comprises today no more than 34 marketed biopesticides of fungal,

bacterial and viral origin (Table 1].

2. Bioinsecticides

2.1. Bacterial Insecticides

Of all microbial pesticides, the formulations based on Bacillus
thuringiensis (Bl account for about 907 of the Dbiotoxicants
manufactured in Europe. According to various estimates the amnnual
production of Bt amounts to 7,000-10,000 tens. The actual level of Bt
output appears to meet current demand but higher Br supply will be in

order if it finds uses for forest protection.

TABLE 1. Biological means of plant protection produced on industrial
scale,

Microbial producers Target Trade name Country
Bacteria: .

Bacillus popilliae Japan beetle Doome, Milky USA

B. entimorbus Spore

B. sphaericus Mosquito Field trials =T

B. thuringiensis

serotype 1 Flies Muscabac USA and

-=Y-— 3a, 3b {HD-1) Caterpillars Dipel, Biobit European

Bactospeine, Thuricide

—-"— 3a, 3b (NRD12) -t Javelin countries

-t 7 Wax moth Certan —r——

=" 14 Mosquito Bactimos, Skeetal =P

Teknar, Vectobac

Agrobacterium Crowngall Galltrol Australia

radiobacter

Baciilus subtilis Seedling root Quantum 4000 ==t
disease

Streptomyces sp. Fungal root Mycastop Finland
disease

Fungi:

Beauveria basstana Colorado Boverin USSR
potato beetle

Erynia necaphidis Aphids Field trials

Hirsutella thompsont  Citrus rust Mycar USA
mite
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Metarhizium anisoptiae Spittle bug Metaquino Brazil

Nomurea rileyi Caterpillars Field trials
Verticillium lecanii Aphids Vertalec Great
- Whitefly Mycotal Britain
Trichoderma spp. Plum silver Binab Great
leal Britain
Coiletotrichum Northern joint Collega UsA
gloeasporioldes vetch
Phytophthora Milk weed ¥ine  Devine Usa
patminovora
Protczoa:
Nosema locustae Grasshoppers Noloc USA
Nematodes:
Stelnernema feltiae Termites Spear UsA
Yirus:
Cydia (GV) Codling meth Decyde Usa
Heliothis (NPV) Cotton Elcar USA
caterpillars
Lymantria {NFV) Gypsy moth Gypcheck Usa
Yirin-GC USSR
Mamestra (NPV} Caterpillars Field trials
Neodiprion (NPV) Pine sawflly Virox Usa
- Virin-Diprion USSR
—="— NPV Finland
Spodoptera (NFV) Caterpillars Field trials
Orgyia (NFV) Douglas fir TM-biocontrot-1  USa
tussok moth
Dendrol imus Pine beauty CPY Japan
moth

Experimental samples of Bi-entamocides appeared as early as in the
1930s and were registered as marketed biopesticides in [960 but they
have been actively used only since early 1970s after the isolation of
strains free of B-exotoxin. The Bi-insecticides are still some 20- 25%
more expensive compared 1o chemical analogues, but their broad target
effect and ecological safety single out the Bt preparations from other
bacterial and funga! insecticides. For instance, "dipel" may be used for
protecting over 200 crops from S50 insect species. Bacterial insecticides
are remarkable for a number of reasons: their preduction may be carried
out wusing conventional equipment for microbial cultivation in liquid
culture, their spores are sufficiently stable to be separated and
stored, and remain suitable for practical uses in the form of water
suspensions. Though their efficiency is somewhat affected by certain

negative factors: contamination with atien microflora, phagolysis,
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development of resistance by certain insect species.

These days, much attention is being paid to studying By genetics.
Successful attempt has been reported in cloning the gene encoding the
synthesis of endotoxins in FPseudomonas fluorescens - a common natural
scil culture. The transformed strain was also found to be incapable of
producing recombinants with the genera Bacillus, Erwinia, and
Agrobacterium, as the structural gene of endotoxin is localized on a
chromosome. Monsanto projected to start production of the constructed
strain in 1988-1990 but apparently such projects are too much
optimistic, since the new culture showed poor viability under natural
conditions.

At present, the US Environment Protection Agency (FEPA) recommends
the use of Bt-treatmenis on fieids sown with maize, cotton, tobacco,
vegetables, fruit and citrus groves, forests, plantations of sugar cane,
alfalfa, as well as soya beans and grain (during storage).

Another interesting group of compounds embraces the piericidins.
Piericidin is an insecticide synthesized by the actinomycetes -
Streptomyces meobaraensis and Sir. pactum. The metabolite resembies
structurally ubiquinone (coenzyme Q) involved in the electron transport
thtough the respiratory chain at its length between NADH-dehydrogenase
and cytochrome &. The piericidin blocks the metabolic chain  of
reactions, thus being lethal for pests. Experiments with the larvac of
domestic Tly and gypsy moth showed a 1007 death Issue level for
metabelite concentrations of 4 to 5 pg/larva. Piericidins were also
active against aphids and mites, and repressed the activities of
pathogenic  fungi  (Trichophyton spp., Criptecoccus  neoformans,
Aspergitlus fumigatus, Candida albicans] at concentrations of 2-20
pg/ml, whereas phytopathogens proved to be more resistant (up to 200
pg/mll.

The insecticide physostigmin is over 120 years old. This alkaloid
was isclated for the first time in 1864 from seeds of Physostigma
venenosum, later - from French beans, more recently - from the liquid
culture of Str. pseudogriseolus subsp. iriomotensis and, finally in 1986
- from an unidentified actinomycete Stre otomyces AH-4. The alkaloid of

both plant and microbial origins killed th: silkworm at a concentration
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aof 30-50 pg/g diet.

Polyenic macrolid antibiotics are well known to form links with
styrenes of the membrane and thereby injure eukariotic cells affecting
the permeability or resulting in fragmentation of the membrane surface.
At concentrations of 1 mg/ml metabolites from Sir. grisuns Tu399 and
Str. hygroscopicus MAS285 were lethal to insects of the orders
Lepidaptera, Coleoptera, Heteroptera, Diptera.

The macrolid antibiotic tetranactin was isolated in 1971 from Str.
aureus 5-3466 and by 1974 it was registered as a commercial
bicinsecticide used in Japan to combat the red citrus mite  destructive
in citrus groves and tea plantations (Table 2). The insecticide displays
a very low toxicity towards warm-blood animals and is practically
harmless to plants. The tetranactin is capable of producing entomocidal
effect at high humidity, ;s it displays characters of an ionophore and

promotes the leakage of potassium ions from the insect biomembrane.

TABLE 2. Microbial products used for agriculture in Japan.

Name of Year of Target
metabolite registration
Antifungal:
blasticidin § 1961 rice blast
kasugamycin 1965 rice blast
polyoxins 1967 rice sheath blight, fungal disea-
ses of fruit trees a. vegetables
validamycins 1972 rice sheath blight
mildiomycins 1982 powdery mildew
Antibacterial:
streptomycin 1957 bacterial diseases of fruit trees
and vegetables
oxytetracyclin 1957 -
novobiocin 1974 bacterial canker of tomato
Insecticidal:
tetranactin 1974 mites of fruit and tea trees
Herbicidal:
bialaphos 1984 a wide range of weeds
Growth regulators:
gibberellins 1958 seedless grapes
Cocecleldal:
salinomycin 1978 coccidiosis of poultry
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The rlirst communication appeared in 1979 about yet another new
insecticide with potentially high activity. A strain of Str. avermitilis
produced no more than 9 pg of active compound per 1 ml of culture
medium. Appropriate choice of a medium and selection of active strains
after UF-irradiation of the parent strain permitted the yield increase
up to 0.5 mg/ml medium.

Avermectins are a group of macrocyclic lactones. Eight individual
compounds have been isolated which contain an aglycone and two
carbohydrate residues of a-L-oleandrose. The aglyconic part of the
molecule proved to be analogous to milbemycin isolated in 1974 from
Str. hygroscopicus subsp. aureolacrimosus and to display insecticide and
acaricide characters.

The highest activity against insects was shown by avermectin B1 [(or
abamectin) which in concentrations of 0.02-0.24 ug/ml was lethal for
varipus mite species, its half-life time in soil is 2, 5-3 days with the
optimum dose range of 0.05-0.5 kg/ha. Abamectin is alse an active
toxicant towards other insect parasites: Colorade potatc beetle, pea
aphid, cabbage leoper, corn earworm, armyworm. It was successfully
tested against the spider mite - a parasite living on cucumbers.

Chemical modification of abamectin resulted in 22,23-dihydro-
avermectin Bi (ivermectin) which is widely used as an endectocide in
animale where it is highly effective against most pathogenic nematodes
and arthropods. Ivermectin is also currently under investigation for
treatment for human infections with the filarial worm Onchocerca
volvulus, the causative agent of human onchocerciasis which often leads
to blindness.

Avermectin preparations are produced commercially since 1984 for
animal treatment at recommended levels of 0.2-0.3 mg per 1 kg animal
weight. If we assume the effect of earlier applied thiobenzene for
activity wunit, then on the average, avermectin is 10 and ivermectin 1000
times more active compared to thiobenzene.

At present, the relevant literature carries over .00 patents and
publications devoted to chemical variants of avermectins, i.e. the
second generation of Gvermectins is being put to use with still higher

activities and a wider spectrum of targets. The effect of avermectins
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consists in blocking the transfer of signals to motility neurons, i.e.
in arresting Impulses directed teo insect muscles, whereas their
preparations exhibit no fungicidal or bactericidal characters.

At the recent [UPAC Congress on chemistry of pesticides, an
international prize was presented to R.A. Dybass in recognition of the
effort of the Merck Sharp company research team on avermectins.

2.2. Fungal Ingecticides

Most scientists agree that there exist over 400 species (some insist on
500) of entomopathogenic fungi capable of affecting the insect pests. At
the present time, however, no more than 12 species are in practical
usage of which only 6 have been registered as commercial biocinsecticides
{Table 3).

Practically all pathogens are referred to the clasg of
Deuteromycetes embracing about 250 fungal species. Two species alone,
Beauveria bassiana and Metarhizium anlsopliae, have about 700 hosts
among insects of the orders Lepidoptera, Coleoptera, UOrthoptera,
Hemiptera, Diplera. By their activity fungal preparations are comparable
with best chemical pesticides. At present, in addition to the targets
indicated in Tables 1 and 3, 8. bassiana and M. anisopliae are under
study as insecticides against sugar cane pests, mosquito, termite, and
grass hopper.

The fungal preparation known under the name of "Micar" is effective
against six species of spider mites destructive of citrus trees and coco
palms. However, in first large-scale applications, Micar did not live up
to expectations, and even the advisability for its uses was brought into
question. The failure might have been due to the uwnusually hot season or
an unfortunate combination with an incompatible chemical fungicide.

A British preparation based on the fungi V. lecanii or Cepha-
losporium lecanli is permitted for uses against aphids destructive of
the chrysanthema and vegetables grown in hothouses and conservatories.
Successfu] genetic studies promise a higher entomocidal effect of this
preparation. Researchers predict wide uses for the bicinsecticide in
Europe and USA.
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TABLE 3., Fungal insecticides of small scale production.

Producer Target Production mode Country

culture

Aschersonia spp. whitefly submerged USSR, Heoland
scale fermentation Creat Britain

B. bassiana corn borer semisolid/dipha- USA, People's

se fermentation  Rep. of China

Conldiobolus aphids submerged fer- France, USA

obscurus mentation

Culictnomyces mosquito submerged fer-  Australia

clavosporus mentation

Entomophthora grass hopper submerged fer- USA

grylil mentation

Erynia neocaphidis aphids in vivo/submerged Great Britain

fermentation

Lagenidium mosquite submerged fer- USA

glganteum mentation

Metarh. anisopliae spittle bug semisolid ferm-n Brazil

- mosquito - USA

el field cricket - Australia

e rhinoceros beetle ——"—- South Oceania

Nomurea riteyi caterpillars -t UsSA

Verticillium aphids submerged fer-  Great Britain

lecanii mentation

e whitefly .t ——r-

==t trips - ==

Zoophthora spruce budworm =t USA

radicans

Another fungus intended for the aphid control has been tested in

West Europe in fields of winter wheat. The fungus Erynia reaphldis was

causative of a heavy (nsect epizooty and proved to be more effective

compared to Entomophthora spp. and apparently will soon be marketed.
Entomophthora fungi are the most promising fungal entomocides, as

they are capable of maintaining their activity in different climatic

zones. Their wide application in agriculture is impeded by production
problems. The most active strains are obtainable exclusively by in vive
cultivation. These fungi may be readily cultured on common medja, but in
this case they display very low pathogenic characters.

The majority of entomopathogenic fungi used commercially (Table 3)
are grown in liquid wmedia during 48-96 hours, except for the strain

Nomurea rileyi which requires for cultivation 160 or even 500 hours.
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This mode of culturing does not alwaysz provide expected results. The
blastospores or conidia produced are generally badly affected during
separation and drying procedures and often prove to be unable to infect
the target insect. Lagenifdium giganteum makes the presence of certain
styrenes, extractable from soya and hemp, a condition for producing
active zoospores.

The method of solid phase fermentation (SPF) allows production of
active and viable fungal preparations using inexpensive media: grain of
cereals, waste products from food and feed processing. A moist sterile
substrate is loaded on trays or in plastic bags, glass containers etc,
followed by its inoculation with a specific fungal culture. The Tungus
shows active growth and in 5-15 days produces 10°-10" conidia spores
per 1 g of substrate.

Major candidates for SPF are N. rileyi, H. thompsonii, M. aniso~
pliae, V. lecanii. The SPF technigues also enable the use of light which
stimulates higher yields, production of melanin [(UV-protectors] and
renders spores more viable.

It should be recognized, however, that technological standards of
the promising SPF method still remain at laboratory level, while need is
felt for wider uses of biopesticides.

The entomopathogenic fungi affect insects through either the
gastric tract or lesions and the cuticula. The latter way is most
frequent mode of penetration by pathogenic fungi. The entomocides
synthesize a set of extraceliular enzymes degradative of components of
the cuticular layer: lipids, proteins, chitin. B, basslana and M.
anisopliae alsc secrete proteases toxic to insects.

Massive death of Insects infected with Conidobolus obscurus is
related to  possible synthesis of  toxins. In fact, certain
entomopathogens synthesize low molecular weight toxins, e.g. bovericin,
a cyclodepsipeptide. However, all attempts to isolate toxins from
infected insects have so far been unsuccessful, except for one case,
when a quarter of the lethal dose of destruxins was extracted [rom the
silkworm infected with M. anisopliae. Destruxins are peptide metabolites
synthesized by the fungi M. anisoptiae, Oospora destructer, Aspergillus
ochraceus and regarded as potential ipsecticides. The quantity of
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destruxins synthesized by fungi was shown to correlate with the in vive

virulence of pathogens in relation to mosquito larvae,

3. Bioherbicides

3.1. Bioherbicides of Bacterial Origin

The list of herbicides of bacterial origin is fairly short and only one
such preparation has virwally been commercialized. Two metabolites,
pyoluteorin and its nitro derivative, were isolated from Pseudomonas
aeruginosa grown on paraffins. Both compounds were found to display
herbicidal and fungicidal effect, being lethal te plants at a
concentration of 5 kg/ha. In 1972, two metabolites were isolated from an
unidentified actinomycete and found to repress germination of shoots and
root growth in rice, millet, alfalfa, tomato, swede., One of the two,
anisomycin, inhibited the development of roots and seedlings in
concentrations of 12 pg/ml and SO pg/mil, respectively. The structures of
metabolites from pseudomonads and actinomyceles proved to be very
similar, and this fact gave an impetus to the search for a techno-
logically economic synthesis of anisomycin and pyoluteorin analogues.

The screening of 347 microbial cultures with potential herbicidal
effect conducted by Putham and coworkers (University of Michigan) showed
that 10-127% of the studied cultures repressed the growth of test plants
{cress, oucumber, millet]). Practically all “"negative" isolates usually
contained inhibitors of total metabolism analogous to cycloheximide.
Only one straim - Sir. hygroscopicus synthesized iwo active components
with herbicidal properties. Field trials revealed that a dose of 2 kg/ha
was sufficient for eliminating nearly all weeds. It should be noted that
the above studies showed that 90% of all isolates from Sir.
hygroscopicus exhibited phytotoxic effect, in particular in relation to
dicotyledons.

The best known herbicide of bacterial origin is bialaphos
manufactured on Industrial scale. It was isolated from Str,
hygroscopicus and Str. viridochromogenes and intended for usage as a

bactericide and fungicide {Botrytis cinerea), but in 1984 it was
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marketed as a herbicide. The sodium salt of bialaphos is known under the
commercial name of SF 1293 obtainable from Meijy Seika. Bialaphos is
used as wunselective herbicide against numerous broad-ieafed weeds in
concentrations of 0.05-1 grha. The preparation showed low phytotoxic
effect on vegetables, fruit trees, and mulberry. It is readily degraded
by the soil microflora showing the half-life time of 2-3 days.
Combination of bialaphos with urea or ammonium sulphate enhances its
activity. The herbicide represses activities of glutamine and glutamate
synthases, i.e. the system of nitrogen fixation in plants. Symptoms of
the disease are yellow leaves and defoliation.

Another metabolite containing the phosphinothricin  group was
isolated in 1984 from the recently found microorganism Kitasatosporia
phosalacinea, Like bjalaphos, the new toxicant phosalicine (L-phosphino-
thricyl-L-alanyl-L-arginine) is a hberbicide with broad target effect
against meno- and dicotyledons.

A dipeptide tabtoxin readily penetrating inta plant cells was
extracted from Pseudomonas tabacl which affects tobacco leaves. Under
the action of peptidase it is easily transformed to tabtoxin - B-lactam
which is a strict inhibitor of glutamate synthase - one of the Kkey

enzymes of the photosynthetic cycle of plants.
3.2. Mycoherbicides

The fungi affecting plants found broad usage in modern agricuiture.
Successful experiments on application of bioherbicides were carried out
in Australia in i979. The effort of microbiologists was focused on
abating the skeleton weed abounding in wheat fields. Researchers have
tested several strains of rust fungi and finally found a highly virulent
Italian strain Puccinia chondrillina. In 1975, the economic effect of
the strain application was about § 18 min.

Another fungus, Fusarium lateritium, proved to be effective in
combatiing two weed species in soya and maize plantations - the sida
spincsa and the velvet leaf. Trials were conducted in hothouses. Best
results were obtained with the fungal inoculum concentrations of 1.5-10°

and 1,5-10° macroconidia/ml applied when the weeds developed seven
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authentic leaves. The fungus Alternaria cassiae was equally effective
against the sicklepod - a weed abundant in soya and cotton plantations
and 26 other crops. The fumgal preparation was inoculated twice a season
(at concentrations of 9.4 and 4.7 kg/ha) and 90% of the weed was abated
in 14 days.

The interest in mycoherbicides is growing with each coming year.
In recent years, progress has been achieved in abating over 20 weed
species. However, only two mycoherbicides have been marketed: Collego
and Devine. It took 13 years the former to gain recognition, whereas the
latter has been a success after 9 years.

College is widely used for combatting leguminaus weeds (e.g.
northern joint vetch or curly indigo) in rice and soya-bean fields. The
formulation contains spores of Colletotrichum gloeosporioides (15%)
suspended in an inert ingredient. The herbicide is applied oace a season
(94 1/ha, 2 10 spores/ml}, the herbicidal effect being observed in 4-5
weeks. The mycoherbicide Devine (Pytophthora palminovora) is used in
citrus orchards in the form of a suspension. The citrus trees are also
treated once a year. The herbicide is not selective and is better
avoided with melons, cucumbers, carrots, begonia, box-trees, oalk-irees

and palms.

4. Fungicides

4.1. Fungicides of Bacterial Origin
As early as 1950s, it was observed that treatment of seeds prior to
their sowing with the culture Bac. subtilis produced a 40 %- increase of
the yield of oats crop. Such experiments were carried out with different
crops in various regions of Australia. Although there were rare negative
reports pointing to affected plant foliage and decreased crop yields, it
did mot prevent the bacterial preparation from being marketed in 1984
under the name of Quantum 4000 intended for protecting the seed from
diseases caused by the fungi Rhizoctonia solani, Pythium spp., Fusarium
spp.

At the present time, various rhizospheric bacteria are widely used

as herbicides. For example, Agrobacterium radiobaclter synthesizes
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nucleoside antibiotic agrocin 84 for protecting roots and seeds of
plants from the crown gall. Field tests were successful in Australia but
farge-scale trials in peach groves in Greece were a failure, as the soil
was infected with abundant population of the pathogen A. tumefaciens.
The bacteria P. putida and P. fluorescens synthesize the jon-transport
agents of the siderophore thereby protecting potato, beetroot, black
radish from potential pathogens and contributing to higher crop yields.

The culture Str. hygroscopicus inoculated to soil two days before
the sowing protected the green pea from infection with the fungus
Rhizoctonia solani, because the actinomycete synthesized an antibiotic
repressing the pathogenic fungus growth.

In  Finland, the antifungal agent mycostop synthesized by
Streptomyces sp. has totally supplanted chemical fungicides in
greenhouses. The principal target of mycostop are fungi of the
Rhizoctonia genus causative of rotting and diseases of roots. The active
substance of the formulation is preserved in soil for nearly two years
being protective for wheat, cauliflower, carnation, cucumber and tomato
againgt mycopathogens.

Blasticidin $ and kasugamycin are also effective biofungicides
synthesized by streptomycetes and widely used in farming practices, Both
are inhibitors of the protein synthesis, but in contrast to blasticidin
S, kasugamycin has low toxicity. Blasticidin § is used in a concentra~
tion of 1-3 g/ha. Both fungicides are effective against pseudomonads,
the fungi Alternaria spp., Sclerotinia mali and others.

Polyoxins that are inhibitors of chitin synthase are commonly used
as fungicides for combating fungi (Rhizoctonia solanri, Pellicularia
filamentosa) causative of rice diseases. They are secreted by
streptomycetes Str. piomogenes and Str, cacaoi var. ascensis. Polyoxin B
is the most effective of the group members and is used against the
fungus Alternaria affecting apple and pear trees.

Validomycins are aminoglucoside compounds synthesized by Str.
hygroscopleus var. llmoneous and widely applied in Japan (9,000 tons
annually) to combat  Rkizoctonla solani. These fungicidal
preparations [nhibit the biosynthesis of mioinositol required for the
synthesis of obligatory glicolipids.
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In 1982, ancother fungicide - mildiomycin was marketed as a basic
means against the mildew disease.

Pimaricin iz a polyenic macrolid effective against rotting of onion
bulbs caused by the fungus Fusarium oxysporum. This fungicide represses

the biosynthesis of ergostiyrene in the fungal membranes.

4.2. Mycofungicides

Fifty species of pathogenic fungi are known to affect over 200 crops in
the USA alone, and, as the consequence, farmers lose annually a § 4
billion-worth agricultural produce. Treatmfents with chemical fungicides
are rarely successful, as only a very small portion of the applied
preparations reach the horizon of plant rhizosphere.

Nowadays, plants may be effectively protected by the use aof
fungi-antogonists. To this end, fungi of the genera Penicillium,
Trichoderma, Chaetomium and Gliocladium are widely used. Trichoderma
spp. applied in the form of a thick suspension or diatomaceous earth
wetted with the fungal inoculum (140 kgha) protect sugar beet, haricot
and green pea against infection with the fungi Rhizoclonla solani,
Sclerotinia, Pithium ultimum,

A preparation of the fungus T. harzianum with the titre of 10
spores/g proved to be highly efficient against the fungi causative of
the peach canker, grey mold of grapes and Dutch elm disease. Some of
these fungal species maintain their activity during two years.
Introduction of the fungal strains resistant 1o pesticides, e.g.
Trichoderma T-1-R9 resistant to benomil, decreases the disease incidence
by 20-607.

5. Antibacterial Preparations

Numerous attempts were made to use antibiotics for protecting plants
from pathogenic bacteria but unfortunately their bactericidal effect was
found to be much lower compared to chemical means of plant protection.
Plants are most frequently affected with the bacteria Xanthomonas
cryzae, X. citrl, Ps. solanaceum. An active search for efficient

bactericides resulted in the discovery of cellocidin (activamycinl,
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ascamycin, xantostatin, nojirimycin, all being  synthesized by
streptomycetes.

III. Conelusjon: the State of the Art and Perspectives

All  biopesticides wused presently for plant protection fall in two
principal groups: {i) authentic biopreparations - viable forms of fungi,
bacteria, viruses and (ii} microbial metabolites - toxins, antibiotics,
growth regulators. In general, microbial means of plant protection are
still difficult to access and more expensive compared +to chemical
analogues. But, compared to chemicals, biopreparations present many
advantages, whereas their specificity permits a target approach, i.e. to
direct selectively their action only on pathogenic species while
avoiding ecological disbalance and undesired effects on animals, crops,
useful entomofauna and, virtually, man as the ultimate consumer of
agricultural produce. On the other hand, the release to soil of various
microorganisms, that may affect not only pests but alse other
microorganisms populating agroblocenoses, is the matter of concern to
many biclogists. This relates specifically to fungal preparations. Some
of them are known as allergens (e.g. B. bassiana) others - to be capable
of producing toxins, still others - to find new hosts. The latter
statement may be exemplified by the use of the myccherbicide based on
Cercospora rodmanil. The fungus was intended against the water hyacinth,
but in 1985 the State of North Carolina incurred the expense of $ 18 min
in struggling against this fungus that also affected maize, soya beans,
coffee, sugar heet.

All this impels one to approach “live" preparations with sufficient
precaution. Against this background, an increasing interest is taken in
microbial metabolites, whereas the scope of publications devoted to the

problem makes one think of the incoming ‘"era of agricultural
antibiotics”, though certain microbial metabolites are not at all
remarkable for their antibiotic characters.

In fact, metabolites synthesized by soil microorganisms are fairly
safe and readily degradable by similar soil-based microbial populations.

Strategy of the screening of potent producers among microbial
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cultures appears to be of special importance. During the epoch of
medical antibiotics the selection of highly productive strains was
principally based on their activity towards Gram-positive and
Gram-negative bacteria. And who will say nowadays how many microbial
producers endowed with remarkable antihelminthic, herbicidal, acaricidal
or other effects passed unnoticed or were injustly wasted?

In this context, Luis Pasteur’s maxim seems to be well in place:
"Be very careful if you are looking for something. You may find it",

At present, the screening among microbial cultures, at least as it
is done by Omura's team, reposes on 15 different tests, and such an
approach provides a prompt effect.

Correct evalyation of baslc agricultural pests is also a matter of
high priority. In South FEast Asia countries, for example, the
piriculariosis of rice is the principal target for assays of new
fungicides. It has been calculated that effective measures taken for
combating only four pests of crops will save some $ 286 min by the year
2000,

According to predictions of some French experts for the year 2000,
European countries will produce 100,000 tons of biocpesticides which in
turn will require for their formulation some 350,000 tons of glucose and
starch as well as | mln tons of soya-beans. In all probability, just
like now, the Bir—preparations will account for the highest proportion of
all types of biopesticides. In the first place, the Bi-preparations were
standardized as early as 1966 and 1971 and their activity is currently
expressed in international units: 16,000 Int. units/mg, recommended
doses - 0.5-L.0 kgrha. The fungal preparations have not yet been
provided with adequate standards. In the second place, advanced
technologies for cultivation of B. thuringiensis enable growth of
bacteria in 30-150 m fermenters during 24 hours, the process being much
more rapid and ecomonic compared to production of fungal preparations.
At the market price level of 1975, the cost 1 kg of bacterial
preparation was about $ 1.3 slightly exceeding the price of synthetic
pesticides.

Thirdly, recent developments in biotechnology, and in particular in

genetic engineering, provide sufficient grounds for hope that, compared
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to fungal toxicants, bacterial insecticides will in time become more
selective, effective and resistant to a wider range of weather and

climatic conditions,
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THEORY AND PRACTICE OF MICROBIAL WATER PURIFICATION

P.I. Gvozdyak

The basic function of microorganisms in nature is known to consist in
mineralization of organic matter of plant, animal and microbial origin.
In addition, they are also endowed with yet another remarkable and
vitally essential character: to develop fairly rapidly capabilities to
transform and ultimately destroy synthetic or, in other terms,
anthropogenic compounds. This property of microbes is assumed as a basis
of all microbiological methods developed for the cleanup of most
polluted and noxious effluents that cannot be purified otherwise, i.e,
using conventional chemical and physico-chemical techniques. The only
means for their detoxification has been until very recently the thermasal
treatment ("burning”). For this, 1 m’ of liquid sewage requires some
250~-300 m:s of tnethane and, consequently, a thermal sewage treatment
plant "burning" no more than 100 m> of effluents a day consumes annually
about 10 m° of natural gas.

Although effluent waters are very often highly polluted with
ratural toxicants (sewage from live-stock farms and meat processing
plants, not to mention others], let us examine the microbial
purification of effluents containing synthetic compounds. In the first
place, synthetic substances are the products of man’s economic activity,

earlier never found in natural environments, and it will be very
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interesting to see in what way microorganisms succeed in utilizing them
as sources of carbon and energy. In the second place, such synthetic
chemicals known under the impressive name of xenobiotics, borrowed from
the Greek and meaning "alien to life", are in fact highly hazardous to
the environment, as most of them exhibit mutagenic and teratogenic
characters. [n this light, the adequate cleanup of sewage is of an
obvious and special significance. Thirdly, man® Xencobiotics prove to be
recalcitrant and persist in the biosphere for years. Therefore, the
development of microbial methods for the cleanupof industrial effluents
from such toxicants will contribute to abating levels of environmental
pollution and averting an uncontrolled flux of anthropogenic chemicals
to the biosphere.

On the other hand, a topical problem in microbial purification of
industrial effluents is the removal of microorganisms prior to the waste
water discharge. Difficulties related to the withdrawal of micro-
organisms from large volumes of water are one of the major obstacles
hampering broad application of microbial techniques for the cleanup of
liquid sewage which otherwise are undoubtedly more advanced and
efficient compared to the activated sludge process.

In this context, consideration of microorganisms capable of
effective degradation of xenobiotics appears to be in order. Until very
recently, many synthetic compounds were believed to be exceptionally
resistant to microbial attack. By reviewing the relevant world
literature, M. Alexander, an eminent American microbiologist, published
the tist of “nonbiodegradable” compounds (Alexander, 1973}, The current
literature as well as reference books on water purification problems
abound in zero BOD (biological oxygen demand) values as characteristic
of numerous synthetic chemicals. This implies that waste waters
containing such compounds are unsuitable for biclogical purification.

Recent developments in microbiclogy suggest, however, that in
principle  all compounds,  irrespectively of  their natural or
anthropogenic origin, are, in the final analysis, biodegradable. Such an
appraisal of a degradative potential of microbial cultures s
gratifying, but how to spot among the great diversity of microbial
species the rare strains capable of effective degradation of specific
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xencbiotics? Unfortunately, the empirical search for highly degradative
strains has been and still is largely guided by intwition - a poor
substitute for a solid scientific base. Neither researchers nor
practicians dispese of an adequate body of factual material that would
enable them  the appropriate selection of  highly degradative
microorganisms with specific taxonomic status based on the composition
and structure of compounds to be -degraded. Therefore, individual
researchers in their quest of microbial degraders have to rely on
personal experience, general considerations and in rare cases on
the existent scientific approaches.

In  applied microbiology, the appropriate selection of a
microorganism, studies of its properties and knowledge of physiclogy are
highly conducive to its successful performance. The remaining task is to
use or design a fermenter with suitable working parameters and io ensure
steady-state conditions of cultivation. In modern microbial technologies
of waste water purification the availability of an excellent degradative
microorganism for a ost vicious pollutant hardly provides even a 25%
guarantee of success. Regrettably, the richest experience of industrial
microbiology cannot be totally extended on microbial purification of
waste water. The reason is not a tremendous volume of effluents te be
treated hardly comparable with those of nutrient media in any large
scale microbial process; this is neither due to problems of mqintaining
sterility as it may seem at the first approach (in fact, effluents from
chemical industries, for example, are mostly sterile, the more so that
there are too few velunteers for populating waste waters). The basic
features that distlnguish microbial purification of effluents from
processes  of  industrial microbiclogy are a  highly heterogenic
composition of the liquid sewage and a very low, by industrial
microbiclogy standards, concentrations of potential nutrients. Low
content of organic matter in waste water is of course far from
sufficient for providing for high rates of microbial growth, and this in
turn implies a relatively low efficiency of sewage treatment plants: it
is common knowledge that dilution rates should be equal or less thaa
those of microbial growth - otherwise the microbial culture will be

finally washed out from the bioreactor (fermenter). On the other hand, a
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long-term stay of waste water in the installation would require
bioreactors of unthinkable dimensions which is certainly not advisable,

The situation is also complicated by the fact that industrial
effluents may contain any substances used in sewage treatment plants as
well as intermediate and final products of their interactions. The
"bunch" of water pollutants from only one factory (not to mention
complex production units) may be composed of dozens or even hundreds of
compounds in most various combinations and at times drastically
differing concentrations (Yakovley =2t al., 1985]. Consequently, any
waste water treatment plant should maintain on a regular basis
degradative cultures for the whole set of pollutants. Combining in one
microorganism capabilities for degradation of numercus compounds found
in industrial effluents is hardly possible theoretically and entirely
unrealistic practically. In the bioreactor a community of microbial
cultures should be maintained capable of degrading different chemical
compounds, some microorganisms receiving each during certain time “its
own" pollutant as a nutrient source, whereas others have to starve.

Finally, microbial aspects of biotechnology and waste water
treatment  technologies  essentially differ by  their  objectives,
Industrial microbiology is basically aimed at  biosynthesis or
bicconversion of organic compounds for yiclding target products such as
aleohols, acids, steroids, antibiotics or producing biomass, whereas the
task of waste water treatment i to bring about total mineralization of
pollutants achieving this in the best issue without accumulation of
biomass. An urgent need is felt for a non-waste technological system for
purification of effluents.

But how to achieve this ?

Let us turn to Nature. Roughly speaking, the biosphere as a whole
is a closed non-waste cycle, by technological standards. However, every
individual organism is releasing specific waste products contaminating
with such excreta jts own environment and thereby favouring the
development of other organisms. As the result, there occurs a gradual
change of organisms known as their succession. A good example of such
succession is the transformation of a lake into a marsh and further inte

shrubs and forest. This is a temporary succession. Nature is in no
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hurry. It has, contrary to humans, plenty of time. In our striving to
step up this process we replace the succession in time by succession in
space. To achieve it, we should provide for a consecutive change of
organisms in waste water treatment plants in a mannher that excretions
and nutrient remnants from one organism are a diet for the second
organism and what is left by the second is utilized by the third etc. in
SUCCEsSion.

We assume the space succession of degradative microorganisms to be
one of the basic (if not the principal) _problems in microbiology of
water purification.

The spatial succession is the lever which will enable us to
overhaul the entire system of biological purification of waste water
{from industrial to municipal effluents) and to set it on a solid
Toating.

The idea of space succession of degradative microorganisms is
suggestive of a number of important practical consequences (Gvozdyék et
al., 1985},

1. The system of micrebial purification of effluents must be a
concurrent flow excluding any recycling of biomass.

2. In conditions of a tremendous difference between the rates of dilu~

tion by waste water and those of microbial growth the concurrent flow
regime may be observed only when degradative microorganists are
immobilized in  the bioreactor an water-insoluble solid supperts.

3. As high as possible concentrations of degradative microorganisms
should be distributed over the entire volume of the bioreactor.

4. Deep purification of waste water {rom organic pollutants may be
achieved by the use of oligotrophic bacteria at the last steps of
microbial process, as it is precisely ollgotrophs that are well adapted
to subsist on trace concentrations of organic compounds.

5. In order to pave the way for a total and reliable water purification,
the spatiale succession of degradative microorganisms must gradually

lead to a chain of aquatic organisms in which protozoa would feed on
excessive bacteria; arthropods, filtrators and tech-fish would in turn
feed on protozoa so that finally fish would turn out to be the only

"pollutant" of water.
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Naturally, after microbial destruction of organic pollutants
microbial cells may be removed from the purified water by various
methods. All current techniques fall inte two groups: (i) those
employing reagents and {ii) reagent-free.

The reagent methods include the following steps: coagulation and
flocculation, fFlotation and foam fractionation, and liquid-liquid
extraction.

The reagent-free methods comprise: gravitational precipitation,
filtration, electrophoresis and electroretention.

A common disadvantage of reactant-employing techniques is the
necessity to use specific materials and compounds. Such reactants must
be nontoxic, not change the pH value of the medium, not affect the
chemical composition of cells, be used in low concentrations, be highly
active and inexpensive, be well suited for separation and recycling.
Despite the above restrictions certain reagent techniques found rather
important practical uses.

Methods of water purification based on coagulation and flocculation
are employed on a larger scale. Herein the electric charges of cells are
neutralized resulting in their agglomeration and sedimentation. A
variation of coagulation technique is electrocoagulation - a very
interesting and promising means of water purification using hydroxides
of aluminium, iron and other metals produced by electrochemical
dissolution of metal anodes.

Adsorption of microorganisms on solid surfaces has been a subject
for studies since the close of the last century. In the Soviet Union,
Zvyagintsev attempted a review and interpretation of numerous relevant
data and succeeded in establishing the basic regularities of this
process. Adsorption was found to be dependent on properties of
microorganisms and adsorbents, composition and  physico-chemical
characters of the medium and conditions providing for a contact between
cells and specific solid surfaces. Perspectives of the use of
immobilized micreoorganisms for purification of industrial effluents make
the studies on adsorption (adhesion} of microorganisms on solid supports
very attractive and topical.

Foarn fractionation and flotation techniques, electroficotation
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included, are based on capabilities of gas bubbles (air, hydrogen,
oxygen) to bring microorganisms to the surface of a liquid in the
presence of surfactants. The resultant foam Is separated and broken to
provide a concentrated suspension of microorganisms and purified water.
The flotation is intended for eliminating from liquids a coarse
particulate matter as well as microorganisms present in the effluents.

Liquid-liquid extraction techniques repose on intensive treatment
of water suspensions with immiscible organic solvents such as benzine,
diethylketone, n-propanol, butanol etc. which resuits in adhesion of
cells to the organic phase and their concentration on the water-organic
solvent interface. The thrée phases thus formed are separated, and water
and cells are liberated from organic solvent. Albertson {Sweden)
praoposed to use the two-phase systems based on water solutions of such
polymers as polyethylene glycol, dextran and their derivatives for
separating bacteria, viruses, ceil fragments, membranes, nuclei,
proteins, nucleic acids and other particles of biological origin. The
author recommends this method for industrial iseclation of viruses and
enzymes, but it is hardly advisable for the purification of waste water.

The reagent-free techniques appear more attractive, as they do not
involve the introduction of additional compounds and materials.

The gravitational separation is a melhod of long standing and still
widely used nowadays. However, low sedimentation rates of bacterial
cells in the gravitational field and a relatively high energy
consumption restrict the scale of its application for renoving
microorganisms from the purified effluents.

The filtration technigues for separation of microorganisms are
based on: (i) mechanical sieve-type retention of cells when the diameter
of filter pores is less than the size of bacteria, membrane filters,
filtration plates and (i)} electrostatic (adsorptional) retention when
the filter pores are greater than the size of bacteria but the cells do
not pass through the filter, since the positively charged fTilter walls
of porcelain, paper, asbestos etc. attract and retain the negatively
charged microbial cells.

In 1972, we observed for the first time the behaviour of a

microbial suspension during its passage through a granular packing
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FIGURE |. Installation for separation of microorganisms from the
liquid phase by electroretention.

1 - middie chamber; 2, 8 - microbial suspension inlet and outlet;
3, 7 - water inlet and outlet; 4, 10 ~ electrode chambers; 5, 9 -
electrodes; 6, i1 - membranes.
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FIGURE 2. Hydraulic and electric schemes for the electroretention

of microorganisms.

1 - three-chamber apparatus for electroretention; 2 - tank with a
suspension of microorganisms; 3 - water bottle; 4 - pump; 5 - po-
wer supply; & - autotransformer; 7- rectifier; 8 = voltmeter; 9 -
ampermeter,



placed into an electric field perpendicular to the liquid flow. Numerous
experiments resulted in the discovery of a new phenomenon which we
called “electoretention" and defined as ‘“retention of particles within a
range of dimensions (including certain real sojutions of compounds) by
polarized materials” (Rotmistrov et al., 1978). Outwardly, the essence
of this phenomenon consists of a layer of granular or porous material,
that presents no obstacies for filtration of small size particles, but
when placed in an electric field, it is transformed into a highly
efficient filter retaining various colloidal particles and many
substances forming real solutions.

The instaliation wused for the studies of microbial retention is
shown in Fig. L

The modes of power and liquid supply are fawly simple (Fig. 2.
The apparatus for water purification is made of an insulating material
{acrylic plastic, rubber, ebonite, teflom, etc.) and composed of three
membrane-separated chambers: two electrode chambers and the middle
working chamber. The working chamber is packed with granular, fibrous or
porous dielectrics: ion-exchange resins, quartz sand, fragmented baked
clay, cellulose or synthetic fibers, wool, silk, basalt or glass wool,
polyurethane, various cotton {tissues, etc. asd the water containing
microbial cells {up to 107 colonies per 1 mi} is passed through the
packing. As the test-objects, microorganisms {rom different taxonomic
groups were used characterized by a variety of forms and sizes, live and
dead, Gram-peositive and Gram-negative, forming capsules, sporous and
nonsporous, fiagellant and immobile (Tabile 1).

If a thick suspension of micreorganisms is passed through a fresh
packing composed, for example, of jon exchange resins, then a portion of
the cells will be retained by the packing, as solid surfaces are in
general capable of adsorbing microbial cells.

However, the adsorptional capacity of even best adsorbents is nat
high, whereas a rather thin layer (a few cm-thick) of granular or
fibrous packing presents no obstacte for infiltration of tiny microbial
particles. Therefore, in a few minutes the concentrations of nicrobial
cells at the inlet and outlet of the chamber will become equal. But if

an electric field is applied to the packing, it will be able to retain
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incomparably larger quantities of microcrganisms, many orders of
magnitude higher than Its starting adsorptional capacity, Microbial
cells are released by switching off the electric field, and they are
readily eluted as a viscous suspension in which the cell concentration
may be 10 to 100-foid higher compared to the starting suspension.
Repeated induction of the electric field results in the immediate

retention of cells and their separation from the liquid (Fig. 3).

TABLE 1. Characterization of microbial cultures used in experiments on
separation of microorganisms from liquids.

Microbial Size, pm Moti- Coloration,
culture lity acc. to Gram
Cells Spores
Aspergillus niger 10=-300 2.5-4 - +
Penicillium purpurogenum 23.5-200 2.5-4.5 - +
Candida albicans 9.0-10 0 - +
Candida tropicalis 6.0-7.0 o - +
Saccharomyces cerevisiae 5.0-10 0 - +
Rhodotorula utilis 3.0-7.5 o - +
Bacillus cereus 1.3-4.0 0.9-1.3 » +
Bacilius polymyxa 1.3-4.5 L7-2.6 + +
Bacillus mesentericus 0.6-6.0 0.5-0.9 + +
Bacltlus subtilis 0.6-4,0 0.6-0.9 + +
Ezcherichia coli 0.5-1.3 4] + +
Proteus vulgaris 0.5-2.0 0 + -
Pseudomonas aeruglnosa 0.5-1.2 0 + -
Serratia marcescens 0.5-0.8 0 + -
Staphylococcus aureus 0.5-0.8 0 - +
Phage E. coli 0.12-0.2 0 b 1 x
Fhage Ps. phaseolicola 0.07-0.15 Q x X
Chloretia vulgaris 4,2-10 Q b4 x
Anacytis nidulans 0.8-5.5 0 X x

Thus, the packing may be used repeatedly for a long time without special
regeneration.

The process of electroretention of microorganisms is dependent on
the electric field strength (Table 2).

Increasing the filtration rates of microbial suspension leads to
a poorer retention of cells. The extent of retention of microorganisms

by polarized materials is inversely proportional to increasing salt
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concentrations in purified water and somewhat drops with higher
concentrations of wmicroorganisms in a suspension. The material of the
packing has alse an essential effect on the retention process. In this
respect, wool, for example, shows better characters than cotton and is
much better, compared to glass cdtton, whereas quartz sand has a lower

retention capacity compared to silica gel or ion exchange resins.

100

]
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Retantion,

25

0.1 G.2 Qa3 0.4 0.5 a.é
Filtration rate, cmfmin.

FIGURE 3. Effect of the electric field strength on the flow rate
and retention of 24 h-culture of P. aeruginosa.

Packing: KY-2 + AB-I7 [cationate and anionite resins) Membranes:
fonites [Chin= 1.2 10°col./ml Electric field strength: 1, 2, 3,

4, 5, 15, 25, 37.5, 50 -V/cm.

TABLE 2. Effect of the electric field strength on the retention of
_ microorganisms (filtration rate, 0.2 cm/min).

Microbial Cell size, Retention of microorganisms, %
culture MM under different field strength

5 10 20 30 50 (V/em)

Saccharomyces

cerevigsiae (1 day) 4.0-12.0 4 1.3 32 50 66
S. serevisiae (killed

by autoclaving) 4.G-12.0 2.8 46 115 325 561
Bacillus mesentericus

(19 days, spores) 0.5-1.t 1.5 55 192 46 £
Pseudomonas aerugi-

nosa (1 day) 0.5-0.6 L7 7 23 49 85
Serratia marce-

scens (3 days) 0.5-0.6 23 39 13 20 45.2
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To obtain a sterile apyrogenic water used for preparing injection
solutions, a filtration installation was devised with a 3.5 cm thick

filtering layer of cotton gause (Fig. 4).
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FIGURE 4. Sterilization filter.

1 - water input; 2 - cotton gause layer; 3 - electrodes; 4 -
orifices for water infiltration; 5 - perforated pipe; 6 -
filter bottom; 7 - sterile water outlet; 8 - terminals for
power supply; 9 - filter ]id; 10 - gas outlet.

But how does the retention of microbial cells by polarized
materials occur? What are the basic driving forces of this phenomenon?

A special closed chamber with a monolayer of ball-shape silica gel
0.5 mm grains was devised for direct observation of the behaviour of
microbial cells during suspension filtration in a heterogeneous electric

field perpendicular to suspension flow (Fig. 5)
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FIGURE 5. Chamber for studying the behaviour of microbial cells

in the electric field.

1 - polyacrylate plate; 2,3 ~ canals for suspension; 4 - orifices;
5,6 - canals for electrodes; 7,8 - electrodes; 9 - rubber frams;
10 ~ silica gel balls; 11 - covering glass; 12 ~ stud bolts;

13 - polyacrylate frame.

During the suspension flow across the chamber without application
of the electric field, only rare cells are adsorbed by the silica gel
surface, while the bulk of microprganisms is entrained with the water
flow. Application of the electric f{ield sets the microblal cells in a
motion different from the direction of water flow. Under a electric
field (up to about 5 V/cm) such movements are not intepsive and semewhat
directed towards the apode. The cells are atiracted fo the silica gel
surface with the cell accumuiatioh around the points of contact of
grains. Numerous small chains of microbial cells are formed and attached
to the cathode-directed side of silica grains. Such chains contain 3-7
cells in the case of Saccharomyces cerevislae and over 20 for Bacillus
subtilis, In the inter-grain spaces hardly distinguishable circular
movements of cells oceur which become more visible with increasing
strength of the electric field. In larger spaces fTormed by 4-5 balls of
silica gel, 2-3 centres may be observed with microbial cells rotating
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arcund them.

H a microorganism rotates clockwise around one centre, then the
neighbouring one will induce the counter—clockwise movements. [t s
interesting that the arrest or inversion of the suspension flow does not
affect the direction of microbial rotation, whereas the cells start to
revolve in the counter direction the moment the polarity of the terminal
is changed. Further increase of the electric field strength f{up to
70-200 V/cm)} compels the microbial ceils 1o concentrate basically at
spots of the grain contact, whereas their circular movement is
repressed, and the iqter-grain spaces become the sites of an intensive
cell movement towards the anode.

After the electric curremt is switched off, the rotating cells as
well as the bulk of cells accumulated on the silica gel surface are
entrained by the water flow, andthe cell agglomerations promptly
disintegrate.

Efectrophoresis  and  electrostatic  interaction are apparently the
major cause of adhesion of microorganisms to the surface of packing
material and formation of chain aggregations, whereas dielectrophoresis
is contributable 1o the concentration of microbial cells in  grain
contact areas. Ratation of iicrcbial cells in the inter-grain s$pace
appears to be caused by elecirohydrodynamic fluxes the origin of which
is still rather unclear. Removal of the electric field results in
disappearance of all induced forces, and the cells are rapidly eluted
from the chamber by a continucus water flow.

Retention of microorgenisms is no more than a particular case of
the discovered phenomenon. Recent experiments point to the possibility
of similar separation from water [and other liquids) of colloids of clay
minerais and other highly dispersed particles as well as many other
soluble substances - proteins, nucleic acids, polysaccharides, humic
substances and even organic compounds of a relatively low molecular
weight, specifically organic dyes.

In this context, it appears fairly realistic and advisable to use
the phenomenon of electroretention for a number of purposes, namely:
- separation of micrcorganisms,

- copncentration of microbes and viruses,
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sterilization of liguids,

production of apyrogenic water,

separation of particles of biolegical origin,

i

immobilization of enzymes and realization of enzymatic reactions,

t

purification of liquids from various colloidal particles.

Removal of microorganisms is one of the prospective ways In solving
the problem of the water cleanup from suspended organic matter which may
be further utilized in industry and agriculture.

The use of the trophic chain of hydrobionts will enable a complete
elimination of the suspended organic matter and thus obtain a water of
fulf biological value and comtribute to settling the problem of
excessive biomass produced in the convenlional activatred sludge process.

Microbial purification of water is entering a stage of radical
changes which undoubtedly will be of a direct relevance 1o both
industrial and municipal sewage.

The above statement may be exempiified by the research carried out
by Ukrainian scientists (Institute of Colloidal and Water Chemistry of
the Ukrainian Academy of Sciences, Kiev) who developed effective
microbial technologies for the cleanup of industrial effluents which are
being successfully used nationwide in a number of chemical industries.
The effluenis in questlon are heteragenic as regards present pollutants:
aliphatic and aromatic amines, anionic and nonionogenic surfactants,
nitre products, methanol, ethylene glycols, penterythrite, etc, The
common problem is that such waste waters cannot, for the moment, be
purified by conventional technigques. The only way out i to “burn” them
or pump into deep wells for burial., Recent industrial assays showed that
aerobic and anaerobic microorganisms immobilized on solid supports are
capable of degrading the above poilutants and thus detoxify industrial
effluents. As a follow-up, Installations Cfor microbial remaval of
hexamethylene diamine from the so-called "dead water” resulting (rom the
production of the chemical fibre Anid ({nylon-66} was brought into
operation. High concentrations of nonioncgenic surfactants {up to 1O
g/} are removed by microbial purification of waste water from organic
synthesis piants. Microbial technologies are alsoc used for the cleanup

of effiuents from production of polyisocyanates, for the removal of
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nitrocompounds, methanol, ethytene glycols and other toxicants. The
installations wsed are of a simple design, relatively small size,
ecologically safe and energy saving.

Thus, fundamental vesearch on microblal purification of water lays
foundation Tor broad practical utilization of highly efficient and
ecoiogically sound methods for the cleanup of sewage.
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