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I. General aspects

Microorganisms and xenobiotic compounds

by T. Leisinger
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1. Xenobiotics as pollutants

Before man started large scale industrial activities, the
concentrations of the organic chemicals on the surface
of this planet remained more or less constant with
biosynthesis and biodegradation being held in equili-
brium by the integrated activities of plants, animals
and microbes. Today we are faced with certain indus-
trial chemicals that do not readily participate in the
global cycles of carbon, nitrogen or sulfur!®. Such
compounds cause problems of disposal and may, if
they escape containment, lead to adverse effects on
the environment. Chemicals exhibiting transitory or
permanent accumulation have been termed ‘pollu-
tants’ or ‘environmental pollutants’, expressions which
stress their undesirable effects on the environment. In
relation to the total volume of organic compounds
involved in the carbon cycle the formation of chemi-
cal pollutants by human activities is modest: the
turnover of organic matter in the carbon cycle by
photosynthesis and biodegradation amounts to ap-
proximately 2 - 10'! t per year as compared to world
oil production with approximately 3 - 10° t per year
and to the synthesis of organic chemicals, pollutants
and others, with 2 - 10® t per year’»4?, To assess the
pollution potential of a particular compound one thus
has to consider not only the quantity in which it is
released into the environment but also its chemical
and toxicological properties. A chemical’s structure is
of primary importance in determining whether it is
accumulated or not, while its concentration and its
toxicity determine the environmental impact of ac-
cumulation.

Structure. Since mineralization or complete biodegra-
dation of organic chemicals in natural ecosystems is
primarily due to microorganisms?, any structural fea-
ture of a chemical precluding or retarding its attack
by microbes will lead to accumulation in the environ-
ment, i.e. to persistence or recalcitrance of the com-
pound. Recalcitrance of a molecule may be caused by
insolubility as in the case of synthetic polymers like
polystyrene, polyethylene and polyvinylchloride® or
it may be due to novel chemical structures, to which
microorganisms have not been exposed in evolution-
ary history. In the latter case the compound is a
xenobiotic®, The challenge to the evolutionary poten-
tial of microbes presented by xenobiotics has facinat-
ed microbiologists and has stimulated basic research
on experimental enzyme evolution!”3"3775  Studies
performed with pure cultures using known segments

of microbial metabolism as model systems, have given
insight into the genetics and the biochemistry of
enzyme acquisition and thereby have provided guide-
lines for adaptation experiments with xenobiotics. It
has indeed been possible, using continuous culture
techniques, to select bacteria capable of degrading
previously nondegradable xenobiotics. Successful ad-
aptations in the utilization of recalcitrant xenobiotics
have been performed with 2,2-dichloropropionate®,
naphthalyl-2-sulphonic acid®, 2,4,5-trichlorophen-
oxyacetic acid®, and with the azo dyes 1-(4’-carboxy-
phenylazo)-2-naphthol and 1-(4’-carboxyphenylazo)-
4-naphthol*77. Since these adaptations required ex-
tended periods of cultivation in continuous culture
(up to 2 years in some cases) they were performed
with mixed cultures under non-sterile conditions. The
systems were thus extremely complex to analyze and
the molecular events having led to the novel pathways
had to remain obscure in most cases. The strongly
selective environment of continuous cultures thus has
proven effective for obtaining bacteria with novel
biodegradative capacities. However, the relative con-
tributions to the evolutionary process of novel genetic
information generated by mutation and of preexisting
genetic information put together by gene transfer are
hard to assess.

Concentration. Hutzinger*® pointed out that the term
“xenobiotic compound’ should not be reserved for
compounds with structural features foreign to life but
should be used for all ‘compounds that are released in
any compartment of the environment by the action of
man and thereby occur in a concentration in this or
another compartment of the environment that is
higher than ‘natural”. In view of the difficulties often
encountered in determining whether a particular com-
pound is exclusively of anthropogenic origin and
thereby may represent a xenobiotic in the narrow
sense, this wide definition of ‘xenobiotic compounds’
is justified. Heavy metals brought into soil by sewage
sludge or oil that contaminates ground-water are thus
examples of natural compounds which have become
xenobiotics by increases in concentration above
natural levels. The definition of xenobiotics given
above implies that any deviation from the natural
chemical composition of the ecosphere deserves atten-
tion and should be carefully monitored for possible
adverse effects on man and/or the environment.

Toxicity. Since about 65,000 chemicals are believed to
be in everyday use®®, monitoring the environment for
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increased levels of all or even a sizeable proportion of
the commercially produced chemicals is not feasible.
In order to effectively control pollution, potentially
hazardous chemicals have to be identified and their
concentration-limit standards in the environment
have to be specified. Such as task involves an interdis-
ciplinary approach by toxicologists, epidemiologists,
analytical chemists, microbiologists and ecologists.
Obviously, toxicity, carcinogenicity and mutagenicity
are the most important criteria in evaluating the
harmful effects of pollutants. The efforts of the U.S.
Environmental Protection Agency in identifying
quantitatively significant and potentially dangerous
pollutants originally led to the ‘Toxic Pollutant List’,
which contained 65 compounds and classes of com-
pounds®. It comprised thousands of individual chem-
icals and proved too voluminous as a guideline for
chemical analyses to be performed on environmental
samples and industrial effluents. The Toxic Pollutant
List was therefore reduced to the ‘EPA List of Priority
Pollutants’, which encompasses 114 organic com-
pounds plus cyanide, asbestos and 13 metals®’. A
summary of the organic compounds in this list of 129
priority pollutants is presented in table 1.

The significance of priority pollutants in practice was
confirmed by a survey of more than 3000 samples of
industrial effluents originating in a wide variety of
industries. About half of the compounds on the EPA
list occurred with sufficient frequency in industrial or
combined effluents to warrant broadscale control
measures®®. Microbial treatment is important in the
array of treatment technologies available to control
priority pollutants and other problem compounds.
Since no technology is uniformly applicable to all of
the pollutants, specific solutions have to be sought for
the waste and pollution problems of particular bran-
ches of industry. Microbiological aspects of waste
treatment in the chemical industry are discussed in
the contribution by Ghisalba’’. Other applications of
microbes in pollution control such as their use in the
treatment of effluents from the pulp industry?® and
the removal of metals from industrial effluents by
microbes*>** are not covered in the present review
but have been discussed elsewhere in pertinent arti-
cles.

2. Entry of pollutants into the environment

Environmental pollutants are defined as chemicals of
natural or synthetic origin that are released by man’s
activity into the environment where they have an
undesirable effect on the environment or on man via
the environment®’. The producers of chemicals are
often made solely responsible for the entry of chemi-
cals into the environment. This is not justified since
the responsibility for the proper disposal of chemicals
is handed over with the products to a wide array of
consumers. However, to make this shift in responsibil-
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ities workable, the producer of hazardous chemicals
has to supply, together with his products, instructions
for their safe disposal to the consumer. The draft of a
Swiss environmental law therefore includes a para-
graph specifying the obligation of producers of chemi-
cals to instruct the users accordingly!!. The dispersion
of chemicals on their way to the user often makes
their release into the environment inconspicuous and
difficult to control. Figure 1 illustrates the major
pathways by which chemicals are released from their
containment under human control into the ecosphere.
A first route leads directly from the consumer to the
environment (pathway 1, fig.1). It is taken by prod-
ucts such as pesticides and aerosol propellants whose
utilization is coupled with their release into soil, water
or air. Other chemicals such as certain solvents or
1,2-dichloroethane and 1,2-dibromoethane which are
present in gasoline as lead scavenging agents’ escape
containment by the consumer because of their volatil-
ity. Finally, a great variety of pollutants are delib-
erately released into the environment by illegal
dumping. It is hard to conceive that biclogical tech-
nologies will manage to check the spread of pollution
for which the consumer is responsible. One suggestion
to this end, the use of pesticide detoxifying enzymes in
agricultural practice, is discussed in the article by
Johnson and Talbot*!. A decrease, however, of pollu-
tion caused by product users will be achieved through
consumer education and by banning the use of toxic
or potentially toxic chemicals.

Other major entry points of pollutants into the envi-
ronment are effluents from municipal or industrial
waste treatment plants and, quantitatively less impor-
tant, exhausts from waste incineration facilities (path-
ways 2 and 3, fig. 1). Pollution arising from biological
waste treatment plants is due to organic chemicals
that are recalcitrant, volatile or insoluble and thus
escape degradation in conventional systems. Further-
more, the toxicity of an organic compound may

o o
1 Municipal
& }oducts Consumer waste —\@\

treatment
Chedmicgi Poliutants
production
i Industrial /@(
; Chemical ———————————=Jwaste 7
l.—___ waste treatment

Figure 1. Release of organic chemicals into the environment. /
Chemicals whose use leads to their entry into the environment, e.g.
aerosol propellants, pesticides, fertilizers. 2 Chemicals entering the
environment in the effluents of municipal sewage treatment sys-
tems, e.g. hard detergents, solvents. 3 Chemicals resistant to biolog-
ical degradation in industrial waste treatment systems, e.g. chloro-
benzenes, aminonaphthol sulfonic acids. 4 Direct discharge, losses,
spills and accidents leading to the entry of chemicals from produc-
tion sites into the environment.
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interfere with the proper functioning of the biological
treatment and lead to discharge of pollutants. Some
organic compounds adsorb during the treatment
process onto soil particles or sludge. They do not
appear in the effluent but cause problems in sludge
disposal and sludge application to land. The problems
arising with the treatment of some organic chemicals
in conventional biological systems are illustrated by a
recent survey on 96 organic compounds from the EPA
list of priority compounds (compare table 1)07!: in
biodegradability tests performed with these com-
pounds at the 5 mg/1 level, using 3 successive subcul-
tures with domestic sewage as the primary inoculum,
50% of the compounds tested were completely, 30%
insignificantly or not at all, and 20% partially
degraded. One compound exhibited toxic effects and
20% of the compounds tested were concentrated on
sludge by factors of 5 to 170.

Since conventional biological treatment procedures
are inadequate for the removal of many of the
potentially dangerous pollutants, specific technologies
for their treatment have to be developed. Industrial
waste streams are more suitable for the application of
specialized technologies than municipal sewage which
may contain low and varying concentrations of a
multitude of recalcitrant chemicals originating from
household products. The composition of industrial
waste waters is usually known and can be controlled.
It is also possible to provide individual treatment for
the different waste streams of a plant and to prevent
the formation of waste mixtures with difficult treat-
ment characteristics. As illustrated in the articles by
Finn? and by Ghisalba and Kiienzi*"-*2, microbiolo-
gy is expected to make significant contributions to the
development of new technologies for industrial waste
treatment. The controlled degradation of specific
problem compounds using specialized microbial cul-
tures and the improvement of waste treatment plants
by the addition of adapted microbial strains are
promising applications that need to be developed in
the future. Technologies based on microbial
processes, however, will be in competition with physi-
co-chemical and chemical processes (adsorption, floc-
culation, chemical oxidation and other transforma-

Table 1. Organic priority pollutants according to the U.S. Environ-
mental Protection Agency

Chemical class Number of
compounds
Aliphatics 3
Halogenated aliphatics 31
Nitrosamines 3
Aromatics 14
Chloroaromatics (inclading TCDD)? 16
Polychlorinated biphenyls (PCB’s) 7
Nitroaromatics 7
Polynuclear aromatic hydrocarbons 16
Pesticides and metabolites (including DDT)® 17

*TCDD = 2, 3,7, 8-tetrachlorodibenzo-p-dioxin;
chloro-2,2-bis (p-chlorophenyl) ethane.

SDDT = 1,1, 1-tri-

1185

tions, incineration) for the removal of recalcitrant
chemicals. These latter processes are usually less
specific and need less time to be developed than their
biological counterparts. Some of the physico-chemical
technologies are readily available while the use of
microbial processes will lead to considerable invest-
ments for research and development. On the other
hand, biological processes consume less energy than
physico-chemical processes making them competitive
under certain conditions.

Accidents, spills during transportation and leakage
from waste disposal sites may lead to the direct entry
of untreated chemicals into the environment (path-
way 4, fig. 1). The risks to human health presented by
dumping sites and their contribution to pollution of
air and groundwater are important issues that are
under intensive investigation. Potential contributions
of microbiology in diminishing the hazards and the
damage caused by the discharge of chemicals through
these pathways are discussed by Finn?® and by John-
son and Talbot*!,

3. Microbiology and the pollution problem

The two major applications of microbiological
research that are anticipated to become important for
pollution control have already been mentioned. They
are, excepting improvements to conventional waste
treatment plants, the use of specific bioreactors for
one family of chemicals, sited between the chemical
reactor vessel or the formulating plant and the waste
treatment plant; and, preparations of microbial cells
or microbial enzymes to treat point sources of con-
tamination in the environment.

Another segment of microbiological research is
concerned with the fate of xenobiotics in nature. This
is an area of great importance for assessing the
environmental impact of chemicals. The scheme pre-
sented in figure 2 gives an overview of the types of
reactions a xenobiotic can undergo in the environ-
ment. Total absence of degradation of a chemical in
nature (fig.2) has not been demonstrated so far, and
even TCDD, one of the most persistent chemicals
known, has been shown to be metabolized at a low
rate by microbial cultures®?. Indeed, as pointed out by
Alexander?, microorganisms are of primary impor-
tance for the changes in the structures of xenobiotics
introduced into soil or water.

The various types of microbial transformations of
xenobiotics listed in figure 2 have been discussed by
Bollag®. Complete mineralization of a compound is
the most desirable of these processes. It generates
carbon and energy for microbial growth and leads to
the disappearance of the xenobiotic compound.
Cometabolism>® is a process by which microorganisms,
in the obligate presence of a growth substrate, trans-
form a non-growth substrate. Although cometaboliz-
ing organisms do not derive benefits from the meta-
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bolism of non-growth substrates, cometabolism is
thought to play a significant role in the degradation of
xenobiotics in nature. As pointed out by Harder® and
by Dalton and Stirling?® this assumption is difficult to
test. Cometabolic transformations in the environment
do not necessarily result in the complete oxidation of
xenobiotics but may lead to the accumulation of
transformation products with increased or decreased
toxicity as compared to the original compound?. Cel-
lular accumulation represents a further type of in-
teraction of microorganisms with xenobiotics. This
process which may be the result of active uptake or of
adsorption phenomena has usually adverse effects. It
may lead to bioconcentration of hazardous chemicals
and to their entry into the food chain®>!. Microorgan-
isms can favor and microbial enzymes can catalyze
the binding of xenobiotics to soil humus. The forma-
tion, the properties and the implications of xenobiot-
ic-humus complexes are reviewed in the article by
Bollag and Loll'. Under some conditions the xeno-
biotics bound to humic substances are persistent while
other conditions lead to their release from soil. The
question whether or not humus-bound xenobiotics
represent a danger to health, and other questions on
the complex behavior of soil-bound residues have to
be resolved by further research.

To provide microbial strains exhibiting improved
biodegradation capacities is one of the most challeng-
ing fields of microbiological research related to pollu-
tion control, Strains with degradative capacities for
heretofore persistent compounds have to be enriched
from nature or generated in the laboratory by contin-
uous culture techniques as described in the article of
Cook et al.'8, Strains with improved degradation rates
or with a widened range of degradative ability may be
constructed by in vivo or in vitro genetic manipula-
tion. Such an approach requires extensive knowledge
on the biochemistry of the microbial pathway under
investigation. Information on the rate limiting steps in
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Figure 2, Fate of xenobiotics in the environment.

the degradative pathways, on the substrate specifici-
ties of the relevant enzymes and on the types of
regulatory mechanisms involved in gene expression
are prerequisites for a rational approach in strain
construction. Examples of this type of research are
given in the review by Motosugi and Soda®® which
summarizes the knowledge that has accumulated on
the biochemistry of dehalogenation reactions.

For strain constructions to become feasible, biochemi-
cal research has to be complemented by studies on the
genetics of degradative pathways. The development
of genetic techniques for Pseudomonas described by
Haas®® provides the tools for manipulating genes
among members of the one bacterial genus that
exhibits the most varied biodegradative capacities.
Considering the large amount of information necces-
sary before rational and reproducible experiments in
strain construction can be performed, it is not surpris-
ing that this approach, with the exception of the
examples discussed by Haas®, has not yet been
applied on a wide scale in biodegradation reseach.
Compared to enrichment from nature and to strain
development in the chemostat, assembling degrada-
tive pathways from different bacterial strains in one
cell by genetic manipulation is a laborious technique
by which to obtain organisms with novel degradative
capacities. It will find its application in cases where a
precise strategy can be formulated and where obsta-
cles to degradation, as for example the intracellular
accumulation of dead-end metabolites from problem
compounds*”*%, cannot be overcome by cocultivation
of strains with different degradative pathways.

4. Microorganisms and halogenated aliphatic hydrocar-
bouns: A case study

The general aspects of the interactions between
microorganisms and xenobiotics outlined so far will
now be illustrated with a particular class of chemicals,
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the halogenated aliphatic hydrocarbons. They repre-
sent one of the most important categories of industrial
chemicals with respect to production volumes, use
categories, dispersion in the environment, toxicologi-
cal effects and population exposure. The environmen-
tal behavior of C1- and C2-halocarbons has recently

been reviewed by Pearson®!,

Production, use and distribution in the environment
There are about 150 different halogenated aliphatics
in use including chlorinated, brominated and fluori-
nated compounds. The annual production volumes of
the 10 leading compounds of this class are listed in
table 2. They are very significant as illustrated by the
fact that 1,2-dichloroethane ranked 6th among the
organic chemicals produced in the U.S. in 1981°2
Also listed in table 2 is the input of the commercially
important halocarbons into the environment. It is
estimated that for those compounds that are mainly
used as solvents in a dispersed manner, the entire
production capacity is needed to replace losses to the
environment. For compounds that serve primarily as
intermediates in chemical syntheses, losses into the
environment are minimized and represent only a
fraction of the production.

Most halogenated aliphatic hydrocarbons found in
the environment are thought to be of direct industrial
origin. In the case of chloromethane, natural sources
such as forest fires and decomposition of seaweeds®*
release 10-100 times more of the compound than
manufacture by the chemical industry?® (compare
table 2). Trihalogenated methanes such as chloro-
form, bromoform and others are found in drinking
water. They represent a special case in that they are
formed in concentrations up to 50 pg/1 by the action
of chlorine on naturally occurring organic compounds
during the chlorination process®. Epidemiological
studies suggest, but do not prove, a causal relation
between the presence of chlorinated organic contami-
nants in drinking water and an increase in cancer
incidence’.

The major halocarbons listed in table 2 are used as
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chemical intermediates or as industrial solvents main-
ly for degreasing of metal parts, for dry-cleaning of
textiles and in the extraction of fats in food process-
ing. Other applications include their use as aerosol
propellants (dichloromethane), as lead scavengers in
leaded gasoline (1,2-dichloroethane and 1,2-dibro-
moethane) and as pesticidal fumigants for fruits and
vegetables (1,2-dibromoethane)’® or grain (carbon
tetrachloride). The alkyl halides bromoethane,
1,2-dibromoethane, 1,2-dibromo-3-chloropropane
and cis- and trans-1,3-dichloropropene are employed
as nematocidal soil fumigants!>.

Halogenated aliphatics enter the environment by
direct volatilization into the atmosphere from produc-
tion and use sites or in effluents into which they have
been discharged. The major route for their degrada-
tion is thought to be by photoinduced tropospheric
hydroxyl ion attack®'. Abiotic destruction of the pri-
mary Cl- and C2-halocarbons in water is insignifi-
cant. The compounds are therefore detected almost
anywhere in the environment. In a recent study
conducted in the Federal Republic of Germany on
the contamination by halogenated aliphatic hydrocar-
bons, the compounds were found in surface waters
(10-100 pg/l, mainly trichloromethane), in drinking
water (~ 20 pg/1, mainly trichloromethane), in the air
of an urban urea (>10 pg/m3, predominantly tetra-
chloroethane) and in various non-processed (~1 pg/
kg) and processed (> 10 pg/kg) foods®. Since most of
the compounds are proven or suspected carcinogens
(compare table 2), such data raise toxicological
concern. Although it is not now possible to determine
the extent to which exposure to halogenated aliphatic
hydrocarbons will influence future cancer rates?®, it is
clear that human exposure to these agents has to be
minimized.

Microbial metabolism

Do microorganisms contribute to the elimination of
haloalkanes and haloalkenes from the environment
and could they possibly be used in controlled
processes for the disposal of these problem com-

Table 2. Production, uses and toxicity of chlorinated aliphatic hydrocarbons

Compound Synonym World Estimated Major uses Suspected or Swiss

production® release into proven carcino- ~ MAK-values®

(10° t/year) environment® genicity and/or (ppm)

(10% t/year) mutagenicity
(reference number)
Chloromethane Methyl chloride 0.4 5.0 Intermediate - 50
Dichloromethane Methylene chloride 0.5 0.5 Solvent + (42) 100
Trichloromethane Chloroform 0.25 0.02 Intermediate, solvent + (27) 10
Tetrachloromethane  Carbon tetrachloride 1.0 0.05 Intermediate, solvent + (27 10
Chloroethane Ethyl chloride 0.4 0.015 Solvent, intermediate - 1000
1,2-Dichloroethane  Ethylene dichloride 13.0 1.2 Intermediate + (3, 21) 20
1,1, I-Trichloroethane a-Trimethyl chloroform 0.6 0.6 Solvent - 200
Chloroethene Vinyl chloride 10.0 0.2 Intermediate in + (5) 2
PVC production

Trichloroethene Trichloroethylene 0.6 0.6 Solvent + (38, 72) 50
Tetrachloroethene Perchloroethylene 1.1 1.1 Solvent - 100

2 Data from Pearson®'; ® Swiss threshold limit values for 40 h/week exposure®’.
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pounds? The information available on the metabo-
lism of halocarbons by microbes is summarized in
table 3. It is evident that few microbiologists have
focused attention on this class of compounds as
compared for example to the halogenated fatty acids
whose dehalogenation by microbial enzymes is well
studied®®. One reason for this may lie in the fact that
halocarbons, because of their volatility and their
toxicity for microorganisms, are difficult to handle as
microbial growth substrates.

Two principal types of experiments on the microbial
metabolism of halogenated aliphatics have been per-
formed, each of them addressing a different environ-
mental question. One approach consisted of setting up
soil enrichments and isolating pure cultures utilizing a
single halocarbon as the sole source of carbon and
energy. This strategy has worked for the few com-
pounds listed as being mineralized in table 3. It has
yielded pure bacterial strains, mainly pseudomonads
which grow on g/l concentrations of the toxic sub-
strates and exhibit doubling times of 6-10 h on these
compounds!422:3%67 These isolates are used for deter-
mining the degradative pathways of halocarbons.
Such bacteria may also be of interest for the develop-
ment of specific treatment processes for industrial
effluents containing dichloromethane, 1,2-dichloro-
ethane or vinylchloride.

There are also observations which suggest that dichio-
romethane- and 1,2-dichloroethane-degrading bac-
teria are actively removing halocarbon contaminants
from ground-water. In several cases of ground-water
pollution due to mixtures of chlorinated aliphatics
(not including vinylchloride) in Germany, the migra-
tion of the pollutants in the aquifer was monitored. It
was noticed that the leachate plumes of dichlorome-
thane and of 1,2-dichloroethane were consistently
smaller than the leachate fields of other halocarbons

Table 3. Microbial metabolism of halogenated aliphatic hydrocarbons
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like chloroform, 1,1,1-trichloroethane, trichloro-
ethene, tetrachloroethene®?*. It now is important to
prove that the disappearance of the 2 solvents from
groundwater was due to biodegradation. If dichlo-
romethane and 1,2-dichloroethane really are
degraded in ground-water, they should be given pref-
erence for industrial application over other, non-
biodegradable chlorinated aliphatic hydrocarbons.

In the 2nd appraoch to study the interaction of
microbes with halocarbons, natural microbial com-
munities which previously had not been exposed to
halogenated aliphatics were confronted with a range
of these xenobiotics. Experiments of this type were
guided by the need of understanding the fate of
chemicals which are either deliberately released as
soil fumigants'® or, due to inadequate disposal and
accidental spills, appear as contaminants of ground-
water!? (table 3).

Since readily utilizable carbon sources were offered to
these cultures together with halocarbons, there existed
no selective pressure for growth on the halogenated
compounds. They thus were transformed at much
slower rates than the halogenated aliphatics serving as
growth substrates. It is evident from table 3 that a
wider range of halogenated substrates was attacked
under anaerobic or semi-anaerobic conditions using
mixed cultures than under the more stringent pure
culture conditions. Because of the toxicity of halocar-
bons to methanogenic bacteria’® their concentration
in the anaerobic system!? had to be kept very low, i.e.
at 100 pg/1. Thus, while being less efficient than pure
culture systems, the mixed culture systems proved
more versatile. Furthermore, the anaerobic system
prevented volatilization of the added xenobiotics. An
understanding of the conditions required for the
transformations of halocarbons in mixed cultures
under methanogenic conditions may lead to anaero-

Substrate

Product(s) detected

Organism(s) Reference number

A) Mineralization

Dichloromethane CH,Cl, CI™, biomass Pseudomonas sp. 14
Hyphomicrobium sp. 68

1,2-Dichloroethane CH,CICH,Cl CI™, biomass Pseudomonas sp. 69

Chloroethene CH,CHCI - - 22

1,9-Dichlorononane CH,CI(CH,);CH,Cl1 Cl‘, biomass Pseudomonas sp. 59

1-Chloroheptane CH,;(CH,)sCH,Cl Cl

B) Transformation

Chloromethane CH;Cl, CH,Br CHOH Methylococcus capsulatus 65, 66

Trichloromethane CHCl, CO,

Tetrachloromethane CCl, CO, Meth . " s

. ethanogenic consortium,

1, 2-Dichloroethane CH,CICH,Cl1 CO, anaerobic conditions

Tetrachloroethene CChLCCl, CClL,CHCL, CO,

1,1,2,2-Tetrachloroethane CHC),CHCl, CHCIL,CH,Cl, CO,

1,2-Dibromoethane CH,BrCH,Br CH,CH,, Br~ Mixed cul ol 16

2,3-Dibromobutane CH,CHBrCHBrCH, CH,CHCHCHj,, Br- txed cultures of sol

1,2-Dibromo-3-chloropropane CH,BrCHBrCH,Cl

bacteria, static incubation

CH,CH,CH,OH, Br~




Experientia 39 (1983), Birkhéuser Verlag, CH-4010 Basel/Switzerland

bic processes for the treatment of waste water contain-
ing a range of chlorinated aliphatic hydrocarbons*®7°,
Irrespective of whether a halogenated aliphatic com-
pound is used as a carbon source or as a cometabolite,
there are 3 general kinds of initial microbial transfor-
mation it may undergo: nucleophilic substitution,
oxidation, reductive dehalogenation. Examples of
each type of reaction can be found among the micro-
bial activities listed in table 3:

Nucleophilic substitution was observed in the bacterial
metabolism of dichloromethane. Facultative methylo-
trophic bacteria utilizing this xenobiotic compound
are readily isolated from soil'*%7, They are also
present in waste water treatment plants as shown by
the fact that dichloromethane was mineralized by
activated sludge that had been acclimated to the
compound*®. Our studies on a dichloromethane-utiliz-
ing Hyphomicrobium sp. have shown that a single,
strongly inducible enzyme was responsible for the
conversion of dichloromethane to formaldehyde®,
This enzyme, a glutathione S-transferase, catalyzed
the nucleophilic displacement of chloride yielding
S-chloromethyl glutathione as an intermediate. The
intermediate was assumed to undergo non-enzymatic
hydrolysis to yield S-hydroxymethyl glutathione
which decomposes to formaldehyde and reduced glu-
tathione (fig.3). An analogous conversion of dichlo-
romethane to formaldehyde has been described in rat
liver cytosol!. There are, however, no reports on other
glutathione-dependent microbial dehalogenations.
Microbial enzymes catalyzing the direct displacement

a) b) °)
CH,Ol, CICH,CH,Cl Gecct, Reduced
s %02 Ksubstrates
HCI
(')H
[GS'CHZCI] [CICH,CHCL]
1,0 Oxidized
v substrates
Hel HCL  Cl,CCHCL+HCI
GS—CingH CICH,COH
NAD
H,0 NADH,
CH20+GSH CICH,COOH
H,0
*HCI
OHCH,COOH

Figure 3. Microbial dehalogenation of chlorinated aliphatic hydro-
carbons. Examples of the 3 types of dehalogenation reactions for
aliphatic hydrocarbons reported in the literature are presented.
a Nucleophilic substitution: Dehalogenation of dichloromethane
by glutathione S-transferase from Hyphomicrobium DM2%. b Ox-
idative attack: Hypothetical scheme for the degradation of 1,2-
dichloromethane by an unidentified soil bacterium®. ¢ Reductive
dehalogenation: Formation of trichloroethane from tetrachloro-
ethene by a methanogenic consortium12.
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of halogen on haloalkanes with a hydroxyl group
from water have not been described.

The oxidative attack on halomethanes has been ob-
served with resting cells of Methanococcus capsulatus
which converted chloromethane®® and bromome-
thane® to formaldehyde. It was shown that the oxida-
tion was catalyzed by methane mono-oxygenase. Al-
though formaldehyde is an intermediate of carbon
assimilation in this organism; the halomethanes were
not utilized as growth substrates. This was thought to
be due to the toxicity of the halide ions generated
during the conversion of the halomethanes to formal-
dehyde.

An oxidative step is also presumed to initiate the
degradation of 1,2-dichloroethane®. Since the first
step in the degradative pathway (fig.3b), the oxidative
conversion of the substrate to 2-chloroacetaldehyde
has not been proven to occur, the scheme presented in
figure 3b remains hypothetical.

Reductive dehalogenation is probably responsible for
the anaerobic transformation of chlorinated C1- and
C2-hydrocarbons (table 3) and for the conversion
under conditions that might be termed ‘semi-anaero-
bic’ of the brominated alkanes listed in table 3. The
process of reductive dehalogenation is thought to
involve the transfer of electrons from reduced organic
material by microorganisms or by biological catalysts
like flavins, porphyrins or cytochromes to halogenat-
ed substrates (fig.3c). The process is reported to occur
only in environments with a redox potential (Eh)
below —350 mV*3!1 Reductive dehalogenations on
the alkyl structures of the chlorinated pesticides DDT
and lindane are well known®!, and a recent report
describes the reductive dehalogenation of a number
of chlorobenzoates”. With the exception of the reduc-
tive dehalogenation of 3-chloropropionic acid by rest-
ing cells of Clostridium kluyveri®®, the experiments on
anaerobic dehalogenations of halogenated aliphatics
have been performed with mixed cultures. The organ-
isms or the enzyme systems responsible for the anaer-
obic transformation of these halogenated xenobiotics
are thus not known. Since anaerobic microbial com-
munities seem to offer degradative abilities that are
not found with aerobic microbes’ (compare table 3),
it will be an exciting task to explore the biochemistry
of anaerobic bioconversions and to evaluate their
potential in biodegradation.
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1. Introduction

Microorganisms play a crucial role in the natural
cycles of elements such as carbon, nitrogen, phospho-
rus and sulfur>*, The carbon cycle, for example, refers
to the largely photosynthetic fixation of CO,, which is
converted by e.g. plants, herbivores and carnivores
into a multitude of complex molecules that are then
degraded to CO, by fungi and bacteria, and this
mineralization is termed biodegradation,

The development of enzymes for biodegradation is
presumed to be by evolution during the 3 x 10° years
that microorganisms have been in the biosphere, but
this cannot be tested by examination of a fossil record
(in contrast to e.g. the evolution of plant or vertebrate
morphology) because of the paucity of the known
record and the limited structure/function correlation
in microorganisms. However, evolution of bacteria
can be tested and demonstrated readily in the labora-
tory (due to their rapid rates of multiplication) and
sets of extensive experiments have been done with
biodegradative enzymes'>. Long-term evolution in

nature is seen as an on-going process which is pre-
sumed to occur not only vertically within a direct
descendant pedigree but also horizontally through
exchange of genetic information amongst otherwise
independent vertical lines of development®,

Man’s purposeful application of biodegradation to
clean up his wastes began in the middle of the last
century’! and was developed to a recognizable and
functional sewage works early in this century*. Sew-
age works are usually capable of degrading a very
wide range of naturally-occurring and synthetic (non-
natural, alien or xenobiotic’) compounds®. But
‘hard’ detergents, which were not significantly
degraded in sewage works and which then foamed in
rivers and streams'!, raised public concern. Thus
political pressure developed to eliminate these and
other recalcitrant compounds, compounds that were
not degraded in conventional sewage works.

Recalcitrance, however, is not a property like a molec-
ular weight, which has a fixed numerical value;
rather, it has become a label to indicate that a



