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Chapter1

GENERAL INTRODUCTION

The increase inmaterialwealth duringthelast century,especially inthe Western
world, isvery much correlated with an increase in the consumption of fossil fuels
and anincrease intheproduction anduse of chemicals.Asaconsequence allkinds
of wastes are being produced. These waste streams which can contain many
different chemicals are, very often, discharged into the environment.
Gradually, mainly due to an increase in environmental concern of the general
public,increasinglystringentenvironmentalregulationsarecomingintoforce.These
regulations require the development of techniques to reduce the amount of waste
discharged into the environment.
Wastewater treatment is already applied on a large scale throughout the world
andthebulkofthecomponentsinwastewater areactuallyremovedusingbiological
techniques.Treatment ofwastegasesandremediation ofpollutedgroundwater and
soilsarelesswellestablished techniques.Especially inthelastdecade attention has
focused on biological techniques to tackle these problems.
The biological treatment ofwaste gases is still relatively little applied, until now
mainly for the treatment ofodorous air (Ottengraf, 1987;Leson and Winer, 1991).
The technique may, however, also be used to treat industrial waste gases. Waste
gases almost invariably contain air and hence oxygen. Therefore, successful
biologicalwaste-gastreatmentwillrequirethataerobicmicrobialdegradationofthe
contaminants of interest ispossible.
Inthisintroduction Iwillbriefly reviewthegaseousindustrial emissionoforganic
chemicals with an emphasis on the situation in The Netherlands, the aerobic
biodegradativepotentialofmicroorganismsfocusingonunsaturated andchlorinated
hydrocarbons, and biological waste-gas treatment.
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Emissions ofvolatile and gaseous compounds
The emission of hydrocarbons ismainly dueto industrial activityand traffic. The
per capita emission of hydrocarbons of anthropogenic origin is the highest in the
USA (Table 1).
TABLE 1.Anthropogenic airborne hydrocarbon

emissions (kgper capita per year in 1985).
The Netherlands
European Community
Europe
USA
World

24
31
34
85
27

(Data from van den Hout, 1990)

Besideshydrocarbons thereareseveralothermajor anthropogenicemissions.For
sulphur dioxide, nitrogen oxides and carbon dioxide the world average
anthropogenic emissionsper capitaper annum are estimated at 35,24and 4400kg,
respectively (van den Hout, 1990). Besides the emissions from anthropogenic
sources the contribution from natural sources of certain compounds, e.g. methane,
ethene, isoprene and methyl chloride, can be very significant. Although the major
contribution of methane release isfrom naturalwetlands (25-35%) very significant
contributions areassociatedwithhumanactivitiessuchasricecultivation(20-25%),
livestock breeding (20-25%) and the mining of fossil fuels (10%) (Tyler, 1991).As
a consequence the atmospheric methane concentration hasapproximately doubled
during the last 150 years, with an exponential increase during the last decennia
(IPCC report 1990,Anonymous, 1991).
Table 2 shows the emission of a number of hydrocarbons and chlorinated
hydrocarbons in The Netherlands (41,160 km2). It should be emphasized that the
data in Table 2, especially for 1,1,1-trichloroethane, dichloromethane and
tetrachloroethene are minimal estimations. The West-European market for
chlorinatedsolvents(tetrachloroethene,trichloroethene,dichloromethaneand1,1,1,trichloroethane) was more than 500,000 tons in 1990 and 620,000 tons in 1986
(European Chlorinated Solvent Association).Asthese compounds are onlyused as
solvents the complete production volume is ultimately lost to the environment. If
wemake a conservative estimate of the Dutch share of the West-European market
at 5%,thismeans that at least25,000tons ofthese chlorinated solventsare emitted
in The Netherlands. This is twice as much as listed in Table 2 for these four
compounds, and amounts to about 1.7 kg per capita per year. In the USA the use
of these four solvents was about 3.5 kg per capita per year in 1988 (Wolf et al.,
1991).
From Table 2it can be seen that for most of the non-chlorinated hydrocarbons
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theindustrial emissions are not the major source.Inmost casestraffic isthe major
source. Styrene is the exception with more than 60% of the emissions originating
from industrial sources. For the chlorinated hydrocarbons the situation is less
consistent. For a number of compounds the bulk of the emissions are, however,
from industrial sources.Therefore areduction oftheseemissionsispossiblewithout
imposing strict regulations on the use of specific compounds or completely
prohibiting their use as will be the case for a number of fluorocarbons.
TABLE 2. Gaseous emissions of a number volatile of organic compounds

and chlorinated hydrocarbons inThe Netherlands (1985-1987)
in ton per annum (vandenHout, 1990).
Source

Compound
Hydrocarbons

Industrial*

Methane
Ethene
Benzene
Toluene
Styrene

Other

Total

{%)*

7060
2740
1660
8290
987

b
a/b
a
c/d

543000
15000
7570
20800
502

550000
17700
9230
29100
1490

>99
>99
>99
>99
99

2710
538
2090
180
354
323
1300
569
940
954

c

7200
nd
2600
10
40
«0
15
140
>1000
3300

9910
nd
4690
190
390
323
1320
709
>1940
4250

>99
nd
95
94
nd
nd
nd
nd
nd
nd

Chlorinated hydrocarbons
CFK's
Chloromethane
Dichloromethane
Trichloromethane
Tetrachloromethane
Chloroethene
1,2-Dichloroethane
Trichloroethene
1,1,1-Trichloroethane
Tetrachloroethene

c
a/b
b
a
a
b/c
d
c

Based on individual registration. The estimate of the emission by non registered
industrial sources in comparison with the registered emission: a, less than about 10%;b,
about 10 - 50%; c, in the same order of magnitude; d, significantly more.
Emission to the ambient air as percentage of the total emission to the environment,
nd, not determined.

Regulations and threshold levels
Forspecific compoundsareductionintheemissionisrequired eitherbecausethe
compound is toxic, or even carcinogenic (e.g. vinyl chloride), or because it is a
problem due to itsodour characteristics.InTable 3TLV (Threshold Limit Values)
and odour threshold levels are given for a number of selected compounds to
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illustrate this.For those compounds which are liquids at ambient temperature the
vapour pressure is also shown, expressed in ppmv to allow simple comparison.
As can be seen in Table 3 some compounds, e.g. carbon monoxide and vinyl
chloride, have much higher odour threshold levels than the TLV so that these
compoundscanbepresentatdangerouslevelswithoutbeingnoticed.Whenworking
with these compounds particular care is required. In contrast a number of other
compounds, e.g. hydrogen sulfide, acetaldehyde and styrene, have very low odour
thresholds.These compounds canalready cause anodourproblem whenpresent in
waste gases at very low concentrations.

TABLE 3.TLV, volatility and odour threshold data of selected

chemicals (Data from Amoore and Hautala, 1983).
Threshold
limit value
(ppmv)
Acetaldehyde
Benzene
Carbon monoxide
1,2-Dichloroethane
Dichloromethane
Ethene
Hydrogen sulfide
Propene
Styrene
Vinyl chloride
# No TLV established, g=

100
10
50
10
100
#
10
#
50
5
=gas at ambient

Volatility
at 25°C
(ppmv)
g
120000
g
110000
550000
g
g
g
9600
g

Air odour
threshold
(ppmv)
0.05
12
100000
88
250
290
0.008
76
0.3
3000

pressure.

In 1986 the Technische Anleitung-Luft (TA-Luft), containing legislation on the
maximal allowable concentrations of pollutants in industrial waste gases, was
published in the Federal Republic of Germany (Anonymous, 1986).It is expected
that the TA-Luft will form the basis for environmental legislation on air pollution
in the European Community in the comingyears.In theTA-Luft non-carcinogenic
organic chemicals have been classified in three categories based on toxicological
and environmental persistence data. If the total emission of compounds belonging
to category I is more than 0.1 kg/h the total maximal allowable concentration of
these compounds inthewaste gas maynot exceed 20mg/m3. For categories II and
III the figures are 2and 3kg/h and 100and 150mg/m3, respectively. Chlorinated
hydrocarbons included in category I are methyl chloride, chloroform,
tetrachloromethane and 1,2-dichloroethane. Category II includes trichloroethene,
tetrachloroethene, 1,1,1-trichloroethane, toluene and styrene. Dichloromethane,
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alkyl alcohols, alkyl acetates and ketones are in category III.
Carcinogenic compounds are alsoclassified into three categories withrespect to
the maximal allowable emissions.Most organic carcinogenic compounds belong to
categoryIIIimplyingthat themaximalallowable concentration ofthese compounds
in industrial waste gases may not exceed 5mg/m3 if the total emission exceeds 25
g/h. This category includes acrylonitrile, benzene, 1,3-butadiene, epichlorohydrin,
epoxyethane, epoxypropane and vinyl chloride.
A number of measures can be taken to reduce emissions associated with
industrial activity to the ambient air. Implementation of process improvements or
theintroduction ofentirelynewtechnologies,e.g.powderbased coatings,canresult
inasignificant reductionoftheamountofchemicalsdischargedtothe environment.
However, in many cases waste gases will still be generated and will require
treatment.Insomecasesabiologicalmethod maybethemosteconomic alternative
(Kok, 1991).
For an effective biological waste-gas treatment technology aerobic
microorganisms capable of degrading the compounds of interest, as well as a
suitable reactor, are required. In the following sections general aspects of
biodégradation will be discussed as well as aspects of the degradation of specific
compounds.Subsequently ashort overviewofbiologicalwaste-gastreatmentwillbe
given.
Biodegradation of hydrocarbons
There is general consensus that all natural compounds are biodegradable, i.e.
they do not accumulate in nature. This does, however, not mean that all these
compounds can be completely degraded by pure cultures of microorganisms, or
underaerobicconditions.Nevertheless,manycompounds,includingxenobiotics,can
be biodegraded bypure cultures of aerobic microorganisms.
When considering a specific (xenobiotic) compound in relation to its
biodegradabilityveryoftentermsasreadilybiodegradable,persistent,orrecalcitrant
areused (Fewson, 1988).These termsshould, however, beusedwithsome caution.
An aspect which plays a very important role in this respect is the environment in
which the specific compound is present (Fewson, 1988). A compound may be
degraded, and may even be utilized as a single source of carbon and energy by a
pure culture,inthelaboratory atoptimalp0 2 , pH and nutrient availability,butmay
be quite recalcitrant in specific environments.
Inviewof developing stable systemsfor theremoval of specific compounds from
waste gasesI have defined biodegradable as"capable of supporting aerobic growth
of a pure culture as a sole source of carbon and energy". Therefore according to
this definition acompound can eitherbeclassified as"biodegradable"or as"notyet
demonstrated to be biodegradable". In most cases "biodegradable" is therefore
synonymous with mineralization, i.e., the compound is completely degraded to
carbon dioxide, water, anorganic salts and biomass. Fortuitous oxidation (Stirling
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and Dalton, 1979) may play an important role in the degradation of a number of
xenobiotics in Nature but will not be discussed here.
In the following two sections I will focus on the biodégradation of unsaturated
and chlorinated hydrocarbons, with an emphasis on gaseous and volatile
compounds.
BIODEGRADATION OF UNSATURATED HYDROCARBONS
Hydrocarbons containing an unsaturated carbon-carbon bond, may be
metabolized by an initial attack on the unsaturated moiety of the molecule or, for
compounds other than ethene, by an attack elsewhere on the molecule.
The following reactions may be observed at the carbon-carbon double bond of
the molecule: (i) oxidation with hydrogen peroxide and halide ions by
haloperoxidases, (ii) oxidation by monooxygenases using molecular oxygen as
oxidant, (iii) the addition ofwater, and (iv) the reduction of the double bond. The
addition of ammonia to an unsaturated carbon-carbon bond, e.g. the formation of
aspartate from fumarate and ammonia by aspartate ammonia-lyase, will not be
discussed.
Oxidation of unsaturated carbon-carbon bonds
Oxidation by haloperoxidases
Haloperoxidases catalyzetheformation ofa,j8-halohydrinsfrom alkenes (Geigert
etal.,1983)in thepresence of halide ion and hydrogenperoxide.Inthe absenceof
halide ions, the action of a chloroperoxidase may also result in the formation of
epoxides (Geigert et al., 1986). It is, however, unlikely that these enzymes are
involved in the metabolism of short-chain unsaturated hydrocarbons.
Oxidation by monooxygenases
Alkane metabolism has been studied for many years and several times alkenes
havebeenproposed asintermediates inthe degradation oflong-chain alkanes.This
assumption wasbased on the detection of trace amounts of 1-alkenes after growth
with the corresponding alkanes (see Gallo et al., (1973) for references) and the
formation of 1-decenefrom decane bycell-free extracts of Candidarugosa (Iizuka
et al., 1968). Reduction of NAD+ in the presence of alkane by crude extracts of
Candidatropicalis was later shown to be caused by impurities in the alkanes used
(Gallo et al., 1973). Arguments against the involvement of 1-alkenes in the
degradation pathway of alkanes to primary alcohols and subsequently carboxylic
acids are, however, abundant (Klug and Markovetz, 1971) and it is now generally
accepted that aerobic degradation of aliphatic hydrocarbons proceedsvia an initial
oxidation by a monooxygenase yielding primary or secondary alcohols (Britton,
1984).
Recently anaerobic oxidation ofhexadecanebya sulfate-reducing bacteriumwas
reported (Aeckersberg et al., 1991) indicating that an alternative mode of initial
attack of saturated hydrocarbons is possible. Furthermore desaturation of
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hexadecane and several other hydrocarbons byaRhodococcus mutantwasreported
recently (Takeuchi et al, 1990) indicating that desaturation of saturated
hydrocarbons is indeed possible.
Thefirst evidencefor oxidationofthedoublebond ofanalkenewasthe isolation
of 1,2-dihydroxyhexadecane from cultures of Candida lipolyticagrowing on 1hexadecene (Bruyn, 1954).Later itwasshown that alarge amount of the oxygenin
the diol was derived from molecular oxygen (Ishikura and Foster, 1961). Using
heptane-grown Pseudomonas cells van der Linden (1963) demonstrated the
formation of 1,2-epoxyheptanefrom 1-heptene.Subsequently, many more bacteria
were found that possessed monooxygenases capable of epoxidating alkenes (see
May (1979) for a review). Although alkane- and alkene-grown cells generally can
epoxidate alkenes, reports concerning the metabolism of 1-alkenes with a chainlength longer than C5 show that the epoxide is not a major intermediate in the
degradative pathways, which generally proceed via oxidation of the saturated
terminal methyl group. The first reports of an epoxidation reaction actually
participating inthe complete metabolism of an alkene were on ethene metabolism
inMycobacterium E20 (de Bont and Harder, 1978;de Bont etal, 1979).
Hydration of unsaturated carbon-carbon bonds
Hydration of fumarate to malic acid in the citric acid cycle isprobably the best
knownbiochemical hydration of a double carbon-carbon bond. Asimilar hydration
reaction was reported by Wallen et al who demonstrated formation of 10hydroxystearic acid from oleic acid by a Pseudomonas sp. (Wallen et al, 1962).
Further work by Schoepfer (Schoepfer, 1966) revealed that the 10-hydroxystearic
acidproduced wasoptically activeand had the R-configuration. Ina3-chloroacrylic
acid-degrading bacterium, we have recently detected two 3-chloroacrylic acid
hydratases,actingoneitherthecis- or thetrans-isomer ofthisacid (Hartmansetal.,
1991). A Pseudomonas picketti that hydrates acrylic acid directly to 3hydroxypropionic acid is presently being studied in our laboratory (van der Werf,
pers. comm.).
Hydratases acting on alkenes are lesswell studied. Iida and Iizuka reported the
enzymatic conversion of 1-deceneto 1-decanolincrude extracts of a decane-grown
Candida rugosa,although it is not clear if this reaction participates in decane
catabolism (Iida and Izuka, 1971).There are two reports in which the anaerobic
degradation of aliphatic alkenes is described. In 1-hexadecene degradation by a
methanogenic enrichment culture (Schink, 1985) and in the anaerobic degradation
of 1-heptadecene by a denitrifying bacterium (Gilewicz, 1991) the corresponding
primary alcohols are implicated as intermediates in the catabolic pathway.
Biotransformation studies of acyclic terpenoids withFusarium solanirevealed that
hydration of the inner double bond takes place (Abraham and Arfmann, 1989).
Enzymes capable of addingwater to thedouble bond of olefins maytherefore exist
in nature in larger numbers than anticipated until now.
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Reduction of unsaturated carbon-carbon bonds
Apart from the reduction of the 2,3-trans double bond in fatty acid synthesis,
examples of reductases acting on double bonds are scarce. One example is the
hydrogénation of unsaturated fatty acids by anaerobic rumen bacteria (Kellenset
al.,1986). Until now there is no evidence that a reduction of unsaturated carboncarbon bonds is involved in the mineralization of unsaturated hydrocarbons.
SPECIFIC BIODEGRADATION PATHWAYS
Ethene
Ethene (ethylene),the simplest olefin, canbe oxidized toepoxyethane byseveral
types of microorganisms, including methanotrophs (Stirling and Dalton, 1979),
alkane-utilizers (Hou etal.,1983) and Nitrosomonas europaea (Hyman and Wood,
1984). These organisms, however, are not able to grow with ethene, but other
bacteria have been isolated which utilize ethene as the sole source of carbon and
energy.
Ishikura and Foster (1961) isolated an orange-yellow pigmented "ethylene
bacterium" from soil.It was a Gram-positive, motile, non-sporulating rod that was
also capable of growth with ethanediol. In 1976both Heyer and de Bont reported
the isolation of several mycobacteria capable ofgrowth with ethene assole carbon
and energy source. Subsequent enrichment cultures with ethene have always
resulted in the isolation of mycobacteria.
Using propene or 1-butene as the carbon source in enrichment cultures, van
Ginkel et al. (1987a) isolated xanthobacters in most cases. These Xanthobacter
strains, along with Nocardia H8 which was isolated with 1-hexene as a carbon
source,were all capable ofgrowth with ethene.However, the growth rates of these
strains with ethene as substrate were lower than those of the ethene-utilizing
mycobacteria. This could explain why mycobacteria have almost always been
isolated when ethene is used as carbon source in batch-type enrichment cultures.
Growth ofthe "ethylenebacterium"on ethene inthepresence oflabelled oxygen
resulted inincorporation ofsignificant amounts of18 0 incellmaterial as compared
to growthwith acetate under the same conditions (Ishikura and Foster, 1961).This
would implicate the involvement of a monooxygenase type of reaction in the
assimilationofetheneintocellmaterial.Morespecific evidencefortheinvolvement
ofsuch an enzymewasobtained instudieswithMycobacterium E20.In this etheneutilizingMycobacterium itispossible to accumulate epoxyethanefrom ethene when
whole cells are incubated in the presence of fluoroacetate (de Bont and Harder,
1978), implicating that ethene is metabolized via epoxyethane in a reaction
catalyzed by a monooxygenase.
When similarly inhibited cells were incubated with either 1 8 0 2 or H 2 18 0 it was
established thattheoxygenatominepoxyethanewasindeed derivedfrom molecular
oxygen (de Bont etal., 1979). Monooxygenase activity with ethene was confirmed
using cell-free extracts of ethene-grown MycobacteriumE20. The reaction was
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shown to be 0 2 - and NADH-dependent. NADH could be replaced by NADPH,
although this resulted in a lower specific activity.
Whole cells of ethene-grown Mycobacterium E20 also oxidized ethane to some
extent but this capacity was not present in crude extracts of ethene-grown cells.
Ethane-growncellsoxidizedethane andethene,butitwasnotpossible todetectany
monooxygenase activity in crude extracts of these cells.ApparentlyMycobacterium
E20 is capable of synthesizing two different monooxygenases: a soluble alkene
monooxygenase during growth on ethene and an unstable alkane monooxygenase
duringgrowth on ethane.This dependency ofthe monooxygenase induction on the
growth substrate was further confirmed by determining the enantiomeric
composition of the epoxypropane produced by ethene- and ethane-grown cells of
Mycobacterium E20 (Habets-Criitzenetal.,1985).From this study, aswell as from
the work by Weijers et al. (1988b), it appears that alkene monooxygenases form
epoxideswithahigher opticalpuritythanalkanemonooxygenases.Another obvious
difference between these twoclassesofmonooxygenases isthe substrate specificity.
Alkane type monooxygenases can oxidize alkanes and alkenes, whereas alkene
monooxygenase only oxidizes alkenes (Fig. 1).
Alkene-grown bacteria
H 3 C-(CH 2 ) n -CH= CH2

A

» • H 3 C-(CH 2 ) n -CH-CH 2

OH

Alkane-grown bacteria

,

- r H 2 C-(CH 2 ) n -CH=CH2
H 3 C-(CH 2 )-CH =CH2 <T
/0N
^ " ^ H3C-(CH2)n-CH-CH2
FIG. 1. Generalmodesofoxidativeattackofhydrocarbonsbyalkene-and alkane-grown
bacteria.

Although it has been known for some time that microorganisms can oxidize
alkenes to the corresponding epoxyalkanes (van der Linden, 1963), very little is
known about thefurther metabolism ofthese compounds.Microbial metabolismof
epoxides has recently been reviewed by Weijers et al.(1988a).
The metabolism of epoxyethane, the simplest epoxide, was studied in
MycobacteriumE20. When ethane-grown Mycobacterium E20 was incubated with
ethane, in the presence of fluoroacetate, acetate accumulated analogous to
epoxyethane accumulation from ethene. This could implicate that epoxyethane,
analogous to acetate in ethane metabolism, is metabolized in a CoA-dependent
reaction. Cell-free extracts of ethene-grown cells ofMycobacterium E20 were able

10

General introduction

to catalyze the oxidation of epoxyethane. The reaction was completely dependent
upon the presence of NAD+ and CoA, and the epoxyethane degradation rate was
approximately doubled by adding FAD to the reaction mixture (de Bont and
Harder, 1978). Besides NAD + , CoA and FAD, a fourth unknown dissociable
cofactor was involved in the enzymic conversion of epoxyethane. This dialysable,
heat-stable cofactor was present in ethene-grown cells, but not in ethanol-grown
cells. The nature of the unknown cofactor was not elucidated. Evidence that the
product of the epoxyethane dehydrogenase reaction was acetyl-CoAwas sought in
experiments using [14C]epoxyethane. Incubation of cell-free extract with the
radioactive epoxide and the required cofactors along with citrate synthase,
oxaloacetate and fluorocitrate resulted in radioactivity in ether-extracts which cochromatographedwithcitrate.Omissionofcitratesynthaseoroxaloacetatefrom the
complete reaction mixture resulted in almost no radioactivity in the citrate spot. It
isnot clearwhether onesingleenzyme or anenzymecomplexisresponsible for the
oxidation of epoxyethane and much remains to be elucidated concerning this
enzymic activity.
Anaerobic transformation of ethene was recently reported to occur in one
anaerobic enrichment culture (de Bruin et al., 1992), as part of the sequential
reductive transformation of tetrachloroethene to ethane.Ethanol formation due to
hydration of the double-bond does not appear to occur.
Propene and 1-butene
Analogous to the situation with ethene, many bacteria are capable of oxidizing
propene to 1,2-epoxypropane (Stirling and Dalton, 1979; Hou et al., 1983). In
contrast to ethene, however, propene is an asymmetric molecule with an
unsaturated andasaturated carbon-carbon bond,allowingmorethanonepossibility
for initial enzymic attack.
Withpropane-growncellsotMycobacteriumconvolutum acrylicacidwasidentified
as oxidation product of propene, indicating the initial formation of 3-hydroxy-lpropene (Cerniglia et al, 1976). But with other bacteria grown on propane,
epoxypropane was reported as an oxidation product of propene with only trace
amounts of 3-hydroxy-l-propene being detected (Hou et al., 1983). With
PseudomonasfluorescensNNRL B-1244 the propene consumption rate was 20%
higherthanthe1,2-epoxypropane formationrate.The 1,2-epoxypropane degradation
rate was not reported so that only a minimal ratio of epoxidation versus
hydroxylation of 6 can be calculated. Although the presence of two different
enzymes could not be ruled out, both hydroxylation and epoxidation of propene to
3-hydroxy-l-propene and 1,2-epoxypropane, respectively,isprobablyeffected bythe
same enzyme system in both Pseudomonas fluorescens NRRL B-1244 and
Brevibacterium sp. strain CRL56 (Hou et al., 1983). This situation has also been
encountered in Nitrosomonas europaea (Hyman etal.,1988).
The utilization of propene as a carbon and energy source is less frequently
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described. The first report of an organism capable of growth with this gaseous
compound was a "Methanbakterium" isolated in 1930 (Tausz and Donath, 1930).
Cerniglia et al. (1976) also isolated a propene-utilizing organism. They proposed,
on the basis of isocitrate lyase activities and the fatty acid composition of their
strain PL-1after growthwith different substrates that propene wasmetabolized via
initial attack at the double bond resulting in a Q + Q cleavage.Experiments with
Mycobacterium Pyl (de Bont etal.,1980;1983),andXanthobacterPy2 (van Ginkel
and de Bont, 1986) which were both isolated with propene as carbon source, and
Nocardia Byl andXanthobacterBy2(van Ginkeletal.,1987a)whichwere enriched
with 1-butene, revealed that in these strains 1-alkenes were epoxidized to the
corresponding 1,2-epoxyalkanes. In the strains Pyl and Py2, a NADH-dependent
propene-monooxygenase activity was detected in crude cell-free extracts. 1,2Epoxypropane, the product of the monooxygenase reaction, was also utilized as a
growth substrate. Both strains can also utilize 1-butene as a growth substrate. In
contrast to strain Pyl, strain Py2also grows on ethene although the growth rate is
low.
In Mycobacterium Pyl isocitrate lyase activity was induced after growth on
propene, 1,2-propanediol and acetate, indicating that these substrates are
metabolized via acetyl-CoA.Growth on 1-buteneand propionic acid did not result
in isocitrate lyase induction. These results correspond with the results obtained by
Cerniglia et al. (1976), but further indications as to how 1,2-epoxypropane is
metabolized are still lacking. An analogous reaction as was proposed in ethenemetabolism (deBont and Harder, 1978)inwhich epoxyethane isoxidized toacetylCoA seems very unlikely in view of the increased isocitrate lyase activities after
growth with propene.
Another possibility for the further metabolism of 1,2-epoxypropane in
Mycobacterium Pyl via 1,2-propanediol and propionaldehyde as was shown in
Nocardia A60 (de Bont et al., 1982) was ruled out by carrying out simultaneous
adaptation experiments withpropene- and 1,2-propanediol-growncells (Hartmans,
unpublished results). 1,2-Propanediol metabolism inMycobacterium Pyl proceeds
via acetol, which is subsequently cleaved into acetate and formaldehyde by acetol
monooxygenase (HartmansanddeBont, 1986).Although thisexplainstheinduction
of isocitrate lyase after growth with 1,2-propanediol in MycobacteriumPyl, the
metabolicpathwayofpropene degradationvia 1,2-epoxypropane toacetyl-CoAstill
remained tobe elucidated. Recently wehave,however, detected 1,2-epoxypropane
carboxylase activity in extracts of strain Pyl. The product of this carboxylation
reaction is probably acetoacetic acid which would be in accordance with the
induction of isocitrate lyase after growth with propene.
2-Butene
In contrast with ethene, propene and 1-butene, 2-butene is an internal alkene
thus possessing only saturated terminal carbon atoms. This difference in chemical
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structure isreflected in the ability of organisms to degrade the compound.It isnot
utilized as a growth substrate by at least six different 1-alkene-utilizers tested,
including ethene-, propene-or 1-butene-utilizers (van Ginkel etal.,1987a).Fujii et
al. (1985), however, have described two mycobacteria which were isolated with
propene and 1-butene, respectively, that were also able to grow on the Cj to C4
saturated hydrocarbons andboth isomersof2-butene.Both strainsgrewverypoorly
with ethene and did not grow with 1,3-butadiene as a carbon source.
Enrichment cultures with frans-2-butene as the carbon-source resulted in three
bacterial isolates, two strains of the genus Nocardiaand one Mycobacterium (van
Ginkel et al., 1987a). One of the Nocardia strains, a red-pigmented bacterium
designated as Nocardia TBI was chosen to study trans-butene degradation (van
Ginkel et al., 1987b). Strain TBI was also capable of growing on the C3 to C6
alkanes but did not grow with methane, ethane, 1,3-butadiene or the Q to C6 1alkenes. Growth withcü-butene was extremely slowand doubling times on butane
and trans-butenewere 6 and 30 hours, respectively.
Using arsenite as inhibitor, butyric acid and crotonic acid accumulated when
butane- or frans-butene-grown cells were incubated with their respective growth
substrates.
Surprisingly, trans-butene- and butane-grown cells oxidized trans-butene at a
higher rate than butane, the substrate which supports the faster growth.ds-Butene
was degraded at the same rate astrans-butene.
Based on enzymic activities of trans-butene, butane and succinate grown cells a
degradative pathway as shown in Fig. 2was proposed (van Ginkel etal.,1987b).
Although 2,3-epoxybutane was degraded bytoww-butene-growncells of strain
TBI, itwas not considered to be an intermediate intrans-butenemetabolism asits
degradation did not result inan increased C02-formation bywashed cells,whereas
the oxidation of crotonic alcohol and trans-butene itself did. Degradation of2,3epoxybutane resulted in the excretion of an unidentified product, probably
originating from a hydroxylation reaction by the monooxygenase.
Further evidencethatNocardiaTBI containsanalkane-typemonooxygenasewas
obtained from the enantiomeric composition of the epoxides formed by both
butane- and trans-butenegrown cells (Weijers et al.,1988b).
Butadiene and isoprene
Isoprene(2-methylbutadiene)isanaturallyoccurringcompound,whereasitsnonmethylated analogue butadiene, to our knowledge, is not formed biologically (van
Ginkel et al., 1987c). Butadiene can be compared to ethene, with respect to the
unsaturated character of its carbon atoms, with the two double bonds probably
behaving as a conjugated system.
Microbial utilization of butadiene has been reported by Watkinson and
Somerville (1976) who isolated a Nocardiaspecies from enrichment cultures with
butadiene as the sole carbon and energy source. Respiration rates of butadiene-
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grown cells with butadiene and l,2-epoxy-3-butene as substrate were similar. This
oxidative capacity was absent from acetate-grown cells. Based on isocitrate lyase
activities butadiene metabolism in Nocardia sp. 249 was thought to proceed via
acetate.The degradation pathwaythatwasproposed for butadiene metabolismwas
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FIG. 2. Proposed degradativepathwayofbutaneandOw/u-buteneinNocardiaTBI (van
Ginkel etal.,1987b).

very speculative, and not based on the measurement of enzymic activities or the
identification of possible intermediates. It was suggested that butadiene is
epoxidized to l,2-epoxy-3-butene, which subsequently would be hydrolyzed to the
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correspondingdiolandoxidizedto2-oxo-3-butenoicacid.Oxidative decarboxylation
to acrylic acid followed by hydration to lactate and oxidation to pyruvate would,
after decarboxylation, eventuallyresultinacetateformation. Interestingly, oxidation
of racemic l,2-epoxy-3-butene was not complete, and it was shown that the
remaining epoxide material was optically active, thus implicating that the epoxide
degrading enzymic activity was stereoselective. Based on this observation it was
concluded that the epoxidation of butadiene by the Nocardia species is
stereospecific (Watkinson and Somerville, 1976).
Enrichments using different soil samples and butadiene or isoprene as a carbon
source inall casesresulted inthe isolation ofpink-pigmented bacteria belonging to
the genusNocardia (van Ginkeletal.,1987a,c).All isolateswere capable ofgrowth
on both substrates, possibly suggesting a connection between the degradation
pathwayofthetwoalkadienes.Incell-free extractsofalkadiene-grownNocardiaIP1
oxidation of these compounds was NADH- and oxygen-dependent, indicating that
these compounds are degraded by a monooxygenase (van Ginkel et al., 1987c).
Incubation of washed cell suspensions of alkadiene-grown NocardiaTBI with the
respective growth substrates in the presence of 1,2-epoxyalkanes as competitive
inhibitors of epoxide degradation, all the possible mono- and diepoxides of
butadiene and isoprene could be detected.Although itwasproposed that the initial
step in the metabolism of both compounds Nocardia TBI probably was the
formation of an epoxide, the degradation pathways of these alkadienes remain to
be elucidated.
Styrene
Although styrene contains an aromatic nucleus, it can also be classified as a
substituted alkene (Fig. 3). Styrene can be oxidized byMethylosinus trichosporium
OB3b (Higgins etal, 1979) and Nocardia corallina B-276 (Furuhashi et al.,1986).
In both cases the alkenic moiety of the molecule is attacked, resulting in the
formation of styrene oxide (7,8-epoxyethylbenzene or phenyloxirane).
Omori etal.(1975) were, to our knowledge, the first to attempt the isolation of
styrene-utilizers.Theytested 101 soilsampleswithoutsuccess,probablybecausethe
concentration ofstyrenethatwasused inthe enrichment cultureswastoohigh(2%
w/v). Sielicki et al.(1978) using a concentration of 1% (w/v), which is still much
more than the solubility of styrene in water, obtained a mixed culture utilizing
styrene. In ether extracts from styrene cultures phenylacetate and 2-phenylethanol
wereidentified. Usingapure culture ofastyrene-utilizingPseudomonas, Shirai and
Hisatsuka (1979) also demonstrated accumulation of 2-phenylethanol from both
styreneand styrene oxide.Based ontheseresultsitwasproposed that styrene oxide
is an intermediate in the transformation of styrene to 2-phenylethanol. Baggi etal.
(1983)isolatedphenylaceticacidand2-hydroxyphenylaceticacidfrom styrene-grown
culturesofaPseudomonasfluorescens,oncemoreindicatingthatstyrenemetabolism
involves initial attack of the ethylenic bond.
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Using low concentrations of styrene we recently demonstrated (Hartmans etal,
1990) that styrene utilizers are very abundant. From all samples tested, bacterial
strainswere isolated that could utilize styrene as a sole carbon and energy source.
In several of these strains an oxygen- and NADH-dependent styrene-degrading
enzymic activity was present in cell-free extracts after growth with styrene. The
further metabolism of the probable oxidation product styrene oxide,was in some
cases via phenylacetaldehyde which was formed by a styrene oxide isomerase
activity (Hartmans etal.,1989).Reduction or oxidation of the phenylacetaldehyde
thus formed could result inthe formation ofeither 2-phenylethanolor phenylacetic
acid, the intermediates previously isolated by other groups (Shirai and Hisatsuka,
1979;Baggi et al, 1983).
2-Phenylethanol formation from styrene could also result from a hydration
reaction. Indeed recently anaerobic isolateswith styrene assole carbon and energy
source have been shown to produce 2-phenylethanol as an intermediate in styrene
degradation (Grbic-Galicetal.,1990).
From the above we can conclude that there are at least two different modes of
initial attack of styrene involving the alkenic bond.
BIODEGRADATION OF CHLORINATED ALIPHATIC HYDROCARBONS
The biodégradation of chlorinated hydrocarbons has been studied intensively,
mainly in the last tenyears asitbecame evident that anumber ofthese compounds
appeared to accumulate in the environment, predominantly in groundwater.

TABLE 4.Aerobicbiodégradation of commonCx and Q

chlorinated hydrocarbons

by pure cultures of microorganisms.

Chloromethane (Methyl chloride)
Dichloromethane (Methylene chloride)
Trichloromethane (Chloroform)
Tetrachloromethane (Carbon tetrachloride)
Chloroethene (Vinyl chloride)
1,1-Dichloroethene (Vinylidene chloride)
Trichloroethene (Tri)
Tetrachloroethene (Per)
1,2-Dichloroethane (Ethylene dichloride)
1,1,1,-Trichloroethane (Methyl chloroform)

Mineralization

Oxidation

+
+
+
—

+
+
+
+
+
+
+

+
-

+
+

Inthis introduction Iwillonlydescribe those aliphaticchlorinated hydrocarbons
that arebiodegradableunder aerobicconditions,i.e.compoundsthatcanbeutilized
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asgrowthsubstratebyapure culture.Other reviewsconcerning thebiodégradation
of chlorinated, including aromatic,hydrocarbons are byVogeletal.(1987), Müller
and Lingens (1988),Cook etal.(1988),Janssen etal.(1989a).For a recent review
of the anaerobic degradation of chlorinated aliphatic hydrocarbons I refer to the
thesis of Holliger (1992).
Table 4 gives an overview of de biodegradability of the Cx and Q chlorinated
hydrocarbons.The compounds that can support growth ofpure cultures are further
discussed in this introduction.
The most interesting step in the biodégradation of chlorinated aliphatic
hydrocarbons is the dehalogenation reaction. Besides reductive dehalogenation
mechanisms (Holliger, 1992),hydrolyticandoxidativedehalogenation reactionscan
be involved in the biodégradation of these compounds.
A number of hydrolytic dehalogenases have been studied. The 2-halocarboxylic
acid dehalogenases were the first dehalogenase recognized and mainly studied in
relation to the biodégradation of 2,2-dichloropropionic acid, the active ingredient
of the herbicide Dalapon. These studies revealed that several classes of 2halocarboxylic acid dehalogenases could be distinguished on the basis of the
stereospecificity with which 2-chloropropionic acid was transformed to 2hydroxypropionic acid (lactic acid) (Weightman etal.,1982).Two other hydrolytic
dehalogenases that have been well studied are dichloromethane dehalogenase
(Kohler-Stauband Leisinger, 1985)and 1,2-dichloroethanedehalogenase (Keuning
et al., 1985). These enzymes will be discussed below. Longer chain haloalkane
dehalogenases have also been reported (Scholtz, 1987; 1988a; Sallis, 1990).
Oxidative dehalogenation (Yokotaetal.,1986)islesswellstudied duetothe fact
that the enzymes involved are more difficult to purify than the hydrolytic
dehalogenases, and also because the dehalogenating capacity probably is a
fortuitous property (Stirling and Dalton, 1979).
In the following sections the four compounds shown in Table 4 to support
growth of pure cultures will be discussed in more detail.
Methyl chloride
Methyl chloride is the simplest chlorinated hydrocarbon. It is a gas at ambient
temperature and pressure and isproduced in the chemicals industry mainlyfor use
as a methylating agent. It is, however, also produced in significant amounts in
nature, and is therefore a natural compound.
Aerobic degradation of methyl chloride is described in chapter 2 of this thesis.
Hyphomicrobium MCI can utilize methyl chloride as sole source of carbon and
energy, but the degradation pathway has not been elucidated.
Hydrolytic cleavage of the carbon-chlorine bond yielding methanol, as can be
achievedwithhaloalkanedehalogenaseofXanthobacterautotrophics GJ10(Janssen
etal., 1985) does not occur with strain MCI. This is based on the growth yield of
strain MCI, which is higher with methanol than with methyl chloride, and
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furthermore, methyl chloride degradation bywashed cells of strain MCI is oxygen
dependent. Although Xanthobacter autotrophicusGJ10 is capable of growth on
methanol andforms thehaloalkane dehalogenase constitutivelyitwasreported not
to grow on methyl chloride as sole source of carbon and energy (Janssen et al.,
1985),possiblybecausethemethanolconcentrationgeneratedfrom methylchloride
was too low to induce the methanol biodegradative pathway.
Oxidation ofmethyl chloridebyamethanotroph hasbeen observed (Stirlingand
Dalton, 1979),and isprobably due to the methane monooxygenase activity.Methyl
chloride has also been tested as a substrate for mercaptan oxidase of a
Hyphomicrobiumsp.,but was not oxidized by this enzyme (Suylen etal.,1987).
Very recently a strict anaerobic bacterium, strain MC, capable of growth with
methylchloridewasisolated and characterized (Trauneckeretal.,1991).Incontrast
to the situation for the aerobic degradation of methyl chloride and methanol the
growth yield of the strict anaerobe is higher with methyl chloride than with
methanol (Traunecker etal.,1991).
Dichloromethane
Dichloromethane was considered to be non-biodegradable for many years
(KleCka, 1982). However, starting in 1980 aerobic biodégradation of
dichloromethane by activated sludge (Rittman and McCarty, 1980;Klecka, 1982)
and bypure cultures (Brunner etal.,1980;Stuckietal.,1981a;Gälliand Leisinger,
1985)wasreported. Recently anaerobicbiodégradation and utilization as a growth
substrate was also reported (Freedman and Gösset, 1991).
Dehalogenation of dichloromethane by the aerobic isolates was shown to be
accomplished by a glutathione dependent dehalogenase yielding formaldehyde
(Stucki etal, 1981b). Subsequently this inducible dehalogenase was purified from
Hyphomicrobium DM2(Kohler-StaubandLeisinger, 1985).Ininduced cells15-20%
of the soluble protein consists of the dichloromethane dehalogenase. 1,2Dichloroethane was the only non-dihalomethane of the different substrates tested
that was dehalogenated although rate was very low, approximately a 1,000 times
lowerthandichloromethane.Interestinglythedehalogenasewasalsoinducedby1,1dichloroethane and 1,2-dichloroethane although these compounds are not
dehalogenated at an appreciable rate (Kohler-Staub etal.,1986).The dichloromethane dehalogenases (group A) from several other dichloromethane utilizers
isolated from different environments havealsobeen characterized andwere shown
to have the same immunological properties and identical N-terminal amino acid
sequences (Kohler-Staub etal.,1986).This could be anindication that this enzyme
has evolved only very recently.
Anoveldichloromethanedehalogenase(groupB)hasrecentlybeen characterized
(Sholtz etal., 1988b)which had only one of the 15amino acids of the N-terminus
in the same position as in the group A enzyme.The group B enzyme has a higher
specific activity than the group A enzyme but represents a lower fraction of total
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protein when compared with organisms having the group A enzyme. Nevertheless,
the new isolate grew at a higher rate (0.22 h - 1 ) with dichloromethane than the
strains with the group A enzyme (0.07 to 0.10 h _1 ).
Although several plasmids were detected in the dichloromethane-utilizing
MethylobacteriumDM4 the dichloromethane-utilization genes were shown to be
located on the chromosome or on a megaplasmid (Gälli and Leisinger, 1988).The
structural (dcmA) and regulatory (dcmR) genes for dichloromethane dehalogenase
from strain DM4 have now been isolated and analyzed (La Roche and Leisinger,
1990;1991).These studiesrevealed a relationship between the deduced amino acid
sequences of the glutathione dependent dichloromethane dehalogenase and
eucaryotic glutathione S-transferases, indicating that dcmA is a member of the
glutathione S-transferase supergene family (La Roche and Leisinger, 1990). A
tentative mechanism for the regulation of dehalogenase synthesiswasproposed in
which it is assumed that the dcmR gene encodes a repressor which binds to the
promoter region of the dcmA gene in the absence of dichloromethane (La Roche
and Leisinger, 1991).
1,2-DichIoroethane
Biological transformation of 1,2-dichloroethane by activated sludge was already
reported in 1954 (at the Purdue Conference). Attempts to isolate pure cultures
capable of degrading 1,2-dichloroethane were initially unsuccessful (Stucki et al.,
1981a). In 1984Janssen et al. described the isolation of a bacterial strain (GJ10)
capable ofgrowthwith 1,2-dichloroethane. This isolatewassubsequently identified
as a Xanthobacter autotrophics (Janssen et al., 1985). This strain constitutively
produces two dehalogenases, one specific for haloalkanes and one specific for
halogenated carboxylic acids. Degradation of 1,2-dichloroethane is initiated by
haloalkane dehalogenase yielding chloroethanol,which subsequently is oxidized to
chloroacetaldehyde and chloroacetic acid (Janssen etal.,1985).Dehalogenation of
2-chloroaceticacidbytheseconddehalogenaseyieldsglycollicacid.The haloalkane
dehalogenase has been purified and characterized (Keuning et al., 1985). The
enzymeexhibitsdehalogenase activitywithquiteanumber ofdifferent halogenated
alkanes but not with the common groundwater contaminant 1,2-dichloropropane.
TheKM of the purified enzyme for 1,2-dichloroethane has been determined at 1.1
mM (Keuning etal.,1985) and 0.63 mM (van den Wijngaard et al.,1991). This is
rather high in view of a possible application in bioremediation. Interestingly new
1,2-dichloroethane-utilizingstrainsoîAncylobacteraquaticusweredescribedrecently
whichcontain thesamedehalogenase although athigher levels(vanden Wijngaard
etal.,1992).This resulted in an apparentKsvalue for one of these newstrains for
1,2-dichloroethane of 0.029 mM,compared with 0.26mMfor strain GJ10 (van den
Wijngaard et al, 1991).
The structural gene of the haloalkane dehalogenase from Xanthobacter
autotrophics GJ10,dhlA, has been isolated and sequenced (Janssen etal.,1989b).
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The dehalogenase sequence did not show any overall similarity to other proteins
although a short stretch is significantly similar to several mammalian epoxide
hydrolases (Janssenetal.,1989b).Justrecently itwasshownthat thestructural gene
ofthedehalogenase inXanthobacterautotrophics GJ10isplasmidencoded (Tardiff
etal.,1991).This possibly explains why other bacteria have been isolated with the
same dehalogenase (van den Wijngaard etal.,1992).
Vinyl chloride
Aerobic vinyl chloride transformation has been observed with a wide range of
microorganisms exhibiting monooxygenase activity. Methane- (Fogel et al., 1986;
Tsien et al, 1989),propane- (Wackett etal, 1989), isoprene- (Ewers et al, 1990)
and ammonia- (Vannelli etal.,1990)utilizing bacteria have been shown to oxidize
vinyl chloride but no oxidation products were identified. Using purified soluble
methane monooxygenase from MethylosinustrichosporiumOB3b the oxidation
product of vinyl chloride was identified as chlorooxirane (Fox etal.,1990).
Aerobic mineralization of vinyl chloride in groundwater (Davis and Carpenter,
1990) and by a Gram-positive propane-grown bacterium (Phelps et al., 1991) has
been reported recently. To our knowledge, however, Mycobacterium strain LI
(Hartmans et al., 1985) is the only bacterial strain described so far which utilizes
vinyl chloride aerobically as a sole source of carbon and energy. Mycobacterium
strain LI was isolated from soil that had been contaminated with vinyl chloride
containing water for a number ofyears.Subsequently three additional strainswere
isolated, all Mycobacterium aurum species (see Chapter 3). Metabolism of vinyl
chloride in strain LI is also initiated by a monooxygenase (see Chapters 3 and 4),
but the fate of the chlorooxirane duringgrowth ofstrain LI onvinylchloride isstill
unknown.
BIOLOGICAL WASTE-GAS TREATMENT
There are anumber of approacheswhichcanbefollowed toreduce the emission
ofchemicals to the ambient air.Preferably a reduction inthe emissionsis achieved
byprocess improvement or the development of alternative processes.
If this is not possible there are two fundamentally different approaches to treat
waste gases, either recovery or oxidation of the contaminants (Table 5).
For reviews on physical and physico-chemical waste-gas treatment techniques,
also in relation to biological waste-gas treatment, see Heck etal.(1988) and Diks
and Ottengraf (1991).
Recovery processes are generally only applicable for waste gases containing one
oronlyalimited numberofcompounds,preferably atrelativelyhighconcentrations.
However, due to new developments in membrane technology the number of
potential applications for the recovery of organic vapours by selective membrane
permeation is increasing (Paul etal.,1988;Kimmerle etal.,1988).
Morecomplexmixturescangenerallymosteconomicallybeoxidized.Incineration
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is often the most economic alternative for waste gaseswith high concentrations of
combustiblecontaminants.Forwastegaseswithlowerconcentrations adsorption on
activated carbon and biological oxidation are often claimed as the most economic
alternatives (Diks and Ottengraf, 1991;Kok, 1991).

TABLE 5.Waste-gas treatment technologies.

Recovery processes

Oxidation processes

Condensation
Activated carbon
Absorption
Membrane permeation

Incineration
Catalytic oxidation
Activated carbon
Biological oxidation

Although biological waste-gas treatment is often claimed to be the cheapest
technology, it is not applied as much as one could expect based on this claim.
Presumably thisisbecause besides the costsinvolved, alsothe long-term reliability
of the process plays an important role in the ultimate selection of a technology.
In this respect it is a pity that the majority of the publications concerning
biological waste-gas treatment do not mention the duration of the experiments
described. In the following I will briefly discus the different bioreactors that are
presently applied in waste-gas treatment. I also refer to the excellent reviews by
Brauer (1984), Ottengraf (1986;1987) and Diks and Ottengraf (1991).
Biofilter
A biofilter is essentially a packed bed reactor through which the waste gas is
forced. The first biofilters were actually soil beds of variable height and were
applied to treat the odorous air from wastewater treatment plants. In the
subsequent development of the biofilter attention focused on the packing material
and humidity control. The choice of packing material isvery important in viewof
the pressure drop over the filter. Composted bark mixed with compost and a
mixture of compost and polystyrene particles are the two packing materials now
applied most often. These packing materials are generally applied in closed
biofilters allowing a better control of the physical conditions within the biofilter,
especially the humidity. Humidity control is a very important factor as this
parameter very strongly affects biological activity. Usually the air is saturated with
water before it enters the biofilter. However, if biodégradation takes place the air
leaving the filter will have a slightly higher temperature due to the oxidation (=
combustion) ofthecontaminants,and consequentlywillnolongerbesaturatedwith
water.Therefore additional humidification control isrequired.Anew development
inthisrespect isthe operation ofthebiofilter inthe down-flow mode (van Lith,see
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Hartmans, 1990). In this way the water is applied on to the top of the packing
materialwhere,duetotherelativelyhighinletconcentrationsofcontaminants,most
ofihe heat formation and water evaporation take place.
Biofilters are successfully applied on a large scale for the removal of odour
(Leson and Winer, 1991).The actual degradation rates taking place inthe packing
material are,however, fairly low.Although elimination rates ashighas64g carbon
m" 3 packing material per hour have been reported (Ottengraf etal., 1986), these
high rates cannot bemaintained for a longperiod oftime. Maintaining a sufficient
humiditywillbecome aproblem and nutrientsinthe compostwillprobably become
exhausted. The effect of the nutrient content of the compost in a biofilter on the
elimination capacity of a mixture of solvents was studied by Beyreitz etal.(1989).
These experiments lasted for about one year. The packing material used was bark
mixed with a nutrient-rich compost or a nutrient-poor compost. Elimination rates
of about 35and 2 5 g C m " 3 h _ 1 were determined, respectively, thusillustrating the
effect of the nutrient levels. We have observed a similar effect in styrene
elimination with a compost-polystyrene biofilter. Initially 55gstyrene m~3h" 1was
eliminated. However, after several days the elimination dropped significantly,
probably due to a lack of available nutrients.
Beyreitz etal.,(1989) also compared a bioscrubber using the same waste gas as
they used in the biofilter study mentioned above. The percentage of the solvents
removed was somewhat lower, especially for those compounds with a lower water
solubility.
Based on these, and other data, it isclear that the biofilter isespecially effective
for the treatment ofwastegaseswithrelatively lowconcentrations of contaminants,
which need not necessarily be very water soluble.
Other bioreactors
For the elimination of higher concentrations of contaminants, especially
contaminants with a higher water solubility, or rather a low Henry coefficient,
bioscrubbers appear to be more efficient. Bioscrubbers essentially comprise of a
liquid scrubber in combination with a regeneration tank, which can be compared
with a traditional aerobic wastewater treatment facility. The water phase which is
circulated can contain high concentrations of suspended biomass.
Very similar to the bioscrubber with suspended biomass is the trickle-bed
bioreactor or trickling filter. It isessentially the same asthe trickling filters already
being applied inwastewater treatment. Inthewastewater treatment applictaion the
water flows over a packed bed covered with a biofilm which degrades the
contaminants. Oxygen is supplied bydiffusion through the flowing water layer and
bynatural convection of air through the filter due tothe temperature gradient over
the filter (Grady, 1983). For the treatment of waste gas the liquid phase is
circulated. In the trickle-bed bioreactor the environment of the biofilm can be
controlled to some extent bythe circulatingwater phase.Nutrients can be supplied
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and the pH can be controlled. Therefore, in contrast to the biofilter, it is possible
to treat waste gases containing compounds like ammonia and chlorinated
hydrocarbons which result inacid production upon biodégradation.Asan example
dichloromethane elimination has been demonstrated (Chapter 9; Diks, 1992).
Dichloromethane isreasonablywater soluble,andwasshowntobeeliminated with
a sufficient efficiency over a long period of time.
Thetrickle-bed bioreactor is,however,lesseffective intheremovalof compounds
with a higher Henry coefficient i.e. a lower water solubility. In view of this aspect
we are now studying a membrane bioreactor. In this reactor type a porous
hydrophobicmembrane isused to create alarge specific interface with a lowmasstransfer resistance (Hartmans, 1991; Hartmans et al., 1992). In this reactor
configuration it should be possible to combine the advantages of the low masstransfer resistance and high specific surface area of thebiofilter with the possibility
to control the environment ofthe biofilm viathe circulatingwater phase like in the
trickle-bed bioreactor.
Scope of this thesis
Initially the subject of research for this thesis was to study vinyl chloride
biodégradation andtodevelopaprocessfor thebiological removal ofvinyl chloride
from waste gases of a PVCproduction facility. Asit became evident that a process
using the available vinyl chloride-degrading bacterium was not a very realistic
option, the scope of the research was slightly expanded. The biodégradation of
other chlorinated and unsaturated hydrocarbons was studied to expand our
understanding of the aerobic biodegradative potential of microorganisms.
Furthermore,abioreactorwasdeveloped forthetreatment ofaircontaminatedwith
dichloromethane.
Chapter 2 describes the isolation and initial characterization of a
Hyphomicrobium species which grows on the simplest chlorinated hydrocarbon
methyl chloride. In Chapter 3 the initial step of the vinyl chloride degradation
pathwayinMycobacterium aurumLI isdescribed. Initial characterization of alkene
monooxygenase, the enzyme that also catalyzes the oxidation of vinyl chloride is
described inChapter 4.Alkene monooxygenasewasshowntobe a multicomponent
enzyme.In Chapter 5amethod isdescribed toisolate mutants which are no longer
capable of growth on alkenes by using vinyl chloride as a specific mutagen.
Chapters 6 and 7 describe the isolation of bacteria which degrade compounds
which are structurally related to vinyl chloride. 3-Chloroacrylic acid (Fig. 3), e.g.
vinyl chloride substituted with a carboxyl group, was shown to be degraded by an
initial hydration reaction resulting in dechlorination (Chapter 6). Styrene (vinyl
benzene), which can be viewed as ethene substituted with the bulky phenyl group
analogous to the chlorine group invinyl chloride (Fig.3),wasshown tobe oxidized
bya monooxygenase (Chapter 7).Styrene monooxygenase wasquite different from
alkene monooxygenase. Neither the chloroacrylic acid- nor the styrene-utilizing
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bacteria studied could, however, transform vinyl chloride.
In Chapter 8 the possibilities of biological removal of vinyl chloride and 1,2dichloroethane (thevinyl chlorideprecursor inthemajor production process) from
waste gas using M. aurum LI and Xanthobacter autotrophics GJ10 are studied.
Based on the experimental results such a process does not seem very promising.
Chapter 9describes the trickle-bed bioreactor for the removal of dichloromethane
from waste gases. Finally in Chapter 10a few general conclusions are discussed.
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FIG. 3. Chemicalstructuresofthecompoundsdiscussed inthisthesis;(a)vinylchloride;
(b) fra/w-3-chloroacrylic acid; (c) styrene; (d) methyl chloride; (e)
dichloromethane; (f) 1,2-dichloroethane.

REFERENCES
Abraham, W.-R., and H.-A. Arfmann. 1989. Addition of water to acyclic terpenoids byFusarium
solani.Appl. Microbiol. Biotechnol.32:295-298.
Aeckersberg, F.,F.Bak, and F.Widdel. 1991. Anaerobic oxidation of saturated hydrocarbons to C 0 2
by a new type of sulfate-reducing bacterium. Arch. Microbiol. 156:5-14.
Amoore,J.E.,andE.Hautala. 1983. Odor asanaidtochemicalsafety: odor thresholdscomparedwith
threshold limit valuesandvolatilitiesfor 214industrial chemicals inair andwater dilution.J.Appl.
Toxicol. 3:272-290.
Anonymous. 1986. Erste Allgemeine Verwaltungvorschrift zum Bundes-Immissionsschutzgesetz
(Technische Anleitung zur Reinhaltung der Luft - TA Luft) vom 27-2-1986. Gemeinsames
Ministerialblatt 37:95-144.
Anonymous. 1991. NationaleMilieuverkenning2 1991-2010,SamsonH.D.Tjeenk Willink,Alphen aan

24

General introduction

den Rijn, The Netherlands (In Dutch).
Baggi,G., M.M. Boga,D.Catelani, E. Galli,and V.Treccani. 1983. Styrenecatabolism by a strainof
Pseudomonasfluorescens.System. Appl. Microbiol. 4:141-147.
Beyreitz,G.,R.Hübner andM.Saake.1989.BiotechnologischebehandelungLösemittelhaltige Abluft.
WLB Wasser Luft und Boden 9:53-57.
de Bont, JA.M., and W. Harder. 1978. Metabolism of ethylene by MycobacteriumE20. FEMS
Microbiol. Lett.3:89-93.
de Bont, J.A.M., M.M. Attwood, S.B. Primrose, and W. Harder. 1979. Epoxidation of short chain
alkenes inMycobacterium E20: the involvement of a specific mono-oxygenase. FEMS Microbiol.
Lett. 6:183-188.
de Bont, J.A.M. 1976.Oxidation of ethylene by soil bacteria. Antonie van Leeuwenhoek 42:59-71.
de Bont,JA.M., S.B.Primrose, M.D.Collins,and D.Jones.1980.Chemical studies on some bacteria
which utilize gaseous unsaturated hydrocarbons. J. Gen. Microbiol. 117:97-102.
deBont,JA.M., CG. vanGinkel,J.Tramper, andK.CA.M.Luyben. 1983.Ethyleneoxide production
by immobilized Mycobacterium Pyl in a gas/solid bioreactor. Enzyme Microb.Technol. 5:55-60.
de Bont, JA.M., J.P. van Dijken, and C.G. van Ginkel. 1982.The metabolism of 1,2-propanediolby
the propylene oxide utilizing bacterium NocardiaA60.Biochim. Biophys.Acta 714:465-470.
Brauer, H. 1984.Biologische Abluftreinigung. Chem. Ing. Tech. 56:279-286.
Britton, L.N. 1984.Microbial degradation of aliphatic hydrocarbons, p.89-129.In D.T. Gibson (ed.),
Microbial degradation of organic compounds. Marcel Dekker, New York,
de Bruin, W.P., M.J.J. Kotterman, MA. Posthumus, G. Schraa, andAJ.B. Zehnder. 1992.Complete
biological reductive transformation of tetrachloroethene to ethane. Appl. Environ. Microbiol.
58:1996-2000.
Brunner, W., D. Staub, and T. Leisinger. 1980. Bacterial degradation of dichloromethane. Appl.
Environ. Microbiol.40:950-958.
Bruyn,J. 1954.An intermediate intheoxidation ofhexadecene-1byCandidalipolytica.Koninkl.Akad.
Wetenschap. Proc. Ser. C.57:41-45.
Cerniglia, C.E., W.T.Blevins,and J.J. Perry. 1976.Microbial oxidation and assimilation of propylene.
Appl. Environ. Microbiol.32:764-768.
Cook, A.M., R. Scholtz, and T. Leisinger. 1988.Mikrobielle Abbau von halogenierten aliphatischen
Verbindungen. GWF Wasser Abwasser 129:61-69.
Davis, J.W., and CL. Carpenter. 1990. Aerobic biodégradation of vinyl chloride in groundwater
samples.Appl. Environ. Microbiol. 56:3878-3880.
Diks, R.M.M., and S.P.P. Ottengraf. 1991. Process engineering aspects of biological waste gas
purification, p.353-367.In H. Verachtert and W. Verstraete (ed.), Environmental Biotechnology
1991. Royal Flemish Society of Engineers.
Diks, R.M.M. 1992.The removal of dichloromethane from waste gases in a biological trickling filter.
Thesis Technical University of Eindhoven.
Ewers, J., D. Freier-Schröder, and H.-J. Knackmuss. 1990. Selection of trichloroethene (TCE)
degrading bacteria that resist inactivation byTCE. Arch. Microbiol.154:410-413.
Fogel, M.M., A.R. Taddeo, and S. Fogel. 1986. Biodegradation of chlorinated ethenes by a
methane-utilizing mixed culture.Appl. Environ. Microbiol. 51:720-724.
Fox,B.G.,J.G.Borneman,L.P.Wackett,andJ.D.Lipscomb.1990.Haloalkene oxidationbythe soluble
methane monooxygenase from Methylosinus trichosporium OB3b:Mechanistic and environmental
implications. Biochemistry 29:6419-6427.
Freedman, D.L., and J.M. Gossett. 1991.Biodegradation of dichloromethane and its utilization as a
growth substrate under methanogenic conditions.Appl. Environ. Microbiol. 57:2847-2857.
Fujii, T., T. Ogawa, and H. Fukuda. 1985.A screening system for microbes which produce olefin
hydrocarbons. Agric. Biol. Chem. 49:651-657.
Furuhashi, K., M. Shintani, and M. Takagi. 1986. Effects of solvents on the production of epoxides
byNocardiacorallina B-276.Appl. Microbiol. Biotechnol.23:218-223.
Gälli, R., and T. Leisinger. 1985. Specialized bacterial strains for the removal of dichloromethane
from industrial waste. Conserv. Recycl. 8:91-100.

Chapter 1
Gälli, R., and T. Leisinger. 1988. Plasmid analysis and cloning of the dichloromethane-utilization
genes of Methylobacterium sp.DM4.J. Gen. Microbiol. 134:943-952.
Gallo, M., J.C. Bertrand, B. Roche, and E. Azoulay. 1973.Alkane oxidation in Candida tropicalis.
Biochim.Biophys.Acta 296:624-638.
Geigert, J., S.L. Neidleman, DJ. Dalietos, and S.K. DeWitt. 1983. Haloperoxidases: enzymatic
synthesis of a,/9-halohydrins from gaseous alkenes.Appl. Environ. Microbiol.45:366-374.
Geigert, J., T.D. Lee, D.J. Dalietos, D.S., Hirano, and S.L. Neidleman. 1986.Epoxidation of alkenes
by chloroperoxidase catalysis. Biochem. Biophys. Res. Comm. 136:778-782.
Gilewicz,M.,G. Monpert, M.Acquaviva, G.Mille, andJ.-C.Bertrand. 1991.Anaerobic oxidation of
1-n-heptadecene by a marine denitrifying bacterium. Appl. Microbiol. Biotechnol.36:252-256.
van Ginkel, CG., and JA.M. de Bont. 1986. Isolation and characterization of alkene-utilizing
Xanthobacterspp.Arch. Microbiol. 145:403-407.
van Ginkel, CG., H.G.J. Welten, and JA.M. de Bont. 1987a. Oxidation of gaseous and volatile
hydrocarbons by selected alkene-utilizing bacteria. Appl. Environ. Microbiol. 53:2903-2907.
van Ginkel, CG., H.GJ. Welten, S. Hartmans, and JA.M. de Bont. 1987b. Metabolism of
fro/w-2-butene and butane inNocardiaTBI. J. Gen. Microbiol. 133:1713-1720.
van Ginkel, CG., E. de Jong, J.W.R. Tilanus, and JA.M. de Bont. 1987c. Microbial oxidation of
isoprene, abiogenic foliage volatile and of 1,3-butadiene,an anthropogenic gas.FEMS Microbiol.
Ecol.45:275-279.
Gossett, J.M. 1987.Measurement of Henry's law constant for Cj and C^ chlorinated hydrocarbons.
Environ. Sei. Technol.21:202-208.
Grady, C.P.L. 1983. Modeling of biological fixed films - a state-of-the-art review. In Y.C Wu and
E.D.Smith (ed).Fixed-film biological processesfor wastewater treatment.Noyesdata corporation,
Park Ridge, NJ.
Grbic-Galié, D., N. Churchman-Eisel, and I. Mrakovic. 1990. Microbial transformation of styrene
by anaerobic consortia. J. Appl. Bacteriol.69:247-260.
Habets-Crützen,A.Q.H., S.J.N.Carlier, JA.M. de Bont, D.Wistuba, V.Schurig,S.Hartmans, and J.
Tramper. 1985. Stereospecific formation of 1,2-epoxypropane, 1,2-epoxybutane and
l-chloro-2,3-epoxypropane by alkene-utilizing bacteria. Enzyme Microb. Technol.7:17-21.
Hartmans, S., JA.M. de Bont, J. Tramper, K.ChA.M. Luyben. 1985.Bacterial degradation of vinyl
chloride. Biotechnol. Lett. 7:383-388.
Hartmans, S., and JA.M. de Bont. 1986. Acetol monooxygenase from MycobacteriumPyl cleaves
acetol into acetate and formaldehyde. FEMS Microbiol. Lett.36:155-158.
Hartmans, S.,J.P. Smits,M.J. van der Werf, F. Volkering and JA.M. de Bont. 1989.Metabolism of
styrene oxide and 2-phenylethanol in the styrene-degrading Xanthobacter strain 124X. Appl.
Environ. Microbiol.55:2850-2855.
Hartmans,S.,M.J.vanderWerf,andJA.M.deBont.1990.Bacterial degradation ofstyreneinvolving
a novel flavin adenine dinucleotide-dependent styrene monooxygenase.Appl. Environ. Microbiol.
56:1347-1351.
Hartmans, S. 1990.Biofiltration of nauseous gases, p. 1160-1165.In C. Christiansen, L. Munck, and
J. Villadsen (ed.), Proceedings 5th European Congress on Biotechnology. Munksgaard,
Copenhagen.
Hartmans, S. 1991. Biological waste-gas treatment. Paper presented at 4th International IGT
symposium on Gas, Oil and Environmental Biotechnology, Colorado Springs, December 1991.
Hartmans, S., M.W. Jansen, M.J. van der Werf, and JA.M. de Bont. 1991. Bacterial metabolism
of 3-chloroacrylic acid. J. Gen. Microbiol. 137:2025-2032.
Hartmans, S., E.J.T.M. Leenen, and G.T.H. Voskuilen. 1992. Membrane bioreactor with porous
hydrophobic membranes for waste-gas treatment, p. 103-106.In A.J.Dragt andJ. vanHam (ed.),
Biotechniques for Air Pollution Abatement and Odour Control Policies, Elsevier Science
Publishers, Amsterdam.
Heck, G., G. Müller und M. Ulrich. 1988. Reinigung lösungsmittelhaltiger Abluft: alternative
mögelichkeiten. Chem. Ing.Tech.60:286-297.
Heyer, J. 1976.Mikrowelle Verwertung von Äthylen. Z. Allg. Mikrobiol. 16:633-637.

25

26

General introduction

Higgins,IJ., R.C. Hammond, F.S.Sariaslani,D.Best,M.M.Davies,S.E Tryhorn,S.E. and F.Taylor.
1979.Biotransformation of hydrocarbons and related compounds bywhole organism suspensions
of methane-grownMethylosinus trichosporium OB3b.Biochem. Biophys.Res. Comm.89:671-677.
Holliger,H.C. 1992.Reductive dehalogenationbyanaerobicbacteria.ThesisWageningen Agricultural
University.
Hou, CT., R. Patel, A.I. Laskin, N. Barnabe, and I. Barist. 1983. Epoxidation of short-chain
alkenes by resting-cell suspensions of propane-grown bacteria. Appl. Environ. Microbiol.
46:171-177.
vandenHout, K.D.1990.Industriële emissiesinNederland: derdeinventarisatieronde 1985t/m 1987.
Publikatiesreeks Emissieregisttratie Nr. 1.
Hyman,M.R. and Wood, P.M. 1984.Ethylene oxidation byNitrosomonaseuropaea. Arch. Microbiol.
137:155-158.
Hyman, M.R., I.B. Murton, and D.J. Arp. 1988. Interaction of ammonia monooxygenase from
Nitrosomonaseuropaea withalkanes,alkenes and alkynes.Appl.Environ.Microbiol.54:3187-3190.
Iida, M., and H. Iizuka. 1971.Enzymatic conversion of 1-decene to decyl alcohol by Candida rugosa
JF 101.Z. Alg. Mikrobiol. 11:301-305.
Iizuka,H.,M.Iida, Y.Unami, andY.Hoshino. 1968.rc-Decanedehydrogenation bya cell-free extract
of Candidarugosa. Z. Alg. Mikrobiol. 8:145-149.
Ishikura, T and J.W. Foster. 1961.Incorporation of molecular oxygen during microbial utilization of
olefins. Nature 192:892-893.
Janssen, D.B., A. Scheper, and B. Witholt. 1984. Biodegradation of 2-chloroethanol and
1,2-dichloroethanebypurebacterial cultures,p.169-178.In E.H. Houwink andR.R.vander Meer
(ed.), Innovations in biotechnology. Progress in industrial microbiology, vol 20. Elsevier Science
Publishers, Amsterdam.
Janssen, D.B.,A. Scheper, L.Dijkhuizen, and B.Witholt. 1985.Degradation of halogenated aliphatic
compounds byXanthobacterautotrophicus GJ10.Appl. Environ. Microbiol.49:673-677.
Janssen, D.B.,R. Oldenhuis,andAJ. vandenWijngaard. 1989a.Hydrolyticand oxidative degradation
of chlorinated aliphatic compunds by aerobic microorganisms, p. 105-128. In D. Kamely, A.
Chakrabarty, and G. S. Omenn (ed.), Advances in applied biotechnology series, Vol. 4,
Biotechnology and biodégradation. Gulf Publishing Company, Houston.
Janssen, D.B., F. Pries, J. van der Ploeg, B. Kazemier, P. Terpstra and B. Witholt. 1989b. Cloning
of 1,2-dichloroethane degradation genes ofXanthobacterautotrophicus GJ10 and expression and
sequencing of the diilA gene.J. Bacteriol. 171:6791-6799.
Kellens, M.J., H.L. Goderis, and P.P.Tobback. 1986.Biohydrogenation of unsaturated fatty acidsby
a mixed culture of rumen microorganisms. Biotechnol. Bioeng.28:1268-1276.
Keuning S., D.B. Janssen, and B. Witholt. 1985. Purification and characterization of hydrolytic
haloalkane dehalogenase from Xanthobacterautotrophicus GJ10.J. Bacteriol. 163:635-639.
Kimmerle, K., CM. Bell, W. Gudernatsch and H. Chmiel. 1988. Solvent recovery from air. J.
•Membrane Sei.36:477-488.
Klecka, G.M.. 1982. Fate and effects of methylene chloride in activated sludge. Appl. Environ.
Microbiol. 44:701-707.
Klug,MJ. andA.J.Markovetz. 1971.Utilization ofhydrocarbonsbymicro-organisms.Adv.Microbiol.
Physiol.5:1-39.
Kohler-Staub,D.,andT.Leisinger.1985.Dichloromethane dehalogenaseolHyphomicrobiumsp.strain
DM2. J. Bacteriol.162:676-681.
Kohler-Staub, D., S. Hartmans, R. Gälli, F. Suter, and T. Leisinger. 1986. Evidence for identical
dichloromethane dehalogenases in different methylotrophic bacteria. J. Gen. Microbiol.
132:2837-2843.
Kok,H.J.G.1992.Bioscrubbingofaircontaminated withhighconcentrationsofhydrocarbons,p.77-82.
In AJ. Dragt andJ.vanHam (ed.),Biotechniques for AirPollutionAbatement andOdour Control
Policies, Elsevier Science Publishers, Amsterdam.
La Roche, S.D., and T. Leisinger. 1990. Sequence analysis and expression of the bacterial
dichloromethane dehalogenase structural gene, a member of the glutathione 5-transferase
supergene family. J. Bacteriol.172:164-171.

Chapter1
La Roche, S.D., and T. Leisinger. 1991. Identification of dcmR, the regulatory gene governing
expression of dichloromethane dehalogenase in Methylobacterium sp. strain DM4. J. Bacteriol.
173:6714-6721.
van der Linden, A.C. 1963.Epoxidation of a-olefins by heptane-grown Pseudomonas cells. Biochim.
Biophys.Acta 77:157-159.
Leson, G., and A.M. Winer. 1991. Biofiltration: an innovative air pollution control technology for
VOC emissions.J. Air Waste Manage. Assoc.41:1045-1054.
May, S.W. 1979.En2ymatic epoxidation reactions. Enzyme Microb.Technol. 1:15-22.
Müller, R., and F.Lingens. 1988.Der mikrobielleAbbau von chlorierten Kohlenwasserstoffen. GWF
Wasser Abwasser 129:55-60.
Omori, T., Y. Jigami, and Y. Minoda. 1975. Isolation, identification and substrate assimilation
specifity of some aromatic hydrocarbon-utilizing bacteria. Agric. Biol. Chem.39:1775-1779.
Ottengraf, S.P.P., J.J.P. Meesters, A.H.C, van den Oever, and H.R. Rozema. 1986. Biological
elimination of volatile xenobiotic compounds in biofilters. Bioprocess Eng.1:61-69.
Ottengraf, S.P.P. 1986.Exhaust gaspurification. In HJ. Rehm, and G.Reed (ed.),Biotechnologyvol.
8. Microbial degradations. Chemie Verlag, Weinheim, Germany.
Ottengraf, S.P.P. 1987.Biological systems for waste gas elimination. Trends in Biotechnol. 5:132-136.
Paul, H., C.Philipsen, F.J. Gerner and H. Strathmann. 1988.Removal of organic vapors from air by
selective membrane permeation. J. Membrane Sei.36:363-372.
Phelps, T.J., K. Malachowsky, R.M. Schram, and D.C. White. 1991.Aerobic mineralization of vinyl
chloride by a bacterium of the orderActinomycetales. Appl. Environ. Microbiol.57:1252-1254.
Rittmann, B.E., and P.L. McCarty. 1980.Utilization of dichloromethane by suspended and fixed-film
bacteria. Appl. Environ. Microbiol.39:1225-1226.
Sallis, P.J., S.J. Armfield, A.T. Bull, and D.J. Hardman. 1990. Isolation and characterization of a
haloalkane halidohydrolase from Rhodococcuserythropolis Y2.J. Gen. Microbiol. 136:115-120.
Schink, B. 1985. Degradation of unsaturated hydrocarbons by methanogenic enrichment cultures.
FEMS Microbiol. Ecol.31:69-77.
Schoepfer G.J. 1966.Stereospecific conversion of oleic acid to 10-hydroxystearic acid. J. Biol. Chem.
241:5441-5447.
Scholtz, R., T. Leisinger, F. Suter, and A.M. Cook. 1987. Characterization of 1-chlorohexane
halidohydrolase, a dehalogenase of wide substrate range from an Arthrobacter sp.. J. Bacteriol.
169:5016-5021.
Scholtz, R., F. Messi, T. Leisinger, and A.M. Cook. 1988a. Three dehalogenases and physiological
restraints in the biodégradation of haloalkanes byArthrobacter sp. strain HA1.Appl. Environ.
Microbiol. 54:3034-3038.
Scholtz,R.,L.P.Wackett,C.Egli,A.M.Cook,andT.Leisinger. 1988b.Dichloromethane dehalogenase
with improved catalytic activity isolated from afast-growing dichloromethane-utilizing bacterium.
J. Bacteriol. 170:5698-5704.
Shirai, K., and K. Hisatsuka. 1979. Production of /3-phenetyl alcohol from styrene by Pseudomonas
305-STR-1-4.Agric. Biol. Chem.43:1399-1406.
Sielicki, M., D.D. Focht, and J.P. Martin. 1978.Microbial transformations of 14C styrene in soil and
enrichment cultures.Appl. Environ. Microbiol.35:124-128.
Stirling, D.I. and H. Dalton. 1979. The fortuitous oxidation and cometabolism of various carbon
compoundsbywhole-cell suspensions ofMethylococcus capsulatus (Bath).FEMS Microbiol. Lett.
5:315-318.
Stucki, G., W. Brunner, D. Staub, and T. Leisinger. 1981a. Microbial degradation of chlorinated Cj
and Cj hydrocarbons, p. 131-137.In T. Leisinger, A.M. Cook, R. Hütter, and J. Nuesch (ed.),
Microbial degradation of xenobiotics and recalcitrant compounds.Academic Press, Inc., London.
Stucki, G.,R. Gälli,H.-R. Ebershold, andT.Leisinger. 1981b.Dehalogenation ofdichloromethane by
cell extracts ofHyphomicrobiumDM2.Arch. Microbiol.130:366-371.
Suylen, G.M.H., P.J. Large,J.P.van Dijken, and J.G. Kuenen. 1987.Mehtyl mercaptan oxidase,akey
enzyme in the metabolism of mehtylated sulphur compounds by Hyphomicrobium EG. J. Gen.
Microbiol. 133:2989-2997.

27

28

General introduction

Takeuchi, K., K. Koike, and S. Ito. 1990.Production of cw-unsaturated hydrocarbons by a strain of
Rhodococcus in repeated batch culture with a phase-inversion, hollow-fiber system.J. Biotechnol.
14:179-186.
Tardiff, G., C.W. Greer, D. Labbé, and P.C.K. Lau. 1991. Involvement of a large plasmid in the
degradation of 1,2-dichloroethane by Xanthobacter autotrophicus. Appl. Environ. Microbiol.
57:1853-1857.
Tausz,J. and P.Donath. 1930.Ueber die Oxydation desWasserstoffs und Kohlenwasserstoffe mittels
Bakterien. Hoppe-Seyler's Z. Physiol. Chem.190:141-168.
Traunecker, J., A. Preuß, and G. Diekert. 1991.Isolation and characterization of a methyl chloride
utilizing, strictly anaerobic bacterium. Arch. Microbiol.156:416-421.
Tsien,H.-C,GA.Brusseau,R.S.Hanson,andL.P.Wackett. 1989.Biodegradationof trichloroethylene
byMethylosinus trichosporium OB3b.Appl. Environ. Microbiol.55:3155-3161.
Tyler, S.C. 1991. The global methane budget, p.7-38. In J.E. Rogers, and W.B. Whitman (ed.),
Microbial production and consumption of greenhouse gases: methane, nitrogen oxides, and
halomethanes. American Society for Microbiology, Washington, D.C.
Vannelli, T., M. Logan, D.M.Arciero, andA.B.Hooper. 1990.Degradation of halogenated aliphatic
compoundsbytheammonia-oxidizingbacteriumNitrosomonaseuropaea.Appl.Environ.Microbiol.
56:1169-1171.
Vogel, T.M., CS. Criddle, and P.L. McCarty. 1987. Transformations of halogenated aliphatic
compounds. Environ. Sei. Technol.21:722-736.
Wackett, L.P., GA. Brusseau, S.R. Householder, and R.S. Hanson. 1989. Survey of microbial
oxygenases:trichloroethylene degradationbypropane-oxidizingbacteria.Appl.Environ.Microbiol.
55:2960-2964.
Wallen, L.L., R.G. Benedict, and R.W. Jackson. 1962. The microbiological production of
10-hydroxystearic acid from oleic acid. Arch. Biochem. Biophys.99:249-253.
Watkinson, R.J. and H.J. Somerville. 1976. The microbial utilization of butadiene. In Proceedings
International Biodegradation Symposium (3rd).Applied Science, Essex pp.35-42.
Weightman,A.J.,A.L.Weightman,andJ.H.Slater. 1982.Stereospecificity of2-monochloropriopionate
dehalogenation bythe two dehalogenases ofPseudomonasputida PP3:evidence for two different
dehalogenation mechanisms. J. Gen. Microbiol. 128:1755-1762.
Weijers, C.A.G.M.,A. de Haan, and J.A.M.de Bont 1988a.Microbial production and metabolism of
epoxides. Microbiol. Sei. 5:156-159.
Weijers, C.A.G.M., C.G. van Ginkel, and J.A.M.de Bont. 1988b.Enantiomeric composition of lower
epoxyalkanes produced by methane-, alkane-, and alkene-utilizing bacteria. Enzyme Microb.
Technol. 10:214-218.
van den Wijngaard, A.J., R.D. Wind, and D.B. Janssen. 1991.Kinetics of microbial degradation of
1,2-dichloroethane and 2-chloroethanol. p. 671-672. In H. Verachtert and W. Verstraete (ed.),
Environmental Biotechnology 1991. Royal Flemish Society of Engineers,
van den Wijngaard, A.J., K.W.H.J. van der Kamp,J. van der Ploeg, F.Pries, B.Kazemier, and D.B.
Janssen. 1992.Degradation of 1,2-dichloroethane byAncylobacteraquaticusand other facultative
methylotrophs. Appl. Environ. Microbiol.58:976-983.
Wolf, K., A. Yazdani, and P. Yates. 1991. Chlorinated solvents: will the alternatives be safer? J.
Air Waste Manage. Assoc.41:1055-1061.
Yokota, T., H. Fuse, T. Omori, and Y. Minoda. 1986. Microbial dehalogenation of haloalkanes
mediated by oxygenase or halidohydrolase. Agric. Biol. Chem. 50:453-460.

Chapter 2

METHYLCHLORIDE:
NATURALLY OCCURRING TOXICANTAND C-l GROWTH SUBSTRATE

S. Hartmans, A. Schmuckle, A.M. Cook and Th. Leisinger.

A strain of Hyphomicrobiumthat could utilize methyl chloride as the sole carbon
andenergysourcefor growthwasisolated from industrialsewage.The methylotroph
utilized methyl chloride quantitatively with stoichiometric release of chloride ion.
A specific growth rate (M) of 0.09 h"1 was observed with about 1% (v/v) methyl
chloride in the gas phase.

Journal of General Microbiology (1986) 132:1139-1142.
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Methyl chloride is a naturally occurring compound (see Harper, 1985;Singhet
al., 1983; White, 1982), which has been classified by the US Environmental
Protection Agency as a priority pollutant (Keith and Telliard, 1979). It is a very
water-soluble gas at normal temperature and pressure (Weast, 1984) and is used
industrially as a methylating agent for silicones and lead (Edwards et al., 1982).
Methyl chloride is known to be detoxified in the liver (Kornbrust and Bus, 1983),
to be oxidized by a methanotroph (Stirling and Dalton, 1979) and by isolated
methane monooxygenase (Patel et al., 1982), and to be enzymically hydrolysed
(Keuning etal.,1985),but it does not serve as a carbon source for growth (Stirling
andDalton, 1979; Janssenetal.,1985)andfurther information onitsbiological fate
is lacking (Watson et al.,1980).
We have now isolated a bacterium that utilizes methyl chloride as a sole and
growth-limiting source of carbon and energy.
MATERIALS AND METHODS
Materials. The inoculum wassludge from twoindustrial sewageplants (Schweizerhalle, Switzerland
and Grenzbach, Germany). Methyl chloride (>99.5%, v/v) was purchased from Matheson; it was
chromatographically pure and its identity was confirmed by mass spectrometry. Methane (>99.9%,
v/v) and ethylchloride(99.5%,v/v) were from Matheson. Other chemicalswerefrom Flukaand were
of the highest purityavailable.Liquid cultureswere grown inscrew-capErlenmeyer flasks closedwith
Mininert valves (Precision Sampling), which allowed ready sampling of the gas and liquid phases.
Growth.Cultures were grown in 100 mM-potassium phosphate buffer, pH 7.2, containing 25mM(NH4)2S04,0.25mM-MgS04 andtrace elements (Cook andHütter, 1981)towhichthecarbon source
wasadded.Gasescouldbesterilizedbyfiltration (0.2/im porediameter membrane filter) but wewere
able to drawgas from cylinder outlets bysyringe and avoid contamination on injection of gas into the
flask through the septum. Cultures were grown at 30°C on an orbital shaker and the volume of air
above the culture was tenfold larger than the culture volume. Solid media were prepared by the
addition of 1% (w/v) agar (Oxoid no. 1).Methyl chloride-minimal medium plates were incubated in
desiccatorswith substrate (1%, v/v) in the gasphase.The substrate spectrum wasexamined in closed
flasks, because the organism obviously grew with traces of carbon sources in the air.
To obtain growth yields, cultures containing different concentrations of substrates were allowed to
grow into the stationary phase. Protein was measured and substrate exhaustion was confirmed. The
yield was the slope of the line "protein concentration" vs "initial substrate concentration", and the
correlation coefficient r was >0.985 (7 points). Cells for use in non-growing suspensions or in the
preparation of cell extracts were harvested in the late exponential phase, washed and stored frozen;
cells were disrupted in a French press (Stucki etal.,1981).
Enrichmentandisolation of organisms. The inoculum wasused directly to inoculate a30ml culture
in a closed 300ml Erlenmeyer flask containing 90/xmolmethyl chloride, with, in addition, 250/tmol
methane as a putative major carbon source.The culture grewwith disappearance of methyl chloride,
within 7 d and was transferred to identical fresh medium. After three successful transfers, the
properties of the systemwere examined and pure cultureswere isolated (see Results and Discussion).
Theorganismhasbeensubmitted totheDeutscheSammlungvonMikroorganismen (Göttingen, FRG)
and has received the accession number DSM 3646.
Analyticalmethods. Growth wasquantified asprotein (Cook and Hütter, 1981).Growth rates were
calculated from measurements of OD 546 . Dechlorination by whole cells and cell extracts were
measured as release of Cl~, determined colorimetrically (Bergmann and Sanik, 1957) and
amperometrically (Hartmans etal.,1985).Methyl chloride and other gases were determined bygas
chromatography (Stuckietal.,1981).Dissolved 0 2 wasmeasured polarimetrically (S3Monitor; Yellow
Springs Instruments).
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RESULTS AND DISCUSSION
The enrichment culture grew in the presence of methyl chloride and there was
total disappearance of methyl chloride as well as release of Cl~. Since methyl
chloride was chemically stable under the conditions of the enrichment culture, and
non-methylotrophs (strains A and 99;Cook and Hütter, 1981) did not cause decay
of methyl chloride, methyl chloride was not decomposing due to chemical
methylation of bacteria. The culture did not growwith methane asthe sole carbon
source but growth in methyl chloride-minimal medium was observed. A pure
culture, designated MCI, was obtained byalternately growing on methyl chlorideminimal agar and in selective liquid culture in methyl chloride-minimal medium.
Purity (uniformity of colony morphology) was then confirmed on plates with
methanol-minimal medium. Growth with methyl chloride as a source of carbon
wouldappeartobeunusual.Threeorganismscontainenzymesthatdechlorinate the
compound, but it does not serve as growth substrate (Stirling and Dalton, 1979;
Pateletal.,1982;Janssen etal.,1985;Keuningetal.,1985),and aHyphomicrobium
sp. that utilizes methylene chloride does not use methyl chloride (Stucki et al.,
1981).
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FIG. 1. Transmission electron micrograph of Hyphomicrobium sp. strain MCI. The
organism was grown on methyl chloride minimal medium. Samples on carboncoated Formvar films were air-dried and unidirectionally shadowed with 3 nm
platinum/carbon at an angle of 45°.The bar represents 1 um.
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Strain MCI had a very narrow substrate spectrum. Methyl chloride, methanol,
formate and ethanolweregood subtrates for growthwhereas traces ofgrowth were
observed with acetate, butyrate and 3-hydroxybutyrate. Methane, methylene
chloride, methylamine, ethyl chloride, 1,2-dichloroethane, pyruvate, glycerol,
propionate, succinate and citrate did not support growth and the organism did not
grow anaerobically in methanol-minimal medium containing nitrate.
Phase contrast and electron microscopy (Fig. 1) revealed that strain MCI was
pleomorphic and Gram-negative. Plump motile rodswith single sub-polar flagella
were observed. Non-motile monoprosthecate rods with buds on the ends of the
prostheca were also observed. These characteristics, together with methylotrophy,
enable assignment of the strain to the genus Hyphomicrobium (Harder and
Attwood, 1978).
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FIG. 2. Specific growth rate of Hyphomicrobium sp. strain MCI as a function of
substrate (methylchloride) concentration.Each culture (150ml)wasinoculated
withcellsthatweregrowingexponentiallyinhomologousmedium.Growth rates
were estimated byfollowing the increase in OD 546 for at least three doublings.
Substrate concentrations werekeptwithin0.2%ofthevaluesshown.Inset isthe
release ofCl~ duringgrowth withabout 2%(v/v) methyl chloride added to the
gas phase.
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The pure strain of Hyphomicrobium quantitatively utilized 90 ßmo\ methyl
chloride and released a mean of 88 ± 3 (SD) jumol Cl", which was identified by
twoindependent methods.Theyield ofstrain MCIwithmethylchloride,5gprotein
(mol C)"1, lay between the yield with methanol [7 gprotein (mol C)" 1 ; a normal
value (Anthony, 1982)]and2gprotein (molC)" 1observedwithformate.Thelower
value with methyl chloride than with methanol implies that the product of
dechlorination is formaldehyde and not methanol.
Substrate utilization (measured as release of CI") was concomitant with growth
(Fig. 2, inset). The specific growth rate, however, was dependent on the substrate
concentration. A maximum growth rate of about 0.09 h" 1was observed at about 3
mM-methyl chloride (1%, v/v; Fig. 2);with 10% (v/v) substrate in the gas phase
the rate was 0.04 h"1. Growth rates of 0.12 and 0.04 h" 1 were observed with
methanol and formate, respectively.
The mechanism of dechlorination has not been elucidated. Washed cell
suspensions of methyl chloride-grown cells, but not of methanol-grown cells,
dechlorinated methyl chloride in an oxygen-dependent reaction, but there was no
consumption of methane. We presume that oxidation of methyl chloride to
formaldehyde bymethane monooxygenase isnot involved (cf. Stirling and Dalton,
1979). Hydrolytic dehalogenation (Keuning et al, 1985) was not observed, and
methanol, which was rapidly oxidized by methanol-grown cells, was only slowly
oxidized by methyl chloride-grown cells. We suspect that methanol is not an
intermediate inthe degradation of methyl chloride and that there maybe a methyl
chloride monooxygenase analogous in reaction to methane monooxygenase.
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AEROBICVINYLCHLORIDE METABOLISM INMYCOBACTERIUMAURUMLI

S.Hartmans and J.A.M. de Bont

Mycobacterium aurumLI, capable ofgrowth onvinylchloride assole carbon and
energy source, was previously isolated from soil contaminated with vinyl chloride.
The initial step in vinyl chloride metabolism in strain LI is catalyzed by alkene
monooxygenase, transforming vinylchloride to the reactive epoxide chlorooxirane.
Theenzymeresponsiblefor chlorooxiranedegradation appearedtobeveryunstable
and thus hampered the characterization of the second step in vinyl chloride
metabolism. Dichloroethenes are also oxidized by vinyl chloride-grown cells of
strain LI, but they are not utilized asgrowth substrates.Three additional bacterial
strainswhichutilizevinylchloride asa solecarbon and energysourcewere isolated
from environments with no known vinyl chloride contamination. The three new
isolateswere similar to strainLI andwere alsoidentified asMycobacterium aurum.

Applied and Environmental Microbiology (1992) 58:1220-1226.
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Vinyl chloride iscarcinogenic in experimental animals and humans (Creech and
Johnson,1974;MaltoniandLefemine, 1974).Consequently,theU.S.Environmental
Protection Agency has classified vinyl chloride as a priority pollutant.
The compound is produced on a very large scale by the chemicals industry,
mainly for use in the production of the polymer polyvinyl chloride (PVC).
Associatedwiththeselargescaleprocessesareinevitable lossestothe environment.
Vinyl chloride is a gas at ambient conditions (boiling point, 14°C at 1atm), and
consequently a large percentage of the industrial losses are to the atmosphere.
However, due to its relatively short half-life of 20 h in the troposphere, vinyl
chloride does not accumulate in the atmosphere (Guicherit and Schulting, 1985).
The presence of vinyl chloride in groundwater is attributed mainly to the
biological reduction of polychlorinated ethenes (Vogel and McCarty, 1985).
Complete dechlorination oftetrachloroethene (PCE)andtrichloroethene (TCE) to
ethenehasbeenobserved undermethanogenicconditions,buttherate-limiting step
isthe conversion of vinyl chloride to ethene (Freedman and Gossett, 1989). More
recently,reductivedechlorinationofPCEtoetheneviavinylchlorideintheabsence
of methanogenesis has also been reported (DiStefano et al, 1991).As a result of
thesereductive dechlorination reactions,vinylchlorideconcentrations ofmore than
1 mg/1 have been detected in groundwater contaminated with PCE and TCE
(Brauch et al., 1987;Kästner, 1991;Milde et a/.,1988). Therefore, further aerobic
transformation of vinyl chloride could be of interest in the bioremediation of
groundwater.
Aerobic vinyl chloride transformation has been observed with a wide range of
microorganisms exhibiting monooxygenase activity. Methane- (Fogel etal.,1986);
Tsien et al., 1989),propane- (Wackett et al.,1989),isoprene- (Ewers et al.,1990),
and ammonia- (Vannelli etal.,1990)utilizing bacteria have been shown to oxidize
vinyl chloride, but no oxidation products were identified. Byusing purified soluble
methane monooxygenase from MethylosinustrichosporiumOB3b, the oxidation
product of vinyl chloride was identified as chlorooxirane (Fox etal.,1990).
Aerobic mineralization of vinyl chloride by groundwater (Davis and Carpenter,
1990) and by a Gram-positive, propane-grown bacterium (Phelps et al., 1991) has
been reported recently. To our knowledge, however, Mycobacterium strain LI
(Hartmans et al., 1985) is the only bacterial strain described so far which utilizes
vinyl chloride aerobically as a sole source of carbon and energy. Mycobacterium
strain LI was isolated from soil that had been contaminated with vinyl chloridecontaining water for a number of years.
The present report describes the isolation of three additional vinyl chloridedegrading mycobacteria. Furthermore, growth ofMycobacterium strain LI onvinyl
chloride and the initial step in vinyl chloride metabolism were studied by using
chemostat cultures.
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MATERIALS AND METHODS
Isolation of vinyl chloride-degradingstrains. Mycobacterium strain LI was previously isolated from
soil that had been contaminated for several years with water containing vinyl chloride (unpublished
results, de Bont and van der Linden). Strain LI has been deposited at the German Collection of
Microorganisms and Cell Cultures (DSM), Braunschweig, Germany, under accession number DSM
6695.Thenewstrainswereisolatedbythe following procedure.Soil(20g) orwater (20ml)wasmixed
with 10mlmineral saltsmedium (MSM) whichhasbeen previously described (Hartmansetat.,1985)
and put in serum bottles (about 130ml) which were sealed with rubber septa.After addition of 5ml
vinylchloride theserumbottleswereincubated staticallyinthe dark at30°C.After about 1month,the
content was diluted fivefold with MSM.A 30 ml quantity of this diluted suspension was once again
incubated under the same conditions.After a total of2months, 1mlof these enrichment cultureswas
added to 30 ml MSM in serum bottles of 130 ml.A 2 ml quantity of vinyl chloride was added, and
cultureswere incubated withgentle shakingat 30°C.The vinylchloride concentration was determined
weekly by analyzing headspace samples. Dilutions from cultures showing vinyl chloride degradation
were plated on MSM agar plates which were incubated in a desiccator to which vinyl chloride(1%
v/v) was added.After 2and 4weeks,the plates were inspected, and colonieswhich appeared togrow
on vinyl chloride were streaked to purity by alternately plating them on glucose-yeast extract agar
plates and on MSM agar plates which were incubated in a desiccator with vinyl chloride.
Maintenanceand cultivation ofstrains. Vinyl chloride-degrading strains were grown on MSM agar
plates at 30°Cin adesiccator containing about 1% (v/v) vinylchloride for about 1month.Plateswere
sealed with paper adhesive tape.Thisusuallyprevented contamination of the plates withfungi during
the prolonged incubation in the desiccator and also reduced the evaporation of water during
subsequent storage outside the desiccator. Subculturing wasroutinely performed every2to 3months.
The MSM used in the enrichment cultures was the same as that described previously (Hartmans et
al., 1985). In subsequent experiments, the following composition of MSM was used: per litre of
deionized water,3.88gofK 2 HP0 4 ,2.13gofNaH 2 P0 4 .2H 2 0,2.0gof (NH 4 ) 2 S0 4 ,0.1gofMgCl2.6H2 0 , 10mg of EDTA, 2 mg of ZnS0 4 .7H 2 0, 1mg of CaCl 2 .2H 2 0, 5 mg of FeS0 4 .7H 2 0, 0.2 mg of
Na 2 Mo0 4 .2H 2 0, 0.2 mg of CuS0 4 .5H 2 0, 0.4 mg of CoCl2.6H20 and 1 mg of MnCl 2 .2H 2 0. In
chemostat cultures, a buffer with a lower strength (containing 1.55 g of K 2 HP0 4 and 0.85 g of
NaH 2 P0 4 .2H 2 0 per litre) was used.
Growth experiments. Gaseoussubstrateswere added at concentrations of5% (v/v).With C 0 2 asthe
carbonsourcehydrogengas(15%v/v)wasalsoadded.Liquidsubstrateswereadded at concentrations
of 0.1% (v/v) and solid substrates at a concentration of 0.1% (w/v). Growth experiments with
polychlorinated ethenes were performed by adding 50/xmol of substrate to Erlenmeyer flasks with a
total volume of 300 ml and containing 100 ml of MSM and sealed with Teflon Mininert seals.
Chemostat cultureswere run at 30°CandpH 7in a3-litre Applikon fermentor withaworkingvolume
of 2 litres. The impeller speed was 750 rpm and the dilution rate was 0.02 h"1 with 2% (v/v) vinyl
chloride or ethene at an aeration rate of 200 ml/min. Growth rates were usually determined by
monitoring substrate depletion curves (Hartmans and Tramper, 1991).This method gave the same
values as the growth rates that had been determined bymonitoring the optical density at 660nm and
chloride liberation rates (Hartmans and Tramper, 1991).
Oxidationexperiments withwholecells.Degradation experiments with whole cells were performed
at 30°Cwith vinyl chloride-grown cells of strain LI freshly harvested from the chemostat and washed
with50mM phosphatebuffer (pH7.0).Theoxidationofpolychlorinated ethenes(5/il)was performed
in300mlflasks fitted withTeflon Mininert valvescontaining cellsin25or 50mlof 50mM potassium
phosphate buffer (pH 7.0). The oxidation of vinyl chloride by other alkene-utilizing bacteria was
performed with cells which had been stored at -20°Cand cultivated as described previously (HabetsCrützen etal., 1984;van Ginkel etal.,1986).
Preparation of cellextracts. Cells were harvested from the chemostat or from batch cultures in the
exponential growth phase by centrifugation at 16,000g for 10 min at 4°C, resuspended in about 200
ml of 50 mM potassium phosphate buffer (pH 7.0), and centrifuged once again. The pellet was
subsequently resuspended in approximately 6 ml of the same buffer containing 2 mM dithiothreitol.
The concentrated washed-cell suspension was placed on ice and disrupted by ultrasonication with a
Branson B-12sonifier with apower input of 10Weight timesfor 15seach time.Whole cells andcell
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debriswere removedbycentrifugation at27,000gfor 20minat 4°C.The supernatant wasused directly
as the cell extract in the enzyme activity assays.
Enzyme assays. All assays were performed at 30°C.Spectrophotometric assays were performed on
a Perkin-Elmer550Aspectrophotometer. Activitiesare expressed innanomoles ofproduct formed or
of substrate consumed per minute per milligram of protein.
Alkene monooXygenase. Alkene monooxygenase was assayed byanalyzing epoxypropane formation.
Assayswere done in 35-mlserum bottles sealed with rubber septa.The reaction mixture contained 2
/tmol of NADH, cell extract and 50mM potassium phosphate buffer (pH 7.3) in a total volume of 1
ml.The serum bottles were incubated at 30"Cin a shaking water bath.After 2 min inthewater bath,
the reaction was started by the addition of 1 ml propene via the rubber septum. Epoxypropane
formation was determined by analyzing headspace samples of 200/il every 2 to 3 min during a total
incubation time of about 20 min. The epoxypropane formation rate was constant during this time
period.
Epaxyethane dehydrogenase. Epoxyethane dehydrogenase was assayed by determining epoxyethane
consumption. The assay as by de Bont and Harder (1978) was slightly modified. The following was
added to a serum bottle of 35 ml: 450 /J1of 100 mM Tris hydrochloride (pH 8.5), 50 /il of 10 mM
NAD + , 50/il of 10mM coenzyme A, 50 ß\ of 2 mM FAD and water to give a total volume of 1ml
after the addition of extract. The bottle was sealed with a rubber septum and flushed with nitrogen
for 2 to 3 min to remove most of the oxygen, and 1ml of 1% (v/v) epoxyethane in nitrogen gaswas
added. The bottleswere subsequently incubated in a shakingwater bath, and after 2minthe reaction
was started by the addition of cell extract (0.2 to 0.4 ml) through the septum with a syringe. The
epoxyethane consumption rate was determined by analyzing headspace samples either until all
epoxyethane was consumed or for a maximum of 50 min. The epoxyethane consumption rate was
constant during this time period.
Isocitrate lyaseand isocitrate dehydrogenase were assayed as described previously (Hartmans etal.,
1991a).
Identification ofchlorooxirane. Thefollowing experiment wasperformed, startingwith a steady-state
culture of Mycobacterium aurum LI operated at a dilution rate of 0.016 h - 1 and an airflow of 85
ml/min containing vinyl chloride (7,500 ppmv). The dilution rate was reduced to zero, and 0.5 litre
MSM was added to decrease the volume of the gas phase and thereby the residence time of the air
passing through the fermentor. At the same time,the inlet vinylchloride concentration was increased
to 11,000 ppmv.After 8 h at these conditions, the vinyl chloride conversion was 97.4%.The airflow
into the fermentor was subsequently increased to 200 ml per min with 6,750 ppmv of vinyl chloride,
resultingin aconversion of68%.The airleavingthe fermentor waspassed through 5mlof ethanediol
containing4-(4-nitrobenzyl)pyridine for 30mintotrapanychlorooxiraneformed.Theair-vinylchloride
flow subsequently wasreplaced by100mlpure airper minfor 43min.After these43min,the original
air-vinylchloride mixture (200ml/min; 6,750 ppmv)waspassed through the fermentor again, and the
gas phase leaving the fermentor was passed through 5 ml of ethanediol containing 4-(4nitrobenzyl)pyridine for 30min.Thevinylchloride conversiongraduallydecreased to31% over30min.
The ethanediol solutionswereimmediatelyanalyzedfor the chlorooxirane adduct of4-(4-nitrobenzyl)pyridine as described by Barbin etal.(1975).
Analyticalmethods. Biomass dry weights were routinely determined by measuring the absorbance
of an appropriate dilution in MSM at 660 nm with a Perkin-Elmer 550A spectrophotometer. Dry
weightversusopticaldensitywasassumedtobelinearbelowanabsorbance of0.5,which corresponded
with 130mg (dry weight) per litre (determined with glucose-grown cells after 24hours at 105°C).
Concentraions of vinyl chloride, ethene, epoxyalkanes and chlorinated ethenes were determined by
analyzing 100-/ilheadspace samples on a Packard 430gas Chromatograph fitted with a stainless-steel
Porapak R column(100-120mesh, 110cm x 1/8 inchinner diameter) and aflame ionization detector.
The oven temperature was 180°C(200"Cfor the analysis of polychlorinated ethenes), and the carrier
gas N2, at a flow rate of 20 ml/min. Total glutathione was quantified as described by Tietze (1969).
Protein was quantified by the Bradford (1976) method with bovine serum albumin as the standard.
Chemicals. Vinylchloride (chloroethene) withapurityof99.95%,propene,etheneand epoxyethane
were from HoekLoos, Schiedam, The Netherlands. Vinyl bromide, 1,1-, cis- and trans-1,2dichloroethene were from Janssen Chimica, Beerse,Belgium.4-(4-Nitrobenzyl)pyridine, DL-isocitrate
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and coenzymeA were from Sigma,St.Louis,MO.Dithiothreitol, NAD + , NADH, NADP + and ATP
werefrom Boehringer,Mannheim,Germany.Otherchemicalswerefrom Merck,Darmstadt,Germany.

RESULTS
Isolation and characterization ofvinyl chloride-degrading strains
Inthepresent investigation,aseriesofinoculafrom different sourceswithoutany
knownhistoryofvinylchloridecontaminationwereusedinenrichmentcultureswith
vinyl chloride as the carbon source. Three vinyl chloride-degrading strains
designated VC2, VC3,and VC4 were isolated from the 20 different inocula used.
Theywere isolated from soilwhich had been treated with 1,3-dichloropropene for
20years (VC2), from the sludge of an aerobic wastewater treatment plant mainly
treating domestic wastewater (VC3) and from the River Rhine sampled at
Wageningen (VC4), respectively. The new isolates all formed yellow colonies on
agar plates,as did the previously isolatedMycobacterium strain LI. Allfour strains
were tentatively identified asM. aurum at the National Institute of Public Health
and Environmental Protection (RIVM), Bilthoven, The Netherlands. The colour
and colonymorphologies ofthenewisolatesdiffered somewhat,indicatingthatthey
were different strains.
Noneoftheethene-orpropene-utilizing strainsofthegeneraMycobacterium and
Xanthobacterpreviouslyisolated inour laboratory (Habets-Criitzenetal.,1984;van
Ginkel and deBont, 1986)couldgrowwithvinylchloride asthe solecarbonsource.
Alkene-grown cells did, however, oxidize vinyl chloride at initial rates similar to
those of vinyl chloride-grown cells of strain LI. Ethene-grown cells of
Mycobacterium strain E3 and propene-grown cells of Xanthobacter strain Py2
oxidized vinyl chloride with initial specific activities of 37 and 33 nmol min -1 mg
protein -1 , respectively.
The four vinyl chloride-utilizing strains exhibited the same pattern of growth
substrateutilization.Ethene,ethanol,acetate,1-propanol,propionate,pyruvateand
glycerol were all utilized as sole source of carbon and energy. All strains grew
autotrophically on H2. Methane, methanol, ethane, ethanediol, glycolate, glycine,
propene, 2-propanol, 1,2-propanediol, chloroethane, chloroethanol and
chloroacetate (0.05%, w/v) did not support growth.
Vinyl chloride degradation kinetics
As no obvious differences among the four strains were observed, subsequent
experiments were performed with strain LI. Growth rateswithvinyl chloride were
determined a number of times, and they varied between 0.03 and 0.06 h"1. A
growthrate ofabout0.04h" 1wasdetermined mostfrequently. Theobservedgrowth
rates were influenced by the history of the inoculum. Prolonged subculturing in
liquidbatch cultureswithvinylchloride asthecarbonsourceresulted inan increase
ofthegrowthratewithvinylchloride,whereassubculturingonglucose-yeast extract
agar plates resulted in a decreased growth rate with vinyl chloride. Both effects
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were reversible.

20

40
time (min)

FIG. 1. Vinyl chloride degradation bywashed cells ofM.aurumLI. ( • ) Total volume
of liquid phase (3 ml) containing 16 mg of freshly harvested vinyl chloridegrown cells in phosphate buffer; (O) same composition plus 16 mg of heatinactivated cells.

StrainLI wasgrowninavinylchloride-limited chemostat at anumber of dilution
rates between 0.012 and 0.032 h"1 for several months. After an apparent steady
state was obtained, the vinyl chloride concentration in the air from the chemostat
was determined several times during a time period which varied from 1to 5days.
From these data and from the maximum specific growth rate of 0.040 h" 1 an
apparent Ks of 3.2 juM was calculated. In calculating the Ks the gas-phase vinyl
chloride concentration inthe chemostat wasassumed to be inequilibriumwith the
liquid-phase concentration.
Vinyl chloride metabolism
Freshly harvested, vinyl chloride-grown, washed cells of strain LI oxidized vinyl
chloride at a rate of 55nmol min -1 mg of dryweight-1. Very rapid inactivation of
vinylchloridedegradationwas,however,observed (Fig. 1).Incubation ofcellsat the
same densities for 1 h at 30°C before vinyl chloride was added gave an almost
identicalvinylchloride degradation curve(resultsnotshown).Inactivation couldbe
delayed byaddingboiled cells (Fig. 1).Novinylchloride degradation wasobserved
when only boiled cells were present (results not shown). We concluded from this
experiment that the inactivation was caused by a toxic metabolite of vinyl chloride
metabolism which could accumulate extracellularly.
The most obvious toxic product that could be formed from vinyl chloride is
chlorooxirane, the product of vinyl chloride epoxidation, or its rearrangement
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product, chloroacetaldehyde. The involvement of chlorooxirane in vinyl chloride
metabolismwouldrequirethepresenceofmonooxygenase activityinvinylchloridegrown cells.It waspreviously shown that vinyl chloride- and ethene-grown cellsof
strain LI oxidized propene to 1,2-epoxypropane (Weijers et al., 1988), indicating
that alkene monooxygenase was present in cells grown on both substrates. Alkene
monooxygenase could alsobe assayed incrude extracts ofethene-orvinylchloridegrown cells (Table 1). As alkene monooxygenase is a multicomponent enzyme
(Hartmans et al., 1991b), the observed specific activities vary with the protein
content of the assay (Table 1).Vinyl chloride oxidation by dialyzed crude extracts
was dependent on the presence of both oxygen and NADH. No monooxygenase
activity was detected in cells grown on acetate or succinate.
TABLE 1. Enzyme activities in cell extracts ofMycobacterium aurum LI grown on

various carbon sources.
Activity (nmol min"1 (mg protein) -1 ) in extracts from cells grown on:
Enzyme
Alkene
monooxygenase
Epoxyethane
dehydrogenase

Vinyl chloride
2.35
2.02
1.13
2.22
0.99

(7.8)a
(5.2)
(2.6)
(5.2)
(2.6)

Ethene

Acetate

Succinate

1.60(12.2)
1.32 (8.1)
0.96 (4.1)

ND

ND

- (8.1)
7.4 (4.1)

ND

ND

Isocitrate
lyase

111

89

87

3

Isocitrate
dehydrogenase

245

272

550

346

a
Values in parentheses indicate the amount of protein (mg) in the assay. Vinyl chloride- and ethenegrown cells were from chemostat cultures (£> = 0.02 h ); acetate and succinate cells were batch
grown. ND, not detectable; - , reaction too fast to allow a reliable activity determination.

On several occasions, after an interruption in the vinyl chloride supply to the
continuous culture, a significant drop in vinyl chloride conversion was observed.
This could be the result of monooxygenase inactivation due to a temporary
accumulation of chlorooxirane upon restoration of the vinyl chloride supply to the
culture.
Toverify thepresumed formation ofchlorooxirane, the airleavingthe fermentor
was analyzed by passing it through a solution containing 4-(4-nitrobenzyl)pyridine
in ethanediol as described byBarbin etal.(1975).Thiswas done with air from the
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fermentor prior to the vinyl chloride supply being interrupted for 43 min and also
withthe airfrom thefermentor directlyafter thevinylchloride supplywas restored.
The broken line inFig.2indicates the theoretical outlet concentrations that would
be observed if no vinyl chloride were transformed after the vinyl chloride supply
wasrestored.Thecharacteristicspectrum ofthechlorooxirane adduct (Barbinetal.,
1975) was detected only in the solution through which the air from the fermentor
had been passed after the interruption in the vinyl chloride supply (Fig. 3). This
confirms that chlorooxirane is the oxidation product of vinyl chloride. It also
indicates that the enzyme responsible for the degradation of the chlorooxirane is
unstable or that the activity of this enzyme is very sensitive to changes in the
intracellular environment (e.g.,cofactor levels) due totheabsence of an exogenous
carbon and energy source.

10

20
30
time (min)

FIG. 2. Vinyl chloride outlet concentrations upon restoring the vinyl chloride supply to
a culture ofM. aurwn LI which had been without vinylchloride for 43min (—)
and the theoretical outlet concentrations that would be observed if no vinyl
chloride were transformed after the vinyl chloride supply was restored (—).

Mammalian metabolism of chlorooxirane involves the formation of S-formyl
methylglutathione (Duvergeretal., 1981),either directlyorvia chloroacetaldehyde.
Extractsofbatch-grown culturesofstrainLI,however,onlycontained about 1 ^niol
total glutathione pergramprotein after growth onvinylchloride,ethene or acetate.
Thegrowthyield ofM.aurumLI withethene andvinylchloride assubstratewas
determined using closed batch cultures. The observed yields were 0.77 and 0.22g
ofbiomassper gof substrate utilized, respectively. Calculation of the growthyields
on a molar basis results in 21.7 and 13.8 grams of biomass formed per mol of
etheneorvinylchlorideutilized,indicatingthattheoxidationofvinylchlorideyields
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less ATP than the oxidation of ethene.

0.1 -

c
a
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o 0.05-
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a
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600
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FIG. 3. Absorption spectra of4-(4-nitrobenzyl)pyridine adducts in ethanediol solutions
through which the air from the fermentor was passed prior to the interruption
in the vinyl chloride supply ( ) and directly after restoration of the vinyl
chloride supply (
).

Oxidation of polychlorinated ethenes byM.aurum LI
TABLE 2. Whole-cell oxidation rates of chlorinated alkenes byvinyl

chloride-grownM. aurumLI cells.
Substrate
Vinyl chloride (chloroethene) (350)a
1,1-Dichloroethene (165)
cw-l,2-Dichloroethene (860)
frara-l,2-Dichloroethene (425)
Trichloroethene (320)

Initial oxidation rate
nmol min"1 (mg dryweight)"1
55
10
30
25
<1

a

Values in parentheses indicate the initial substrate concentration 0*M), calculated by using the
partition coefficients determined by Gossett (1987).

Table 2 showsthe initial oxidation rates of various chlorinated ethenesbyvinyl
chloride-grown cells of M. aurum LI. Ethene oxidation resulted in epoxyethane
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accumulation and with foyis-l,2-dichloroethene as the substrate, an unidentified
compound,probablytheepoxide (Janssenetal.,1988),accumulated.Vinylbromide
and the compounds listed in Table 2 were also tested as growth substrates with
strain LI. Growth was determined as substrate depletion. With ethene, vinyl
chloride and vinyl bromide more than 50% of the substrate was consumed within
6 days. With the polychlorinated ethenes as growth substrates no significant
substrate degradation or carbon dioxide formation could be observed, even after 3
weeks.
DISCUSSION
Isolation of vinyl chloride utilizers
In contrast to the previously isolated strain LI, the three new strains were
isolated from environments not known to be contaminated with vinyl chloride.
Prolonged contamination with vinyl chloride is therefore apparently not a
prerequisite for the evolution ofthevinylchloride degradative pathway inbacteria.
It is remarkable that all four isolates were strains ofM aurum, although colony
morphologies and pigmentations indicated that the four strainswere not identical.
Asimilar situation has,however, been observed when ethene isused as the carbon
source in enrichment cultures. Until now, all strains isolated from enrichment
cultureswithetheneassolecarbonandenergysourcewereidentified asmycobacteria(Hartmansetal., 1989a).AXanthobacter sp.isolated from anenrichment culture
withpropene asthe sole carbon and energy sourcewas also capable ofgrowthwith
ethene (van Ginkel and de Bont, 1986),but the growth rate was much lower than
the growth rates of the ethene-utilizing mycobacteria. None of the ethene- or
propene-utilizing bacteria tested could grow with vinyl chloride.
Untilnow,therewerenoreports concerningtheisolation ofpure culturesofvinyl
chloride-utilizing microorganisms in the literature. This may be due in part to the
low concentrations of vinyl chloride used in the published studies concerning
aerobic degradation of vinyl chloride. Davis and Carpenter (1990), for example,
used 0.1 and 1 ßg of vinyl chloride per litre. This concentration is very low
compared with the apparent Ks of strain LI for vinyl chloride of 200 Mg/htre. We
have observed the induction ofvinylchloride degradation byglucose-grown cellsof
strainLI ata concentration of 10/xg/litrebut havenot tested lower concentrations.
Phelpsetal.(1991) used 1 mgofvinyl chloride per litre inthepresence of propane
(5% v/v), but their isolate was apparently not capable of growth on vinyl chloride
as the sole source of carbon and energy. The recovery of labeled C0 2 (Davis and
Carpenter, 1990;Phelpsetal., 1991),assumingthatvinylchlorideisalso epoxidated
inthese cases,could indicate that these cultureshad enzymeswhichvery efficiently
transform chlorooxirane, but it more likely indicates that these cultures were able
to metabolize the products formed from the alkylation of glutathione (Plugge and
Safe, 1977) or coenzyme A (Simon et al., 1985) by chlorooxirane or chloroacetaldehyde, the rearrangement product of chlorooxirane.
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The observed variation inthe growth rate of strain LI withvinyl chloride,which
depended onthemaintenance conditions of the culture,probably indicates that the
regulation ofvinylchloride metabolism inM. aurumLI isstillgenetically unstable.
Indeed, we have observed that subculturing strain LI on agar slants with yeast
extract-glucose for more than2yearsresulted inthe lossofthe capacityof the total
population to grow on vinyl chloride.
Vinyl chloride metabolism
Alkene monooxygenase activity was present in crude extracts of vinyl chloridegrownM. aurumLI.Combinedwiththeobservation thatvinylchloride degradation
canbe competitivelyinhibitedbythe addition ofethene orpropene,whichare both
oxidized to the corresponding epoxides, thisis strong evidence that the initial step
in vinyl chloride metabolism is indeed catalyzed by alkene monooxygenase. The
presumed product of vinylchloride oxidation, chlorooxirane, is averyreactive and
unstable compound (rearranging to chloroacetaldehyde with a half-life of 1.6 min
in Tris-HCl buffer pH 7.4 at 37°C (Barbin et al. (1975]), indicating that during
growth with vinyl chloride the epoxide must be metabolized very effectively to
prevent the accumulation of toxic levels within the cell. However, on the basis of
the inactivation ofwashed cellsdegradingvinylchloride (Fig. 1),thisvery effective
enzyme would also appear to be very unstable, rapidly losing its activity in the
absence of an inducer. This hypothesis was confirmed by the experiment inwhich
the vinyl chloride supply to a chemostat culture was interrupted for only 43 min.
After the vinyl chloride supply was restored, chlorooxirane was detected in the air
from the chemostat. No chlorooxirane could be detected prior to the interruption
(Fig.3).Apparently, thistimeperiod was already long enough to allow (some) loss
of activity of the chlorooxirane transforming enzyme, consequently resulting in the
accumulation of the inhibitory epoxide.Instudying the inhibitory effects of theless
reactive epoxide 1,2-epoxypropane, it was previously demonstrated that the
inhibitory effect on the monooxygenases examined was much stronger than that on
other physiological functions of the cell (Habets-Crützen and de Bont, 1985).
Although not examined in the present investigation, this is probably also the case
with alkene monooxygenase inhibition by chlorooxirane.
The apparent instability of the chlorooxirane-degrading enzyme, in combination
with the reactivity and instability of the epoxide itself, makes further elucidationof
the vinyl chloride degradative pathway very difficult. The observed presence of
epoxyethanedehydrogenase activityinextractsofvinylchloride-growncellsdoesnot
necessarily indicate the involvement of this enzyme in vinyl chloride metabolism.
In the ethene-utilizing Mycobacterium strain E3, the monooxygenase and the
epoxide dehydrogenase are both induced by epoxyalkanes (unpublished results).A
number of other possible enzymatic transformations of epoxides can, however, be
ruled out.Hydrolysisorisomerization (Hartmansetal., 1989b)oftheepoxidewould
resultinglycolaldehyde and chloroacetaldehyde, respectively.AsstrainLI doesnot

45

46

Aerobicvinylchloride metabolism

grow on ethanediol, glycolate, or chloroethanol, thiswould seem unlikely to occur.
Onlyverylowlevelsofglutathione couldbedetected instrainLI grownonvarious
substrates, indicating that glutathione-dependent transformation of chlorooxirane
is also unlikely.
Oxidation of other chlorinated ethenes
Washed cells of vinyl chloride-grownM. aurum LI oxidized dichloroethenes at
rates which were in the same range as vinyl chloride oxidation (Table 2).
Trichloroethene (TCE) was not oxidized at a detectable rate at the concentration
tested. However, an isoprene-utilizing strain, which also exhibits alkene
monooxygenase activity, was recently shown to oxidize chlorinated ethenes,
includingTCE (Ewersetal.,1990). Withtheexception of 1,1-dichloroethene,which
was oxidized at the same rate, the oxidation rates of vinyl chloride (25%) and the
1,2-dichloroethenes (2 to 10%) were somewhat lower than the rates we observed
with strain LI (Table 2).The TCE oxidation rate was rather low,0.15 nmol min -1
mgprotein -1 when the TCE concentration was 6 ßM (Ewers et al.,1990).
Conclusions
Vinyl chloride metabolism in M. aurum LI proceeds via oxidation of vinyl
chloride to chlorooxirane by alkene monooxygenase (Fig.4).
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FIG. 4. Initial step in vinyl chloride metabolism of M. aurum LI, catalyzed by alkene
monooxygenase.

The apparent instability of the enzyme responsible for the further metabolism of
chlorooxirane in combination with the toxic characteristics of this compound can
result in inhibition of the monooxygenase-oxidizing vinyl chloride. This aspect of
vinyl chloride degradation byM. aurumLI does not favour the application of this
strain in the removal of vinyl chloride from waste gases, as the concentration can
fluctuate to agreat extent, but it need not be problematic inthe bioremediation of
groundwater. Furthermore, strain LI, and alkene-utilizing strains in general, may
prove to be of interest in view of the cometabolic degradation of various other
chlorinated ethenes.
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Chapter 4

ALKENE MONOOXYGENASE FROM MYCOBACTERIUM:
AMULTICOMPONENT ENZYME

S. Hartmans, F.J. Weber, B.P.M. Somhorst and J.A.M. de Bont

A NADH- or NADPH-dependent alkene monooxygenase (AMO) activity has
been detected in cell-free extracts of the ethene-utilizing Mycobacterium E3 and
Mycobacterium aurumLI. The activitywasnot linear withprotein concentration in
the assay suggesting AMO isa multicomponent enzyme.The inhibition pattern of
AMO activity was very similar to the inhibition patterns published for the threecomponent soluble methane monooxygenases. Fractionation of crude extracts
revealed that combination of two fractions was required to restore AMO activity.
The first fraction was inhibited by acetylene, indicating it contained an oxygenase
component.Thesecondfraction contained reductaseactivitywhichwasabsent from
non-induced cells.ThisreductaseactivityisprobablytheNADH-acceptor reductase
of AMO.

Journal of General Microbiology (1991) 137:2555-2560.
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Ethene-utilizing mycobacteria have been studied mainly in relation to the
possibilityofusingthemtoproduce opticallyactiveepoxides(Habets-Criitzenetal.,
1985;Weijersetal.,1988;Hartmansetal.,1989).Moststudieshavebeen donewith
whole cells and asyet little isknown about the epoxidation reaction at the enzyme
level. De Bont and Harder (1978) demonstrated that the initial step in ethene
metabolism inMycobacterium E20was the oxidation of ethene to epoxyethane by
alkenemonooxygenase (AMO).Lowactivities ofAMOwerealsodetected incrude
extracts ofMycobacterium E20 (de Bont et al.,1979).
Oxidation of short-chain alkenes by methane monooxygenases also results in
epoxideformation. Severalmethane monooxygenaseshavebeenstudied inthe past
decade (Anthony, 1986). The most detailed studies have been performed by H.
Dalton and co-workers (see Anthony, 1986,for a review)with the soluble methane
monooxygenase (MMO) of the type I methanotroph Methylococcus capsulatus
(Bath).The MMOofM capsulatus (Bath) hasbeenresolved intothree components
that are all required for monooxygenase activity. Component A exhibits oxygenase
activityinthepresence of components C(reductase) and B(regulatory protein).In
the absence of protein B, components A and C exhibit "NADH oxidase" activity,
reducing oxygen to water at the expense of NADH (Anthony, 1986). From the
facultative methane-utilizing Methylobacterium sp.strain CRL-26 a similar soluble
MMO has been purified which did not require a regulatory type B component
(Patel and Savas, 1987). Recently, it was shown that Methylosinus trichosporium
OB3b,atypeIImethanotroph, alsocontainsathree-component soluble MMO,very
similar to the M. capsulatus(Bath) enzyme (Fox and Lipscomb, 1988;Fox etal.,
1989). Oxidation of alkenes to the corresponding epoxides by Pseudomonas
oleovorans is also catalyzed by a three-component monooxygenase, although this
enzyme has no similarity to the soluble methane monooxygenases (May, 1979).
Themethane- and alkane-utilizing bacteria oxidize awide rangeof hydrocarbons
(Colby et al, 1977; May, 1979; Stirling and Dalton, 1979; Higgins et al., 1983;
Witholt et al.,1990) due to the broad substrate specificity of the monooxygenases
present. The alkene-utilizing bacteria generally only oxidize alkenes to the
corresponding epoxides (vanGinkel etal.,1987).Based onthissubstrate specificity
of AMO activity in whole cells the enzyme is expected to differ from reported
monooxygenases.
This report describes the initial characterization of AMO from the etheneutilizing Mycobacterium E3 (Habets-Criitzen etal.,1984).
MATERIALS AND METHODS
Strainsandcultivation.Mycobacterium E3wasisolated withethene (Habets-Criitzenetal.,1984)and
Mycobacterium aurumLI with vinyl chloride as carbon source (Hartmans etal.,1986).Production of
biomass wasbygrowth on ethene in a fed-batch manner in a 2 or 10litreApplikon fermentor at pH
7 and 30°C.Ethene wassupplied continuously asa2% (v/v) mixture inair at arate of0.2wm.About
half of the fermentation liquid, containing approximately 3 g biomass (wet weight) per litre, was
harvested daily. After harvesting, the volume which had been withdrawn from the fermentor was
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replaced with new mineral salts medium. If biomass was not harvested daily, mineral medium was
supplied continuously at a rate of 0.02 h - 1 . The mineral salts medium contains per litre deionized
water: 1.55 K 2 HP0 4 , 0.85g NaH 2 P0 4 .2H 2 0, 2.0 g (NH 4 ) 2 S0 4 , 0.1g MgCl2.6H20, 10mg EDTA, 2
mg ZnS0 4 .7H 2 0, 1 mg CaCl2.2H20, 5 mg FeS0 4 .7H 2 0, 0.2 mg Na 2 Mo0 4 .2H 2 0, 0.2 mg
CuS0 4 .5H 2 0, 0.4mgCoCl2.6H20 and 1mgMnCl2.2H20.Maintenance of strains,culture harvesting
and storage of harvested cells were as previously described (Hartmans and de Bont, 1986).
Preparation ofcellextracts. Crudecellextractswereprepared asdescribedpreviously(Hartmans and
de Bont, 1986) except that 10% (v/v) glycerol (87%) was added before sonication. All
chromatographic steps were performed at 4°C.Dialysis of crude extracts was done overnight at 4°C
against 200 volumes of 50 mM potassium phosphate buffer, pH 7.3,with 8.7% glycerol (Buffer A).
Fractionation on a DEAE-SepharoseCL-6B column (25cm x 2.5cm). Elution was with a linear
gradient of 0 to 1M NaCl in 1litre of buffer A at a flow rate of 0.8 ml min - 1 . Routinely about 0.5
g of protein wasapplied to the column.The protein elution pattern wasveryreproducible, facilitating
the localization of fractions X and Y. Concentration of the pooled fractions (fraction X eluted at a
NaCl concentration of about 220mM and fraction Yeluted at about 300mM NaCl) from the DEAESepharose column was done by ultrafiltration with an Amicon 8050 concentrator with Filtron
membranes.Theconcentrated protein solutionwassubsequentlydiluted (1:10)withbuffer A and once
again concentrated to remove most of the NaCl.
Enzyme assays. All assays were done at 30°C.Spectrophotometric assays were done on a PerkinElmer 550A spectrophotometer. Activities are expressed in nmol product formed min (mg
protein) -1 .
Alkene monooxygenase. This was assayed by analyzing epoxypropane formation. Assayswere done
inserum bottles (35ml) sealed witharubber septum.The reaction mixturecontained 2/jmol NADH,
cell extract and buffer A in a total volume of 1 ml. The serum bottles were incubated at 30°C in a
reciprocating water-bath.After 2 min in the water-bath the reaction was started by the addition of 1
ml propene via the rubber septum. Epoxypropane formation was determined by taking head-space
samples every2to3min during atotalincubation time of about 20min.Epoxypropane formation was
linear during this time period. Inhibitors were tested by adding them to the assay mixture (incubated
at 30°C) 5 min before the reaction was started by the addition of propene. Extracts used in
determining the pH optimum ofAMO were prepared indemineralized water containing0.85% (w/v)
NaCl and 8.7% glycerol. Immediately after preparation, the extract it was diluted 2-fold with the
appropriate buffer (0.1Mpotassium phosphate for pH 7.0to8.0,and0.1MBis-Trisfor pH5.7to7.0)
and used to determine AMO activity.
NAD(P)H-acceptorreductase.These activitieswereassayed asdescribedbyColbyandDalton (1979)
using potassium ferricyanide as artificial acceptor in buffer A.
ComponentX. This was assayed either by adding acetylene-inactivated crude extract or fraction Y
to the assay.For both assays it wasverified that component Xwasthe rate-limiting component in the
total assay mix.
Component Y. This was assayed by adding fraction X to the assay in amounts sufficient to ensure
that component Ywas the rate-limiting component in the total assay mix.
Inactivationwithacetylene. Inactivation of extracts was done byincubating extracts under the same
conditions as were used for the AMO activity assay except that propene was omitted and 5% (v/v)
acetylene was added to the gas phase.After incubation for 30min at 30°Cthe gas phase was flushed
with air to remove all acetylene.
Slabgelelectrophoresis. Flat Polyacrylamidegels(140 x 80 x 3mm)were prepared containing7.7%
(w/v) Polyacrylamide and 2.7% (w/v) cross-linker in 100 mM phosphate buffer pH 7.3.The vertical
slabgelswererununder non-denaturing conditions immersed insodium phosphatebuffer (50mMpH
7.3) in a GE-2/4 gel electrophoresis apparatus from Pharmacia. Protein samples applied onto thegel
contained 10%(w/v) sucroseand0.02%bromophenolblue.Electrophoresiswasstarted at200Vuntil
the proteins entered the gel (15 to 20 min) and was subsequently continued at 60 V until the dye
reached the bottom of the gel. NADH-reductase activity staining was done immediately after
electrophoresis byincubating thegelin30mlofbuffer Awith 1 mM NADH and 0.6mM4-nitro blue
tetrazolium chloride in the dark at 30°C for 30 to 60min.
Analytical methods. Protein was determined by the Bradford (1976) method using bovine serum
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albumin as standard. Epoxypropane was determined by analyzing 200 /il headspace samples on a
Packard 430gasChromatograph fitted with astainless steelPorapak R column (100-120mesh, 110cm
x 1/8 inch i.d.) and a flame-ionization detector.The oven temperature was 180°Cand the carrier gas
N 2 at 20 ml min" 1 .
Chemicals. Ethene, propene and carbon monoxide were from Hoek Loos (Schiedam, The
Netherlands). Epoxypropane and glycerol (87%) were from Merck. Acetylene was prepared from
CaCl2 (Aldrich) asdescribed byBurris (1974).NADH, NADPH and4-nitrobluetetrazolium chloride
were from Boehringer. o-Phenantroline was from Janssen and 8-hydroxyquinoline was from Sigma.
DEAE-Sepharose C-6B was from Pharmacia and membrane filters with a nominal cutoff of 10 kDa
(Omega NMWL 10K) were from Filtron Corporation.

RESULTS AND DISCUSSION
Determination ofAMOactivity
AMOactivitywasassayedbydetermining epoxypropane formation from propene
by headspace analysis. The rate of epoxypropane degradation by crude extracts is
insignificant and using headspace analysis the formation of 2 nmol epoxypropane
could be detected. Cell-free extracts were routinely prepared in the presence of
glycerol as this significantly enhanced the stability of AMO activity. Extracts of
ethene-grown, but not glucose-grown cells of Mycobacteriumstrains E3 and LI
contained AMO activity. In both strains AMO activity was strictly dependent on
NAD(P)H and oxygen. Extracts of Mycobacterium E3 contained slightly higher
specific AMO activities than those from strain LI and were consequently used in
most experiments. The pH optimum for AMO activity was at pH 7.3 to 7.4, with
activities of about 10%of the maximum at pH 6.0 and pH 8.0. Ultracentrifugation
of crude extract at 150,000 x gfor90min resulted in complete recovery of activity
in the supernatant indicating that AMO is a soluble enzyme. Elution of crude
extracts over a G-10Sephadex column resulted in significant loss ofAMO activity,
which could not be restored by the addition of the salt peak. Dialysis by dilution
and subsequent concentration using a membrane with a 10 kDa cutoff was,
however, possible without significant loss of AMO activity.
AMO, as with other soluble monooxygenases capable of oxidizing short-chain
alkenes (Colby and Dalton, 1976; Fox and Lipscomb, 1988), probably consists of
more than one component since activity as a function of the protein concentration
in the assay mix gave a non-linear relationship (Fig. 1). From Fig. 1 specific
activitiesupto 1.1nmolepoxypropane min -1 (mgprotein)"1canbecalculated.This
is significantly lower than the epoxypropane formation rate of 16nmol min"1 (mg
protein)"1 reported for whole cells of Mycobacterium E3 (Habets-Criitzen et al.,
1984).Preparation of extracts without glycerol gave initial specific activities which
were about twofold higher.
Thespecific activitiesofAMOarealsoverylowwhencompared withthe specific
activities ofabout 80nmol epoxypropane min _1 (mgprotein)"1reported for MMO
from Methylococcus capsulatus (Bath) (Colby et al., 1977) and Methylosinus
trichosporium OB3b (Fox and Lipscomb, 1988).
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FIG. 1. Relationship between alkenemonooxygenaseactivityandthe amount of protein
in the assay.

Inhibitors of AMO activity
Using crude extracts several potential inhibitors of AMO activity were tested
(Table 1). o-Phenantroline, 8-hydroxyquinoline and potassium cyanide all
significantly inhibited AMO activity.Other chelating agents tested did not result in
significant inhibition, suggesting that anymetal ion involved in alkene oxidationby
AMOiswell-shieldedfrom attackbymostmetal-bindingcompounds.AMOactivity,
inhibited for 40% with 2 mM o-phenantroline, was restored completely by the
addition of 2 mM Fe 2+ , but not by adding Cu2+, Zn2+, Mn2+ or Mg2+, indicating
iron plays an essential role in AMO activity.
Carbonmonoxide didnotinhibitAMO,indicatingthataP450typeofcytochrome
is not involved. The strong inhibitory effect observed with acetylene has also been
reported for several other monooxygenases (Hyman and Arp, 1988; Hyman and
Wood, 1985;Prior and Dalton, 1985).Inhibition by acetylene is dependent on the
presence of both oxygen and NADH, and is a result of the transformation of
acetylenebythemonooxygenase toareactivespecieswhichsubsequentlyinactivates
the active centre of the enzyme (Prior and Dalton, 1985).
The observed inhibitionpattern for AMO ofMycobacterium E3isverysimilar to
the inhibition patterns reported for the soluble methane monooxygenases of
Methylococcus capsulatus (Bath) (Stirling and Dalton, 1977) and Methylosinus
trichosporium OB3b (Scott etal, 1981).Further characterization of the oxygenase
component of the soluble MMO ofM. capsulatus(Bath) (component A) revealed
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the presence of an unusual non-haem iron centre (Green and Dalton, 1988).The
iron in component A could be removed by dialysis against 8-hydroxyquinoline,
resultinginan inactiveprotein. Reconstitution of theiron centre byincubatingwith
iron-EDTA also resulted in reactivation of protein A (Green and Dalton, 1988).

TABLE 1.

Inhibitors of alkene monooxygenase activity.

Inhibitor
KCN
KCN
KCN
o-Phenantroline
o-Phenantroline
8-Hydroxyquinoline
Thiourea
Allylthiourea
NaN3
2,2'-Dipyridyl
Salicylic acid
EDTA
Carbon monoxide
Acetylene

Concentration
ImM
5mM
10mM
1 mM
5mM
2mM
10mM
10mM
10mM
10mM
10mM
10mM
20%
5%

Inhibition (%)*
0
33
>90
23
b
100
53
0
0
0
0
0
0
<5
>85

Activity was determined by adding propene after 5 min preincubation at 30°C with inhibitor.
Activity levelled off to zero during assay.

Separation ofAMOcomponents
AMO in crude extracts prepared without glycerol lost 50 % of its activity after
5 h at 4°C.The crude enzyme preparation could be stabilized by adding glycerol.
With 2.6,4.4,and 8.7% glyceroladded to crude extracts,AMOactivity half-life 4°C
was extended to 9, 18and 40 h respectively.
In all subsequent experiments 8.7% glycerol was added to extracts and buffers.
The addition of 0-mercaptoethanol, PMSF, DTT, EDTA, NADH, FeS0 4 ,
Fe(NH4)2(S04)2.6H20 aswell as storage under anaerobic conditions did not affect
the stability of AMO activity.
Separation of the individual components of AMO was attempted on a DEAE
Sepharose CL-6B column. Fractions pooled progressively to give50ml pools were
concentrated to assay AMO activity. No activity could be detected in any of these
concentrated 50 ml pools. Combination of all concentrated fractions, however,
resulted in the recovery of some AMO activity. Apparently, the phenomena which
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resulted in the irreversible inactivation of AMO activity after elution over a G-10
Sephadex column played a less-significant role in DEAE column chromatography.
The rate-limiting component ofAMOactivitywaslocated bycombining concentrated fractions from the DEAE Sepharose CL-6B column with crude extract and
assaying for increased AMO activities. The rate-limiting component, designated
component X,was located in the pooled fractions eluting between 545and 615ml
(Fig. 2).These pooled fractions did not exhibit any AMO activitywithout addition
ofcrude extract.Usingcrude extractwhichhadbeen stored for sometimeat -20°C
the increase in AMO activity upon addition of the fraction containing component
Xwaseven more significant: the activity ofthawed crude extract containing 4.5mg
protein increased from 0.8 nmol epoxypropane min -1 to 10nmol min -1 when 7.2
mgprotein of fraction X was added.
activity (|jmol min"1 ml" 1 )
14

800

900
elution vol.(ml)

FIG. 2. DEAE-Sepharose CL-6Bfractionation of crude extract.Fractions of8mlwere
collected. The horizontal lines indicate the elution volumes used to prepare
fractions X and Y. NAD(P)H-acceptor reductase activities were assayed with
K3Fe(CN)6 as artificial acceptor ( • ) .

Apreparation containing thispresumably mostlabilecomponent XofAMOwas
used to locate a second fraction which upon combination with fraction X gave
AMO activity. This second fraction was designated fraction Y.
At this stage itwasverified that both components Xand Ywere onlypresent in
cells grown with ethene as growth substrate. Combination of fractions X (2.2 mg
protein) orY(1.2mgprotein)withcrude extracts(7.8mgprotein) of glucose-grown
cellsdid not result indetectable levelsofAMO activity,indicatingthat components
X and Ywere indeed not present in extracts of glucose-grown cells. Furthermore,
fractions containing components X and Y were also prepared from extracts of
ethene-grown Mycobacterium aurum LI cells.All combinations of fractions X and
Y of the two strains resulted in activity, indicating a certain degree of similarity
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between the AMOs of the two strains.
Characterization of fractions XandY.
In an initial characterization of fractions X and Y it was determined which of
these fractions contained NADH-acceptor reductase activity by following the
reduction oftheartificial acceptorK3Fe(CN)6(ColbyandDalton, 1979). Significant
reductase activitywaspresent infraction Y.Ina subsequent separation of fractions
X and Y this assay was used to locate the reductase component Y more precisely
(Fig.2).Severalpeaksexhibitingreductase activitywerelocated.Fractionsfrom the
peak with the highest reductase activity (670 to 730 ml) gave AMO activity upon
combination with fraction X obtained by concentrating the protein peak which
eluted between 545 and 615 ml. The location of fractions X and Y used in the
activitydeterminations showninTable 2are depicted bythehorizontal linesinFig.
2.
TABLE 2

Specific activities of alkene monooxygenase fractions
Protein in assay

Specifie activity

[nmol min - 1 (mg protein) -1 ]

(mg)

Activity
cfe

cfe/Ac

X

Y

(nmol min )

X

Y

12.5
0.0
12.5
0.0
0.0

0.0
0.0
0.0
0.0
9.0

0.0
1.1
6.0
7.6
1.1

0.0
1.9
0.0
0.62
0.0

3.10
0.46
5.0
1.23
0.45

0.25
0.42
0.41

_
0.41
1.99
-

cfe, cell-free extract (stored at 4°C during preparation of X and Y); cfe/Ac, cell-free extract inactivated
with acetylene; X and Y, preparations fractionated with DEAE column as depicted in Fig. 2.

As component X was assumed to be rate-limiting in crude extracts, the activity
of crude extract can be assumed to be determined bythe amount of component X
present. The specific activity of fraction X in the presence of excess component Y
was 0.41nmol min"1 (mgprotein)"1,which isonly slightly higher than the specific
activity of crude extract (0.25 nmol min"1 (mg protein)- 1 ). The apparent
purification of the reductase component Y appeared to be slightly higher, with the
specific activity increasing from 0.41 to 1.99 nmol min"1 (mgprotein)"1 (Table 2).
These low increases in specific activities could indicate that a third component is
required for AMO activity, as has been established for the soluble MMOs
(Anthony, 1986;Fox etal., 1989).If such a third component is required it is
apparently present inlimitingamountsineither fraction XorY(orboth).Attempts
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to further purify components X and Y should resolve this matter in the future.
Additionoffraction Xtocrude extracts
which had been inactivated by incubation
B
D
with acetylene restored AMO activity.As
canbe seen inTable 2thisgave the same
specific activity [0.45 nmol min -1 (mg
protein)"1] based on fraction X protein,
as the assay with excess component Y
'i*#
[0.46 nmol min -1 (mg protein)"1].
Addition of fraction Y to acetyleneinactivated extracts did not result in
restoration of AMO activity. Apparently,
inactivation with acetylene results in
inactivation only of component X.
Inactivation of component X with
acetylene is accomplished only in the
presence of active AMO. Incubation of
fractions X and Y separately with
acetylene in the presence of NADH and
oxygen for 30 min and subsequent
removal of acetylene before combining
both fractions gave active AMO.
Combination offractions Xand Y before
incubation with acetylene resulted in
inactivation of AMO activity. These
results indicated that both preparations
are essential to produce the AMOinactivating product ofacetylene and that
fraction X appears to contain the AMO
component which can be inactivated by
acetylene. Prior and Dalton (1985)
demonstrated that only one protein was
labelled in soluble and particulate
FIG. 3. Non-denaturing gel electrofractions of crude extracts of
phoresis showing NADH reductase activity
stained with 4-nitro blue tetrazolium
Methylococcus capsulatum(Bath) after
14
chloride. Lane A, crude extract of etheneincubation with C labelled acetylene.
growncells;laneB,crudeextract ofglucoseFor the soluble MMO preparation the
growncells;laneC,firstpeakwith reductase
activity from DEAE column (at 530 ml);
labelled polypeptide corresponded to the
lane D, fraction X; lane E, fraction Y.
a-subunitof component A,the oxygenase
component of the soluble MMO. By analogy with the soluble MMO of
Methylococcus capsulatus (Bath),fraction X couldverywell contain the oxygenase
component of AMO.
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The specific activity of fraction Ywhen assayed withpotassium ferricyanide was
16.6 /xmol min"1 (mg protein)"1 compared to 230 /umol min"1 (mg protein)"1
reported for the purified component C of Methylococcus capsulatus (Bath) (Colby
and Dalton, 1979). Using gel electrophoresis under non-denaturing conditions
fraction Ywas compared with several other samples after activity staining with 4nitro blue tetrazolium chloride. As can be seen in Fig. 3 a band with reductase
activity at the same migration distance as the major reductase component of
fraction Ywaspresent onlyincrude extracts of ethene-grown cells.Fraction Xand
extracts of glucose-grown cells did not exhibit any detectable reductase activity at
thismigration distance.Thisindicates that the major band inthe lanewith fraction
Y probably is the reductase component of AMO.
It is therefore concluded that in both of the mycobacteria studied a
multicomponent AMO is induced after growth on ethene. In extracts of
Mycobacterium E3twofractions (designated XandY)werelocated after separation
onananionic exchanger;upon combination these twofractions gaveAMO activity.
Based on inhibition experiments with acetylene it was concluded that fraction X
contains an oxygenase component. Fraction Y contained significant reductase
activity which isinduced after growth with ethene. From the present data it is not
clear if, in analogywith the soluble MMO,a third component isrequired for AMO
activity.Attempts to further purify components Xand Yshould resolve this matter
in the future.
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USE OFVINYLCHLORIDEINTHEISOLATIONOFMUTANTSOF
MYCOBACTERIUM E3 DEFECTIVEIN GROWTHONETHENE

S. Hartmans, F.J. Weber, G.T.H. Voskuilen and J.A.M. de Bont

Mutants of Mycobacterium E3 unable to grow on ethene were isolated with a
frequency of 10to 20%using vinyl chloride as a mutagen-precursor.The method
isbased onthetransformation ofvinylchloridetotheverymutagenicchlorooxirane
by alkene monooxygenase of wild-type cells. One ethene-negative mutant still
capable of growth with epoxyethane was characterized as lacking the putative
reductase component of the multicomponent alkene monooxygenase.

Abbreviations: AMO, alkene monooxygenase; MMO, methane monooxygenase: MSM, mineral salts
medium; YEG, yeast extract-glucose; MSG, mineral salts glucose.
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The initial step in short-chain alkene metabolism in alkene-utilizing
microorganisms is the oxidation of alkenes to epoxyalkanes, catalyzed by alkene
monooxygenase (AMO) (Hartmans et al., 1989). AMO from the ethene-utilizing
Mycobacterium E3requiresatleasttwofractions for activity(Hartmansetal, 1991).
Oneofthesefractions isinhibited byacetylene andprobablycontainsthe oxygenase
component (X)whereastheotherfraction containsreductaseactivity,and therefore
probably contains the reductase component (Y).
Several other monooxygenases which epoxidate alkenes have already been well
characterized and were all multicomponent enzymes (see May, 1979; Anthony,
1986).
Inhibition of AMO from Mycobacterium E3 by chelating compounds was very
similar to the inhibition reported for the soluble methane monooxygenases
(Hartmans etal.,1991).The specific activity ofAMO incrude extracts of strain E3
was, however, much lower than the activities reported for the soluble methane
monooxygenases(MMO)ofMethylococcuscapsulatus(Bath)(Colbyetal., 1977)and
Methylosinus trichosporium OB3b (Fox et al., 1989). MMO from M. capsulatus
(Bath) hasbeen purified and characterized indetailbythegroupof H.Dalton (see
Anthony, 1986, for an overview). The M. trichosporium OB3b MMO has recently
also been purified and characterized (Fox et al., 1989). This work revealed that
these soluble methane monooxygenases were very similar and consist of three
components.Thegenes encodingthesubunits ofthe oxygenase component and the
reductase component of the soluble MMO from M. capsulatus(Bath) have been
cloned andsequencedusingoligonucleotideprobesspecifictotheAf-terminalamino
acid sequence of the individual purified proteins (Mullens and Dalton, 1987;
Stainthorpe etal.,1989; 1990).Subsequently, heterologous probes derived from M
capsulatus(Bath) were used to isolate the MMO genes ofM. trichosporium OB3b
(Cardy etal.,1991).Classical geneticswith methanotrophs has,however, been less
successful, in part because of the problems encountered in isolating the necessary
MMO-deficient mutants (McPheat et al, 1987).
The multicomponent alkane hydroxylase (May, 1979) of the alkane-utilizing
Pseudomonasputida has also been studied quite extensively. Much of the progress
in the area of the genetics and regulation of the alkane hydroxylase was made
possible by using hydroxylase-deficient mutants.
To achieve abetter understanding ofthe alkene monooxygenase,theisolationof
AMO-deficient mutants of ethene-utilizing bacteria would clearly be very helpful.
Such mutants could be used in an assay system (in vitro complementation) to
facilitate thepurification oftheindividualcomponentsoftheenzymeandcouldalso
be used in studies concerning the regulation of AMO activity.
The objective of the present investigation wasto isolateAMO-deficient mutants
of Mycobacterium E3. This paper describes a new mutant isolation method using
vinyl chloride as a mutagen-precursor which is transformed in situ into active
mutagen only in cells with monooxygenase activity.
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MATERIALS AND METHODS
Chemicals. The gases ethene, epoxyethane, propene and vinyl chloride were from Hoek Loos
(Schiedam, NL).Other chemicals werefrom the sources described previously (Hartmansetal., 1991).
Organism andgrowth conditions.Mycobacterium E3 was previously isolated with ethene as growth
substrate (Habets-Crützen et al., 1984). The mineral salts medium, growth conditions, culture
harvesting and storage of harvested cells were as previously described (Hartmans etal., 1991).Solid
media were prepared by adding 1.2% (w/v) agar (Oxoid No.l) to the mineral salts medium (MSM).
Per litre MSM 0.25gyeast extract and 1gglucose was added for yeast extract-glucose (YEG) plates
and 1g glucose or sodium acetate was added for glucose and acetate plates respectively.
Preparationof cell extracts.Crude cell extracts, acetylene inactivated extracts and preparations
containing component X or Y were prepared as described previously (Hartmans etal.,1991).
IsolationofAMO-deficientmutants. Method I: E3cells from yeast extract-glucose agar slants were
suspended in sterile water and diluted to about 1000cells/ml.0.1ml of such a suspension was plated
onYEG plates.YEG plateswereplaced inadesiccator andvinylchloride (2.5%v/v) and ethene (0.25
% v/v) were added to the gas phase.All plateswere incubated at 30°C.After 10daysthe plates were
removed from the desiccator and individual colonies were transferred to YEG parent plates. After
goodgrowth had occurred on the parent plates these were replica plated on MSM plates (twice) and
glucose plates. The first series of MSM plates was placed in a desiccator with 2% (v/v) ethene and
the second series was placed in a desiccator to which 2 mM (based on the volume of the solidified
liquid phase of the agar plates) epoxyethane was added. The epoxyethane concentration in the
desiccator was monitored every twodaysbyheadspace analysis and epoxyethane wasadded, if due to
hydrolysis or consumption, the concentration had fallen below 0.5 mM. Method II: 0.1 ml of a
suspension of ethene-grown cells of strain E3 containing approximately 500 cells/ml was spread on
MSMplates and incubated ina desiccator containingvinylchloride (1% v/v),ethene (0.02%v/v) and
epoxyethane (2 mM based on the total liquid volume of the agar plates). The epoxyethane
concentration in the desiccator was controlled as described above. After three weeks material from
the outer perimeter of the larger colonies was transferred to YEG parent plates. Phenotypic
characterization of the putative mutants was as described under method I.
Determination of reversionfrequencies.100 ß\ aliquots of suitable decimal dilutions were plated on
YEG platesand MSMplateswhichwereincubated with ethene inthegasphase (2%v/v).After three
weeks of incubation at 30°C the number of colonies formed were compared.
Enzyme assays.Alkene monooxygenase wasassayed asdescribed previously (Hartmansetal.,1991)
by gas chromatographically determining epoxypropane formation rates.Activity staining of NADHreductase after non-denaturing gel electrophoresis wasperformed as before (Hartmans etal.,1991).
Analyticalmethods. Ethene, vinyl chloride and epoxyethane were determined by analyzing 100fil
headspace samples on a gas Chromatograph with a Porapak R column (Hartmans etal.,1991).

RESULTS
Isolation ofAMO-deficient mutants
Incubation of MycobacteriumE3 on yeast extract-glucose agar plates in the
presence of vinyl chloride (2.5% v/v) and ethene (0.25% v/v) resulted in large
(approximately 40%) and small colonies. Most of the large colonies had lost the
ability togrowon ethene,whereas allbut one of thesmallcolonies tested stillgrew
with ethene. Unfortunately, with one exception, all the colonies that had lost the
capacity to grow with ethene had also lost the capacity to grow with epoxyethane
(Table 1).The one colonythat had lost the capacity to growwith ethene butwhich
couldstillutilizeepoxyethane asgrowthsubstratewasdesignated mutant AMCT-1.
In a second experiment two series of 10plates with an average of 127 ± 20 and
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63 ± 9 colonies respectively were incubated with vinyl chloride and ethene. After
10daysan average of 60and 32colonies had appeared on the YEG-vinyl chloride
plates corresponding withviability percentages of 47% and 51% respectively.28%
of the colonies on the YEG-vinyl chloride plates were judged as large and 72%
werejudged assmall colonies.As in the first experiment, again almost 80%of the
large colonieswere mutants unable toutilize ethene.Inthisexperiment there were
also several mutants (7%) amongst the small colonies (Table 1).Unfortunately the
percentage of ethene-negative, epoxyethane positive, mutants was once againvery
low (1.4%). The three mutants recovered from the second experiment were
designated AMCT-2, AMCT-3 and AMCT-4, respectively.
TABLE 1.Selection of alkene monooxygenase

Growth substrate
Experiment 1

Experiment 2

deficient mutants.
Small colonies

Large colonies

glucose
ethene
epoxyethane

156
155
ND

108
20
21

glucose
ethene
epoxyethane

87
81
82

263
54
56

Although ethene minus phenotypes were isolated at a high frequency with the
above method almost all of these mutants had also lost the capacity to grow on
epoxyethane.We therefore used a second method to isolate ethene minus mutants
still capable of utilizing epoxyethane by employing epoxyethane instead of glucose
as growth substrate during the isolation procedure (method II).
Using this method we did not observe a very distinct difference between large
and small colonies aswas observed withglucose asgrowth substrate. Nevertheless,
wetested 80colonies from the plates that had been incubated for 4weekswith the
mixture of vinyl chloride, ethene and epoxyethane for growth on ethene and
epoxyethane.This gave5colonies which no longer grewon ethene or epoxyethane
and 11 colonies which did not grow on ethene, but still utilized epoxyethane as
growth substrate. These 11 mutants of the desired phenotype were not further
characterized.
Characterization of mutants
The stability of the four alkene monooxygenase-deficient mutants isolated with
method I was determined byplating dilutions on YEG plates and on mineral salts
medium plateswhichwere incubated with ethene.After threeweeks colony counts
were performed and reversion rates calculated.
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TABLE2. Reversion rates of alkene monooxygenase deficient mutants.
Mutant

Reversion rate
2 x 10"7
5 x HT8
5 x 1(T8
1 x 1(T6

AMO"-l
AMCT-2
AMCT-3
AMO--4

Complementation experimentswereperformed inanattempt tostudythe nature
of the AMO" mutations. Extracts of the mutants were prepared from cells grown
withepoxyethaneandcombinedwithpreparations derivedfrom extractsofthewildtype strain by anion exchange chromatography, or by inactivation with acetylene.
AMO activityinextractsof mutantAMCT-1couldbe restored byadding the anion
exchange fraction containingthereductase component YofAMO (Hartmansetal.,
1991) and also byadding extracts inactivated with acetylene.Addition of the anion
exchange fraction containing the oxygenase component X did not result in activity.
Complementation experiments with the other mutants only gavevery lowlevelsof
AMO activity, or no activity at all.
Crude extracts of epoxyethane-grown mutant AMO"-l were also analyzed with
non-denaturing slab gel electrophoresis followed by activity staining for reductase
activity. No reductase activity was observed at the migration distance were the
partiallypurified reductase preparation (component Y)or extracts of epoxyethanegrown E3 cells normally exhibited activity (Hartmans etal.,1991).Based on these
observationsitisconcludedthatepoxyethane-growncellsofmutantAMO~-l donot
synthesize a functional reductase component of AMO.
DISCUSSION
Vinyl chloride is oxidized by crude cell-free extracts ofMycobacterium E3 in an
oxygen- and NADH-dependent reaction. Addition of ethene to extracts degrading
vinylchlorideresultedinalowervinylchloridedegradationrateindicatingthatboth
substrates are oxidized by the same enzyme. Based on these experiments we
assumed that vinyl chloride isepoxidated to chlorooxirane (chloroepoxyethane) by
AMO analogous to the oxidation of vinyl chloride by MMO (Foxetal.,1990) and
liver microsomes (Barbin et al., 1975). Chlorooxirane is very unstable and
rearranges to chloroacetaldehyde inTris-HClbuffer pH 7.4 at 37°Cwith a half-life
of 1.6 min (Barbin et al., 1975). Both products are mutagenic intermediates in
mammalian vinyl chloride metabolism (Malaveille etal.,1975).
We reasoned that cells capable of oxidizing vinyl chloride will produce
chlorooxiraneprovidedanactivemonooxygenaseandsufficient reducingequivalents
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are present. The in vivoproduction of the reactive chlorooxirane should result in
the inhibition ofphysiological functions and consequently inretardation of growth.
Cells without monooxygenase activity will not produce chlorooxirane from vinyl
chloride and will not be affected by the presence of this compound. Consequently
vinyl chloride might be used to isolate AMO-deficient mutants ofMycobacterium
E3by selecting the large colonies grown in the presence of vinyl chloride. Ethene
was included in the incubation atmosphere to assure induction of AMO as it was
assumed it would be the inducer of AMO. Vinyl chloride was added in a tenfold
higher concentration than ethene to ensure that AMO would predominantly
transform vinylchloride rather thanethene.Substrate competition experiments had
previously shown that the affinity of ethene-grown cells for vinyl chloride and
ethene was, based on gas phase concentrations, about the same.
To minimize the effects of chlorooxirane (or its rearrangement product
chloroacetaldehyde) produced bycoloniespossessingAMOactivity on coloniesnot
oxidizing vinyl chloride present on the same plate only very few cells (50 to 100)
were applied onto the YEG-vinyl chloride plates. With this procedure extremely
high overall mutation frequencies ranging from 10to 20% per original viable cell
were obtained.Thisfrequency wasevenhigher (80%)whenonlythelarger colonies
are considered. This high mutation rate is not surprising when it is realized that
viablewild-type cells constantlyproduce mutagenic compounds from vinyl chloride
until a mutation resulting in loss of AMO activity occurs.
Unfortunately almost all ethene negative mutants (>98%) were also unable to
grow on epoxyethane. This indicates that the expression of the two enzymes
involved, AMO and epoxyethane dehydrogenase (de Bont and Harder, 1978), is
under coordinated control and that regulatory mutants are produced much more
easily than mutants producing inactive AMO.
Although method I resulted in the isolation of mutants no longer capable of
growth on ethene with a high frequency, this method wasrather inefficient for the
isolation of the ethene minus epoxyethane utilizing phenotype (lessthan 1%of the
large colonies).
A clear division between large and small colonies was not observed with the
secondmethodusingepoxyethaneasgrowthsubstrateinstead ofYEG.Nevertheless
the method was extremely successful since 11 of the 80 colonies tested had the
desired phenotype.
Theisolationofmethanemonooxygenase-deficient mutantsoftwomethanotrophs
(Nicolaidis and Sargent, 1987; McPheat et al.,1987) involved a similar procedure
as described here. However, dichloromethane was used instead of vinyl chloride.
These mutants wereobtained byplating largenumbers of cellsonmethanol plates
which were incubated in the presence of dichloromethane. Dichloromethane is
transformed bymethanemonooxygenase tocarbon monoxidewhichinhibitsgrowth
of the methanotrophs. Mutants without methane monooxygenase were
dichloromethane resistantandformed largercolonies,apparentlybecausenocarbon
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monoxide was formed. Dichloromethane can induce frameshift mutations in
Salmonella typhimurium without biochemical activation (Jongen et al., 1978) but
dichloromethane and its oxidation product carbon monoxide are considerably less
mutagenic than the oxidation products ofvinyl chloride. This isexemplified by the
mutation frequency using the dichloromethane procedure with Methylosinus
trichosporium OB3b which, although Nicolaidis and Sargent (1987) did not report
any mutation frequencies, was probably less than 10"9. As vinyl chloride is also
transformed bymethane monooxygenase (Foxetal.,1990)the use ofvinylchloride
instead of dichloromethane should be much more effective in isolating methane
monooxygenase-deficient mutants.
The mutational specificity of chlorooxirane has been investigated in E. coli by
analyzing the reversion of trp A mutants (Barbin et al., 1985). It was shown that
chlorooxirane induces base-pair substitution mutations, predominantly GC -»•AT
transitions,butnotframeshift mutations.Inthisrespectchlorooxiraneiscomparable
withtheoften usedmutagenethylmethanesulphonate (EMS)whichalso specifically
inducesGC-> ATtransitions.Treatment ofE. colitrpA mutantswith chlorooxirane
resulted in a higher reversion frequency (on a molar basis) compared with
treatment with EMS (0.5 mM chlorooxirane for 6 min, 35% survival, reversion
frequency = 187 x 10~9 vs. 80 mM EMS for 1 hour, 72% survival, reversion
frequency = 120 x 10~9) (Barbin et al., 1985). These results demonstrate the
reactivity and strong mutagenic properties of chlorooxirane.
Although chlorooxirane mainly induces base-pair substitutions (Barbin et al.,
1985)thefour AMO-deficient mutantsisolatedwererelativelystable(Table2).The
reversion frequencies mayinfact be even lower than showninTable 2asstrain E3
can grow to some extent on impurities in agar resulting in micro-colonies which
should have a higher rate of reversion than single cells.
From the complementation experiments of mutant AMCT-1 with partially
purified preparations of AMO it appears that this mutant lacks the reductase
component Y of AMO (Hartmans et al., 1991). At present we are further
characterizing the isolated mutants and wehave purified the reductase component
of AMO using mutant AMO"-l in a complementation assay (Weber et al.,1992).
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BACTERIALMETABOLISM OF3-CHLOROACRYLIC ACID

S. Hartmans, M.W. Jansen, M.J. van der Werf and J.A.M. de Bont

Twobacterial strainswere isolated with 3-chloroacrylicacid (CAA) assole source
of carbon and energy. Strain CAA1, a Pseudomonascepaciasp., was capable of
growth with only the m-isomer of CAA. Strain CAA2, a coryneform bacterium,
utilized both isomers of CAA as sole source of carbon and energy. Strain CAA1
contained cis-CAAhydratase and strain CAA2contained twohydratases,onewith
cis-3-CAA hydratase activity and one with trans-CAA hydratase activity. The
product of the hydratase activities with CAAwas malonate semialdehyde. In both
strains malonate semialdehyde was subsequently decarboxylated by a cofactorindependent decarboxylase yielding acetaldehyde and C0 2 .
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Thebiodegradabilityofhalogenatedhydrocarbonsreceivesconsiderableattention
in view of the persistence of some of these compounds in the environment.
Degradation of a number of chlorinated hydrocarbons by pure cultures has,
however,beendemonstrated. Inseveralcasesthe dechlorination stephasalsobeen
characterized. Specific dechlorination reactions of chlorinated hydrocarbons that
have been studied in detail are the hydrolytic dehalogenases acting on chlorinated
alkanes(Kohler-StaubandLeisinger, 1985;Keuningetal., 1985;Scholtzetal.,1987)
or 2-chloroalkanoic acids (Motosugi etal.,1982;Smith etal.,1990).The oxidative
dechlorination of chlorinated alkanes has alsobeen reported (Yokota etal, 1986).
The dechlorination reactions of unsaturated chlorinated hydrocarbons have been
lesswellstudied.Withinthiscategory ofcompounds most attention hasfocussed on
the chlorinated ethenes due to their broad use and widespread occurrence in the
environment. Transformation of all chlorinated ethenes has been observed under
anaerobic conditions (Fathepure and Boyd, 1988; Freedman and Gossett, 1989;
Bagley and Gossett, 1990). Aerobic transformation has been observed only for
mono-,di-,andtrichloroethenes.Transformation (co-oxidation)ofthesecompounds
has been demonstrated with various types of microorganisms (e.g. toluene-,
methane-,alkane-and ammonium-utilizers) (Wackettetal.,1989).Microorganisms
utilizing chlorinated ethenes as sole carbon and energy source have been isolated
onlywithmonochloroethene (vinylchloride)(Hartmansetal., 1985).The initialstep
in the aerobic transformation of chlorinated ethenes isgenerally assumed to be an
epoxidation of the carbon-carbon double bond (Hartmansetal.,1989).The further
metabolism ofthe reactive and unstable chloroepoxides isnot known,but extensive
dechlorination is often observed.
Aerobic degradation of3-chloroallylalcohol,which also contains a chloroethenyl
group, has been studied by Belser and Castro (1971). It is formed from the soil
disinfectant 1,3-dichloropropeneasaresultofchemicalhydrolysis.The 3-chloroallyl
alcohol-degrading Pseudomonas sp.isolated byBelser and Castro (1971) degrades
3-chloroallyl alcoholvia3-chloroacrylicacid (CAA).Incubation ofwhole cellswith
CAA resulted in the formation of 3-oxo-propanoic acid (malonate semialdehyde).
The dechlorination of CAAwas, however, not investigated in any further detail.
We nowreport on the dechlorination of CAAinmore detail. The CAA degradative pathway and the dechlorination reaction in particular were studied in two
bacterial strains isolated with CAA (Hartmans etal.,1988).
MATERIALS AND METHODS
Chemicals.cw-3-Chloroacrylic acid andfrört.y-3-chloroacrylicacid were from Ventron (Karlsruhe,
Germany),3-chloropropionicacid,cis-andf/-örts-l,2-dichloroethene, 1,3-dichloropropene, fumaricacid,
acrylic acid, crotonic acid, cinnamic acid, methacrylic acid and MOPS were from Janssen Chimica
(Beerse, Belgium). Wwi.s-2-Pentenoic acid and maleic acid were from Aldrich Chemie (Brussels,
Belgium), 1-chloropropene was obtained from ICN Biomedicals (Plainview, New York) and vinyl
chloride was from Hoek Loos (Schiedam, The Netherlands). 2-Chloroacrylic acid was from Heraeus
(Karlsruhe, Germany). 3-Chloroallyl alcohol was a gift from the Institute for Pesticide Research
(Wageningen, The Netherlands). L- and wieso-diaminopimelic acid were from L. Light and Co,
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(Colnbrook, UK), DL-isocitrate and Coenzyme A from Sigma. NAD + and NADP + were from
Boehringer. Other chemicals were from Merck.
Isolationandcultivation. Enrichment cultureswere set upusingamixtureof soilandwater samples
asinoculum inmineral saltsmedium with oneof the following compounds assolecarbon source. 1,3Dichloropropene and chloroallyl alcoholwere added at a concentration of 1 mMinErlenmeyer flasks
sealed with Mininert valves to prevent evaporation,cis-or trans-CAA were added at a concentration
of 2.5 mM. After incubation for 2weeks at 30°C 1ml from the enrichment cultures was transferred
to fresh medium withthesame carbon source.After growthwasobserved inthese cultures,cellswere
streaked topurityonglucose/yeast extractagarplates.Non-sterile controlswithoutinoculumwerealso
made and incubated under identical conditions to monitor anychemical hydrolysis of the chlorinated
substrates. 1,3-Dichloropropene was assayed bytaking headspace samples which were analyzed on a
gasChromatograph.Chemicalhydrolysisorbiodégradationofthetwoother compoundswasmonitored
bydeterminingCl~ formation ratesinboth theenrichment cultures andthenon-sterile controls.From
the depletion curve observed for 1,3-dichloropropene in the control flasks a half-life of 92 h was
calculated.
The mineral salts medium contains per litre deionized water: 3.88 g K 2 HP0 4 , 2.13 g
NaH 2 P0 4 .2H 2 0, 2.0 g (NH 4 ) 2 S0 4 , 0.1 g MgCl2.6H20, 10 mg EDTA, 2 mg ZnS0 4 .7H 2 0, 1 mg
CaCl2.2H20, 5mgFeS0 4 .7H 2 0, 0.2mg Na 2 Mo0 4 .2H 2 0, 0.2 mg CuS0 4 .5H 2 0, 0.4mg CoCl2.6H20
and 1mg MnCl 2 .2H 2 0.
Cultures were grown in the mineral salts medium with 0.1% (w/v) carbon source, unless indicated
otherwise.When CAAwasused asacarbon source itwassterilized separatelybyfiltrationand added
ataconcentration of5mM.Culture conditions,maintenance of strains,culture harvestingand storage
of harvested cells were as previously described (Hartmans and de Bont, 1986).
Preparation of cellextracts. Crude cell extracts and dialyzed extracts were prepared as described
previously (Hartmans and de Bont, 1986).
Separationof hydrolases. Cell extract (150 mg protein) from glucose-grown (0.25% (w/v)) strain
CAA2 cells,which had been induced with 2 mM cw-CAA in the late exponential growth phase,was
fractionated on a DEAE-Sepharose CL-6B column (25 cm x 2.5 cm). Elution was with 50 mM
potassium phosphate buffer, pH 7.0, with a linear gradient of 100to 500mM NaCl at a flow rate of
50 ml h _ 1 . Fractions of 8.3 ml were collected.
Fractions containing hydratase activity were concentrated and washed with phosphate buffer (50
mM, pH 7.0), in order to reduce the Cl~ concentration, by ultrafiltration across an Amicon YM 10
membrane in an Amicon 8050 concentrator. These hydratase preparations could be stored at -20°C
without any apparent loss of activity and were used for KM, pH optimum and substrate specificity
determinations.
Isolationof2,4-dinitrophetiylhydrazones.Thepartiallypurifiedhydratasepreparationswereincubated
with the appropriate CAA isomer until reaction was complete. After filtration over an Amicon YM
10filter(to remove protein) the filtrate was reacted with 2,4-dinitrophenylhydrazine and analyzed by
mass spectrometry as described byvan den Tweel and de Bont (1985).
Enzyme assays. All assays were performed at 30°C.Spectrophotometric assayswere performed on
a Perkin-Elmer550Aspectrophotometer. Activitiesareexpressed innmolproduct formed min (mg
protein) -1 . One unit (U) is the amount of enzyme which catalyzes the transformation of one /xmol
of substrate min" 1 .
(i) 3-Chloroacrylic acid hydratase. The reaction mixture (total volume 2 ml) contained 100 /jmol
potassium phosphate, pH 7.0, 10 prao\ Phenylhydrazine hydrochloride and cell extract. The reaction
was initiated by the addition of 10 /imol cis- or trans-CAA and phenylhydrazone formation was
recorded at 315 nm. By comparing phenylhydrazone formation rates with Cl~ liberation rates
(amperometrically) under thesameconditions,amolar absorption coefficient forthe phenylhydrazone
of 2.2 x 103 1mol - 1 c m - 1 was calculated with both isomers of CAA. At 300 nm an absorption
coefficient of 4.7 x 1031 mol - 1 cm" 1 wascalculated. Van denTweel and deBont (1985) reported an
absorption coefficient for the phenylhydrazone of malonate semialdehyde of 4 x 10 1 mol - 1 c m - 1
at 300 nm.
(ii) Fumarase (EC 4.2.1.2).Activity was assayed at 240 nm (fumarate formation) in a reaction
mixture (total volume 2ml) containing 100/xmolpotassium phosphate, pH 7.0, and 5/jmol L-malate
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and enzyme.An absorption coefficient of 2.3 x l(r 1 mol - 1 cm was used in calculating fumarase
activities.
(Hi) Malonatesemialdehyde decarboxylase (EC 4.1.1.-). Activity was determined by analyzing C 0 2
or acetaldehyde formation in 30 ml serum bottles containing 50 /imol potassium phosphate, pH 7.0,
5 /imol cw-CAA, 0.2 U partially purified cis-CAA hydratase devoid of malonate semialdehyde
decarboxylase activity and cell extract in a total volume of 1ml.
(iv)Malonatedecarboxylase (EC4.1.1.-).Activitywasdetermined byanalyzingC 0 2 formation in30
ml serum bottles containing 50/imol potassium phosphate, pH 7.0,5/imol malonate and cell extract
in a total volume of 1ml.
(v)Acetaldehyde dehydrogenase (EC 1.2.1.3). The reaction mixture (total volume 2 ml) contained
100/imolTris/HCl, pH 8.0, 2/imol NAD + and cell extract.The reaction wasstarted bythe addition
of 10/imol acetaldehyde and NADH formation was recorded at 340nm.
(vi)Isocitratelyase (EC4.1.3.1). Thereaction mixture (totalvolume2ml)contained cellextract,100
/imolTris/HCl, pH 8.0, 100/imol MgCl2, and 10/imol Phenylhydrazine hydrochloride.The reaction
was started by the addition of 20/imol isocitrate and hydrazone formation was recorded at 324nm.
Activitieswerecalculated usinganabsorption coefficient for the phenylhydrazone of1.7 x 10 1mol"
cm - 1 .
(vii)Isocitrate dehydrogenase (EC 1.1.1.42). Thereaction mixture (totalvolume 2ml) contained cell
extract, 100 /tmol Tris/HCl pH 8.0, 2 /imol NADP + and 2 /imol MgS0 4 . The reaction was started
by adding 8 /imol isocitrate and NADPH formation was recorded at 340 nm.
Analyticalmethods. Protein wasdetermined by the Lowry method using bovine serum albumin as
standard. C 0 2 concentrations were determined by analyzing headspace samples on a gas
Chromatograph (Hartmans et al., 1985). Acetaldehyde and vinyl chloride (at 180°C) and 1,3dichloropropene (at 210°C)were assayed on a Packard 430gas Chromatograph fitted with a Porapak
R column (Hartmans etal.,1985).Cl" was determined colorimetrically (Bergmann and Sanik, 1957)
or amperometrically (Hartmans et al., 1985). The substrate specificity of the hydratases with the
chlorinated substrates was determined by incubating enzyme and 5 mM substrate in 100 mM
MOPS/KOH buffer and assaying CI"formation bythe colorimetric method. The substrate specificity
ofthe hydrataseswiththenonchlorinated substrateswasdetermined spectrophotometrically at220nm
by incubating 0.5 mM substrate in 50 mM potassium phosphate buffer, pH 7, with 0.05 U ml" 1 of
partially purified hydratase. Chromatography of whole-cell hydrolysates was performed as described
byBecker etal.(1964).Arthrobacterglobifonnis (ATCC 8010),Arthrobactersimplex(NCIB 8929) and
Brevibacterium linens(ATCC9175)wereusedasreference strainscontaininglysine,L-DAPand mesoDAP respectively. Phenylhydrazones were extracted with ethyl acetate, which was subsequently
removed by evaporation, and assayed by reverse phase HPLC using a C-18 column (200 by 3 mm;
Chrompack, Middelburg, The Netherlands) and detected at 280 nm by means of a Perkin-Elmer
variable wavelength detector. The eluent wasacrylonitrile in Milli-Qwater (60:40,v/v) at a flow rate
of 0.6 ml min" .

RESULTS AND DISCUSSION
Isolation and characterization of new isolates
To isolate microorganisms containing CAA-dechlorinating activity, enrichment
cultures were set up with 1,3-dichloropropene, chloroallyl alcohol or one of the
CAA isomers as the sole carbon source.With 1,3-dichloropropene and chloroallyl
alcoholnodifferences wereobserved eitherinsubstrate depletionorCI" formation
between enrichment cultures and the controls without inoculum. Although
biodégradation of 1,3-dichloropropene has been observed (van Dijk, 1980),to our
knowledge, no pure cultures have been isolated. In contrast, enrichment cultures
witheither isomerofCAAassolecarbonsourceresulted inrapid microbialgrowth.
Growth was alsoobserved in the non-sterile control containingtrans-CAA. Strains
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FIG. 1. Photomicrographs ofstrain CAA2 after growth for 8h (top) and96h (bottom)
on mineral salts medium with 0.1%(w/v) glucose. Bars, 1 pm.
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CAAl and CAA2 were isolated from the enrichment cultures with cis-CAA and
trans-CAA respectively.
Strain CAAl was a Gram-negative, straight and motile rod. It was catalase and
oxidase positive and possessed /S-galactosidase activity. Denitrification, indole
formation, urease activity and gelatinhydrolysiswere negative.Glucose, arabinose,
mannose,mannitol,N-acetylglucoside,gluconic acid, capric acid, adipic acid, malic
acid and phenylacetic acid were all utilized as growth substrates. Maltose was not
utilized. Based on these observations strain CAAl was identified as a strain of
Pseudomonascepacia.The organism alsoutilized acetate,propionate,fumarate and
malonate as growth substrates. trans-CAA, acrylic acid and methanol were not
utilized. The doubling time of strain CAAl with cis-CAA was 2.6 h and with
malonate, a possible intermediate of cis-CAA metabolism, 2.2 h.
StrainCAA2wascreamytolight-orangeincolour.TheisolatewasGram-positive
and not acid fast. Catalase and oxidase tests were positive. The morphology of
strain CAA2 depended on the age of the culture.In exponentially growing cultures
strainCAA2occurred asirregular rods(Fig. 1,top).Inthe stationarygrowth phase
strainCAA2formed coccoidcells,often intheV-arrangement typicalof coryneform
bacteria (Fig. 1,bottom). Thin-layer chromatography of strain CAA2 hydrolysates
showed raaso-diaminopimelic acid to be present. Based on the presence of mesoDAP and the microscopic morphology, strain CAA2was tentatively designated as
a Brevibacterium sp. (Jones and Keddie, 1986). The isolate grew with both CAA
isomers, as well as with acetate, propionate and fumarate. Malonate, acrylic acid
and methanol were not utilized as sole carbon source.The doubling time of strain
CAA2 with cis-CAA was 3 h. The doubling time with trans-CAA was difficult to
determine as concentrations higher than 2-4 mM trans-CAA clearly inhibited
growth.
Neither strain grew with 1,3-dichloropropene or chloroallyl alcohol at a
concentration of 1mM.
3-ChloroacryIic acid dechlorinating activities
The initial step in CAAmetabolism was studied using cell extracts. Cell extracts
ofcis-CAA-grown cellsofboth strains exhibited rapid Cl~ formation upon addition
of cis-CAA. Dialysis of crude extracts did not affect the specific rate at which CI"
was liberated from cis-CAA. Cell extracts of cis-CAA-grown strain CAAl did not
dechlorinate trans-CAA,whereas cell extracts of strain CAA2grownwith cis-CAA
dechlorinatedboth isomersofCAA.Extractsoftrans-CAA-grownstrainCAA2also
dechlorinated both isomers of CAA. The cofactor independent CI" formation
observedincell-free extractsafter cis-CAAadditioncouldbeexplainedbyassuming
anenzymichydration ofthe doublebond ofcis-CAA.Hydration ofthedouble bond
would yield 3-chloro-2-hydroxypropanoic acid or the unstable 3-chloro-3hydroxypropanoic acid, which rapidly chemically decomposes to malonate
semialdehyde (3-oxopropanoic acid)and HCl.Thiswouldbeinaccordancewiththe
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previouslyreported malonatesemialdehydeformation bywholecellsincubatedwith
cis-CAA (Belser and Castro, 1971).Asimilartypeofreactionhasbeen reported for
the hydration by fumarase of monofluorofumarate yielding a-fluorohydrin (afluoromalate) which subsequently decomposed to oxaloacetate. Hydration of
monochlorofumarate with fumarase, however, yielded the chemically stable ßchloro-f/îreo-L-malate (Marietta et al.,1982).
Larger amounts of cells were required to study the dechlorinating activities in
more detail and to identify the product of the reaction. As CAA is relatively
expensive,strainCAA2wasgrownonglucosewith2mMcis-CAA added inthelate
exponential growth phase (2 h before harvesting) to produce biomass with
dechlorinating activities. Cells cultivated in this manner contained specific
dechlorinating activities similar to thelevelspresent incellsgrownwithcis-CAAas
sole carbon and energy source. With extracts from cells cultivated in this manner
the dechlorinating activities of strain CAA2 were investigated in more detail.

NQCI (mM)

activity (nmol min" 1 ml" 1 )

400

FIG. 2. Separation ofcw-CAA hydratase (O),fumarase (•),trans-CAA hydratase ( • )
andmalonicsemialdehydedecarboxylase (•) activitieswith a DEAE-Sepharose
CL-6Bcolumn (25cm x 2.5cm).Elutionwaswith50mMpotassium phosphate
buffer, pH 7.0,with a linear gradient of 100to500mM NaCl (*)at a flow rate
of 50 ml h _ 1 . Fraction volume was8.3 ml.

The activities were partially purified using anion exchange column
chromatography. Fractionation of extracts on a DEAE-Sepharose CL-6B column
resulted in the separation of the cis-and trans-CAA dechlorinating activities (Fig.
2), indicating that the two isomers are dechlorinated by two distinct enzymes.
Fumarase activity was also located. No fumarase activity coincided with either of
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the two CAA-dechlorinating activities. The fractions containing the respective
dechlorinating activities were pooled and dialyzed to remove excess Cl~. These
partially purified preparations were used to identify the product of the
dechlorinating reactionandtodeterminethepH-optimum, the^ M for CAAandthe
substrate specificities. The specific activities of the partially purified preparations
oftheds-CAAandtrans-CAA dechlorinatingactivitieswere,respectively, 1300and
2600 nmol min -1 mg protein"1.
Product identification
The product of the CAA dechlorinating activity was assumed to be malonic
semialdehyde. To confirm this hypothesis 2,4-dinitrophenylhydrazones were
prepared after incubating the partially purified trans-CAA dechlorinating activity
with its substrate. Van den Tweel and de Bont (1985) reported that the mass
spectraofthemalonatesemialdehydeandacetaldehyde 2,4-dinitrophenylhydrazones
are identical due to the decarboxylation of malonate semialdehyde during 2,4dinitrophenylhydrazone preparation. The mass spectrum of the 2,4dinitrophenylhydrazone of the product formed by the trans-CAA dechlorinating
activitywasindeed identical to that of the2,4-dinitrophenylhydrazoneof authentic
acetaldehyde andtothespectrumofthe2,4-dinitrophenylhydrazone of acetaldehyde
published by Kanner and Bartha (1982). Further identification of the product was
undertaken using HPLC, as the identification of acetaldehyde only gave indirect
evidence for the formation of malonate semialdehyde from CAA.
Analysisoftheunsubstituted phenylhydrazones formed duringthestandard CAA
hydratase assayusingPhenylhydrazine, rather than 2,4-dinitrophenylhydrazine,was
possible with reverse-phase HPLC. Both dechlorinating activities gave
phenylhydrazones with the same retention time (4.1min) upon HPLC analysis and
the same UV spectrum. Incubation of cell extracts of 3-butyn-l-ol-grown
Pseudomonas BB1 (van den Tweel and de Bont, 1985) with propynoic acid and
Phenylhydrazine yields the phenylhydrazone of malonate semialdehyde. This
phenylhydrazone was,based on HPLC and UV analysis,identical to the phenylhydrazones that were formed from CAA.The phenylhydrazone of acetaldehyde also
had the sameUV spectrum (dissolved inethylacetate) butwas,probably due to the
very low solubility in the HPLC eluent, not detectable with HPLC.The phenylhydrazone of pyruvate had a markedly different UV spectrum and also a different
retention time (2.7 min) upon HPLC analysis.
Based on these results it is concluded that strain CAA2 contained two distinct
enzymes that dechlorinate the respective isomers of CAA, both yielding malonate
semialdehyde asproduct. Belser and Castro (1971) had already demonstrated that
whole cells could transform CAA to malonate semialdehyde, but they proposed a
difficult-to-envisage "hydroxylation"ofCAAasthedechlorinatingstep.Althoughthe
dechlorinating enzymic activities could perhaps be characterized as dehalogenases
(halidohydrolases),characteristics suchasthepH optimum and substrate specificity
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indicate that these enzymes share more similarity with hydratases like fumarase.
Therefore, it is assumed that the CAA hydratases should indeed be classified as
hydratases (EC 4.2.1.-) rather than as dehalogenases.
ThepH optimum ofds-CAAhydratasewasrather broad and laybetweenpH 7.3
and 8.0, whereas the pH-optimum of trans-CAA hydratase was more pronounced
at pH 7.3. The ^ M for cis-CAA was 2.5 mM and the KM for trans-CAA was 0.2
mM. In both cases slight substrate inhibition was observed at substrate
concentrations above 5 mM. The relatively broad pH optimum observed forcisCAA hydratase is possibly a reflection of the substrate concentration of 2.5 mM
which was used in the activity assay. A similar observation has been made for
fumarase activitywhere thepH optimum (pH 6.9)wasmuch lesspronounced when
the fumarate concentration in the activity assay approached theKMvalue (Alberty
etal, 1954).The pH optima of the twohydratases are therefore verysimilar to the
pH-optimum of fumarase. In contrast, the pH optima of dehalogenases are much
higher. For haloalkane dehalogenases pH optima of 8.2 and 9.5 have been
determined (Keuning et al, 1985; Scholtz et al., 1987) and for 2-haloacid
dehalogenases pH optima of 9.5 are common (Smith etal.,1990).
The substrate specificity of the twohydrataseswasveryhigh.Several chlorinated
compounds were tested as potential substrates for both hydratases. No enzymic
liberation of CI" (detection level <3% of the activity measured with the CAA
isomer) was, however, detected with 1,3-dichloropropene, 3-chloroallyl alcohol, 2chloroacrylicacid, 1-chloropropene,vinylchloride,cw-l,2-dichloroethene,trans-1,2dichloroethene or 3-chloropropionic acid.
Special attention was given to vinyl chloride as we are interested in methods to
remove thiscarcinogenic compound from industrial wastes (Hartmans etal.,1985).
Hypothetically, hydration of vinyl chloride would result in the formation of either
1-chloroethanol or 2-chloroethanol. 1-Chloroethanol would decompose to
acetaldehyde and HCl,but 2-chloroethanol isstable under the assayconditions.By
adding 1,2-dichloroethane-growncellsofXanthobacterautotrophics GJ10 (Janssen
etal, 1985)to the incubation mixture of CAAhydratase withvinylchloride, any2chloroethanol thatwouldbeformed wouldbeoxidized and dehalogenated resulting
in CI"formation. However, also in the presence olX. autotrophicus GJ10 cells no
CI" formation was detected, indicating that vinyl chloride is not hydrated by the
CAA hydratases of strain CAA2. Apparently, the presence of a carboxyl group
adjacent to the chloroethenyl group is a prerequisite for enzymic hydration of the
carbon-carbon double bond by the two CAA hydratases of strain CAA2.
Besides chlorinated compounds several non-chlorinated unsaturated carboxylic
acids were tested as substrates for the partially purified hydratases. Hydration of
acrylic acid, propynoic acid, crotonic acid, ?ra/w-2-pentenoic acid, cinnamic acid,
methacrylicacid and maleicacidwas,however,not observed with either of the two
hydratase preparations (detection levellowerthan 1%of theactivityobservedwith
the appropriate CAA isomer as substrate).
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The high substrate specificity of the CAA hydratases also indicates that these
enzymesapparently sharemoresimilaritywithahydrataselikefumarase, whichhas
a relatively high substrate specificity (Teipel et al., 1968), than with the
dehalogenases,which generally transform a wide range of substrates (Smith etal.,
1990).The observed high substrate specificity givesrise to speculations concerning
the physiological function of these enzymes. If CAA is indeed the only substrate
transformed, this could indicate that these enzymes have evolved as a result of the
largescaleapplicationinagricultureofthenematocide 1,3-dichloropropene.Inthat
case, however, the CAA-utilizers would also be expected that grow on chloroallyl
alcohol, the product formed upon chemical hydrolysis of 1,3-dichloropropene.
Abetterunderstandingoftheevolutionary
origin of the CAA hydratases will,however,
H.
.H
require characterization of the nucleotide
,C= C.
Cl
'COOH
sequences of the corresponding genes. In
this respect the recent data showing
H20^|
extensive sequence homology between
fumarase and L-aspartate ammonia-lyase
OH
(Takagi et al., 1986) is very interesting.
I
Possibly the CAA-hydratases share a
Cl - c - CH,-C00H
I
common evolutionary origin with these
H
enzymes.
_ ^HCl

3-Chloroacrylic degradation pathway
Having established that the product of
C- CH,-C00H
CAA dechlorination was malonic
H'
semialdehyde, the degradative pathway of
<C02
this not-very-common metabolic
intermediate was studied. Two enzymic
activities oxidizing malonic semialdehyde
' C - CH3
have been described previously. A NAD+H'
dependent dehydrogenase (EC 1.2.1.15)
which oxidizes malonic semialdehyde to
malonate (Nakamura and Bernheim, 1961)
andaNAD + - andCoA-dependent malonate
FIG. 3. Proposed pathway for cw-CAA
semialdehyde oxidative decarboxylase (EC
degradation in Pseudomonas
1.2.1.18) forming acetyl-CoA (Yamada and
cepacia strain CAA1 and the
Jakoby, 1960). Interestingly, cis-CAAcoryneform strain CAA2.
dependent formation ofC0 2wasdetected in
dialyzed extractswithout adding NAD+ or CoA.Incubation of trans-CAA with the
partially purified preparation of trans-CAA hydratase also resulted in C0 2
formation. No C0 2 formation was observed when cis-CAAwas incubated with the
partially purified ds-CAA hydratase.
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This indicated that the partially purified trans-CAA hydratase preparation
containedacofactor-independentmalonatesemialdehydedecarboxylase,presumably
yielding acetaldehyde and C0 2 , which was not present in the partially purified cisCAA hydratase. Subsequent experiments with the partially purified trans-CAA
hydratase did indeed reveal simultaneous formation of acetaldehyde and C0 2 from
trans-CAA. Combinationofthetrans-CAAandc«-CAAhydratasepreparationsalso
resulted inacetaldehyde and C0 2 formation from os-CAA.When Phenylhydrazine
was added to the incubation mixture, acetaldehyde and C0 2 formation were no
longer observed, but the CI" formation rate was unaffected.
As malonate semialdehyde was not available from a commercial source the
partiallypurified cis-CAAhydratasepreparation, devoid ofmalonate semialdehyde
decarboxylase, was used to produce malonate semialdehyde from cw-CAAinsitu
toassaymalonate semialdehydedecarboxylase activity.Withthisassaywewereable
to locate the malonate semialdehyde decarboxylase activity peak in the fractions
from the DEAE-Sepharose column. As anticipated, malonate semialdehyde
decarboxylase-activity moreorlesscoincidedwithtrans-CAAhydrataseactivity(Fig.
2).
TABLE 1.

Enzyme activities inPseudomonas cepaciaCAA1
(Activities expressed in nmol min" mg protein )

ds-CAA
CK-CAA dehalogenase
MSA decarboxylase
Malonate decarboxylase
Acetaldehyde dehydrogenase
Isocitrate lyase
Isocitrate dehydrogenase

240
530
<20
40
825
585

Growth substrate:
malonate
<5
40
470
35
695
680

succinate
<5
30
<20
35
5
550

Withtheobserved enzymeactivitiesadegradativepathwayforcis-and trans-CAA
in ris-CAA-grown strain CAA2 can be envisaged which proceeds via malonate
semialdehyde to acetaldehyde. Subsequently, enzyme activities in crude extractsof
cis-CAA-grown cells of both strains and in extracts of cells grown with control
substrates were compared. As can be seen in Tables 1and 2, CAA hydratase and
malonatesemialdehyde decarboxylase activitieswerepresent onlyafter growthwith
ris-CAA. NAD+-dependentacetaldehydedehydrogenaseactivitiesinds-CAAgrown
cells of both strains were rather low. No PMS-dependent acetaldehyde
dehydrogenase activity couldbedetected inextracts ofethanol-growncellsofstrain
CAA2. In spite of the observed low acetaldehyde dehydrogenase activities we
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propose for both strains the cis-CAA degradation pathway summarized in Fig.3.
Induction of isocitrate lyase activity during growth with cis-CAA is also in
agreement with the above pathway.

TABLE 2.

Enzyme activities in strain CAA2
(Activities expressed in nmol min - 1 mg protein" -1)

cis-CAA dehalogenase
trans-CAA dehalogenase
MSA decarboxylase
Acetaldehyde dehydrogenase
Isocitrate lyase
Isocitrate dehydrogenase

cis-CAA

Growth substrate:
ethanol

450
1200
1160
25
1020
560

<10
<10
55
200
1010
645

succinate
<10
12
60
5
15
855

The presence of malonate decarboxylase activity in cell extracts of malonategrown strain CAA1,and the absence of this activity in cis-CAA grown cells, is a
further confirmation that, in this isolate, malonate is not an intermediate ofcisCAA metabolism.
Having established the pathway for cis-CAAdegradation an explanation for the
inhibition of strain CAA2 by the growth substrate trans-CAA was still required.
Initialtrans-CAA concentrationshigher than 2-4mMgaveinconsistent growth and
often resultedinatransientaccumulationofacetaldehyde.Thisaccumulationofthe
toxicaldehydepossiblyexplained thepoor growthofstrain CAA2with trans-CAA.
Noacetaldehydeformation wasobservedwithcis-CAAascarbon source at similar
concentrations, probably because cis-CAA hydratase activity is lower.
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BACTERIAL DEGRADATION OF STYRENE INVOLVING ANOVEL
FLAVIN ADENINE DINUCLEOTIDE-DEPENDENT
STYRENE MONOOXYGENASE

S.Hartmans, M.J. van der Werf and J.A.M. de Bont.

Byusing styrène as the sole source of carbon and energy in concentrations of 10
to 500 ßM, 14 strains of aerobic bacteria and two strains of fungi were isolated
from various soil and water samples.In cell extracts of 11of the bacterial isolates,
a novel flavin adenine dinucleotide-requiring styrene monooxygenase activity that
oxidized styrene to styrene oxide (phenyl oxirane) was detected. In one bacterial
strain (S5), styrene metabolism was studied in more detail. In addition to styrene
monooxygenase, cell extractsfrom strain S5contained styrene oxide isomerase and
phenylacetaldehyde dehydrogenase activities.Apathwayfor styrenedegradationvia
styrene oxide and phenylacetaldehyde to phenylacetic acid is proposed.

Applied and Environmental Microbiology (1990)56:1347-1351.
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Styrène degradation involvingstyrène monooxygenase

Styrène isused in large quantities by the chemical industry, mainly as a starting
material for synthetic polymers such aspolystyrene and styrene-butadiene rubber.
It is also used as a solvent in the polymer processing industry and consequently is
present in many industrial effluents. Airborne emissions of styrene often cause
problems, even at low concentrations (less than 1vpm), due to the malodorous
properties of the compound. Removal of styrene from industrial waste gases could
be accomplished byusingstyrene-degrading bacteria asbiocatalysts.Inviewof this
potential application, itisimportant to knowthe metabolic fate of the styrene that
istransformed bythe biocatalysts in order to prevent the possible accumulation of
more toxic styrene degradation products, e.g., styrene oxide.
Mammalian metabolism of styrene has been studied quite extensively inviewof
the intensive industrial use of styrene and its possible toxic and carcinogenic
properties (Vainio etal.,1982).The first step in the major pathway of mammalian
styrene metabolism is the oxidation to styrene oxide.
Knowledge concerning the microbial metabolism of styrene is very scarce. The
first attempt to isolate styrene-degrading microorganisms from more than 100soil
samples was unsuccessful (Omori et al, 1975).Subsequently, Sielicki etal. (1978)
described a styrene-utilizing mixed culture, and the isolation of pure cultures
degrading styrene wasfirst reported by Shirai and Hisatsuka (1979b) who isolated
31 strains. One strain, designated aPseudomonassp.,was studied in more detail.
On the basis of the detection of small amounts of styrene oxide when cells were
incubated in the presence of styrene, it was proposed that in thisPseudomonas
strain, styrene is degraded via styrene oxide (Shirai and Hisatsuka 1979a).
Biotransformation of styrene to styrene oxide bywhole cells has been described
previously (Higgins et al., 1979; Furuhashi et al., 1986). By usingMethylosinus
trichosporium OB3b cells, styrene oxide was the only product detected when this
methanotroph was incubated with styrene (Higgins et al., 1979). The oxidation is
probably a result of the broad specificity of the methane monooxygenase present
in these cells.Nocardia corallina B-276,which contains a monooxygenase acting on
a wide range of 1-alkenes, also forms styrene oxide from styrene (Furuhashi etal.,
1986).Oxidation ofstyrene to styrene oxidebycell-free extracts has been reported
for Methylococcus capsulatus(Bath) (Colby et al.,1977) and the propane-utilizing
Brevibacterium sp.CRL56(Hou etal.,1983).Styreneoxidation bycell-free extracts
of styrene-grown microorganisms has,to our knowledge, not been reported in the
literature.
Recently,wedescribed aXanthobacterspeciesisolated onstyrenethat contained
a novel styrene oxide isomerase activity which isomerized styrene oxide to
phenylacetaldehyde (Hartmans etal.,1989).Styrene transformation bywhole cells
of this strain was oxygen dependent, but we were not successful in resolving the
nature of the oxidation product. We therefore set out to isolate other styrenedegrading organisms. As we anticipated that styrene would be toxic at higher
concentrations, three different isolation methods were used inwhich relatively low
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concentrationsofstyrenewereemployed.Allthreemethodsresulted invariousnew
isolates.In addition to two fungal isolates, 14bacterial isolates,which appeared to
be morphologically different, were selected. In the new bacterial isolates, we
investigated the transformation of styrene. In most strains, we detected a novel
flavinadeninedinucleotide(FAD)-requiringstyrenemonooxygenase(SMO)activity
which formed styrene oxide.The SMO and styrene metabolism in one strain were
studied in more detail, and a degradative pathway for styrene is proposed.
MATERIALS AND METHODS
Isolationofstyrene utilizers. Styrene-degrading microorganisms were enriched either byadding5/J1
of styrene directly to an Erlenmeyer flask containing50mlof mineral salts medium with inoculum or
by adding 25 p\ of styrene to a test tube with 5 ml dibutyl phthalate which was placed in a similar
Erlenmeyer flask with 50 ml of mineral salts medium and inoculum. The mineral salts medium has
been described previously (Hartmansetal.,1989),and variouslocal soiland water samples wereused
as inoculum. The Erlenmeyer flasks (300 ml) were fitted with Teflon Mininert valves (Precision
Sampling) to prevent styrene evaporation. Flasks were incubated at 30°C on a shaker. After growth
was observed, 0.1mlof serial dilutions wasplated onto agar plates with mineral salts medium. Plates
were incubated in adesiccator containing aflask with2%(v/v) styrene indibutyl phthalate.The third
method used to isolate styrene-degrading microorganisms consisted of directly plating dilutions of
samples without prior enrichment onto agar plates with mineral salts medium and incubating these
plates inadesiccator inwhichstyrenewassuppliedvia thegasphaseasdescribed above.Coloniesthat
developed on the agar plates with styrene as the carbon source were isolated and checked for purity
by plating on yeast extract-glucose agar plates. The fungi were isolated from enrichment cultures
containing0.5mM styrene inmineral saltsmedium whichhadbeen adjusted to pH4.5bythe addition
of hydrochloric acid.
Growth conditions.Strains were subcultured once a month and grown at 30°Con mineral medium
agar slopes in a desiccator with anErlenmeyer containing2% (v/v) styrene indibutylphthalate. After
1 week, the agar slants were removed from the desiccator and stored at room temperature. Growth
experiments were performed using the mineral salts medium described previously (Hartmans etal.,
1989), with the carbon sources (Table 1) added aseptically at a concentration of 0.01% (w/v) after
sterilization of the mineral salts medium. Cultures were incubated at 30°Con a shaker (Hartmanset
al.,1989).Culture doublingtimeswithstyreneasgrowth substratewere determined bymonitoring the
absorbance increase at 660 nm with a Vitatron UPS photometer of cultures growing in a fermentor
with a working volume of 1litre at 30°C.Styrene was supplied via the gas phase by passing 10% (20
ml/min) of the total air flow (200 ml/min) into the fermentor through a bubble column containing
styrene which was kept at 20°C.Styrene-grown cells for the preparation of cell extracts of the strains
SI, S3, S4, S5, S6, S8,S9, and S14 were grown as batch cultures in the fermentor under the same
conditions as described above. Styrene-grown cells for the preparation of cell extracts of strains S7,
S10, Sil, and S12 were grown in 5-liter Erlenmeyer flasks as previously described forXanthobacter
strain 124X (Hartmans etal.,1989).
Cellswere harvested, concentrated, and washed withpotassium phosphate buffer by centrifugation
(Hartmans and de Bont, 1986) and were used directly to prepare cell extracts. Cell extracts were
prepared byultrasonication, anddialysis ofextractswasperformed with aSephadex G-25columnwith
50 mM potassium phosphate buffer, pH 7.0 (Hartmans and de Bont, 1986).
Experimentswithwholecells.Oxygen uptake experiments with washed cells were performed with
dilute suspensions of freshly harvested, washed cells (Hartmans etal.,1989).The incubation of strain
S5cells with styrene was performed as described previously for Xanthobacterstrain 124X (Hartmans
etal.,1989).
Enzyme assays.All assays were performed at 30°C by using extracts from freshly harvested cells.
Activities are expressed innanomoles of product formed (NADH or NADPH) or substrate consumed
(styrene or 0 2 ) min - 1 mg of protein -1 .
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Styrène monooxygenase (SMO) activity was measured by determining styrene consumption in the
headspace of 30-ml vials fitted with Teflon Mininert valves preventing styrene evaporation. The
reaction mixture consisted of cell extract (usually 5 to 10 of mg protein per 0.5 ml), 0.2 ml of a
solution containing 5 mM NADH or NADPH, and 0.1 mM FAD in water and potassium phosphate
buffer (50mM, pH 7.0) to a total volume of 2.0ml.The vial wasplaced in a shaking water bath, and
after 2 min the reaction was started by the addition of 0.1 ml of phosphate buffer saturated with
styrene. The temperature optimum of SMO was determined with the standard assay at different
temperatures. The pH optimum wasdetermined at 30°Cwith 50mM potassium phosphate buffers at
the desired pH.
Styrene oxide isomerase, 2-phenylethanol dehydrogenase [NAD(P)+-dependent], and
phenylacetaldehyde dehydrogenase [NAD(P)+-dependent] were assayed spectrophotometrically as
described previously (Hartmans et al., 1989). Phenazine methosulfate (PMS)-dependent 2phenylethanol dehydrogenase and phenylacetaldehyde dehydrogenase were assayed by determining
oxygen consumption rates as previously described (Hartmans etal.,1989).
Determinationofpartitioncoefficient.Thepartition coefficient ofstyrenebetweenairandmineralsalts
medium (Henry coefficient) was determined bymeasurement of the styrene content in the gas phase
ina series ofErlenmeyer flasks fitted withTeflon Mininert valves.The Erlenmeyers allcontained the
same amount of styrene and varying ratios of air-mineral salts medium. After equilibration at 30°C,
samples of the gas phase were analyzed, and the partition coefficient was calculated for all pairs of
Erlenmeyers by using the peak area determined by the integrator of the gas Chromatograph in
combinationwiththevolumesofthegasandliquidphases.Thedibutylphthalate-mineral saltsmedium
partition coefficient wasdetermined inasimilar waybyvaryingthe amount of dibutyl phthalate added
to Erlenmeyers containing afixedamount of mineral salts medium and styrene.
Analyticalmethods. Protein was determined by the method of Lowryetal.,(1951) by using bovine
serum albumin as the standard. Spectrophotometric assays were performed on a Perkin-Elmer 550A
spectrophotometer. Oxygenuptake experimentswere carried outbyusingabiological oxygenmonitor
(Yellow Springs Instrument Co., Yellow Springs, Ohio). Styrene was determined by gas
chromatographicanalysisofheadspacesamples (Hartmansetal.,1989).Reverse-phaseHPLC analysis
of styrene oxide, 2-phenylethanol, phenylacetaldehyde and phenylacetic acid was performed as
previously described (Hartmans etal.,1989).
Chemicals. Aromatic compounds were obtained from Janssen Chimica, Beerse,Belgium, except for
styrene oxide,benzene and mandelicacidwhichwere from E.MerckAG,Darmstadt, Germany.PMS
andstyreneglycolwerefrom EGAChemie,Steinheim,Germany.Biochemicalswerefrom Boehringer,
Mannheim, Germany,andSephadexG-25wasfrom Pharmacia, Uppsala,Sweden.Allother chemicals
were of analytical grade.

RESULTS AND DISCUSSION
Isolation of styrene-degrading bacteria
Thethreedifferent methodsdescribedintheMaterialsandMethodssectionwere
all successfully used to isolate styrene-degrading microorganisms from various soil
and water samples. In earlier experiments (Omori et al., 1975), 101 soil samples
weretestedbutno styrene-degrading microorganisms withstyreneascarbon source
at a concentration of 2% were isolated. This concentration is well above the
solubility of styrene in water of 1.5 mM at 25°C (Banerjee et al., 1980), and it is
therefore not surprising that no organisms were isolated under these conditions.
Recently, however, Pseudomonasputida IH-2000 was isolated in the presence of
30% (v/v) toluene (Inoue and Horikoshi, 1989).This solvent-resistant strain also
grew on a complex medium in the presence of high concentrations of styrene, thus
illustrating that high styrene concentrations are not always growth inhibiting.

Chapter7
From our results, it appeared that it is possible to isolate styrene-degrading
organisms very readily, provided low substrate concentrations are used. Styrenedegrading microorganisms are apparently very common in nature. This is not
surprising when it is realized that styrene is also produced in natural ecosystems
(Shirai and Hisatsuka, 1979b).Styrene concentrations in the aqueous phase of the
closed cultures were calculated using an air-mineral salts medium partition
coefficient (Henry coefficient) of 0.2and a dibutyl phthalate-mineral salts medium
partition coefficient of 2,000. Enrichment cultures set up with dibutyl phthalate as
a substrate reservoir (resulting in a styrene concentration in the aqueous phase of
about 22 ßM) as well as enrichment cultures with 0.01% (v/v) styrene added
directly to the mineral salts medium (resulting in a styrene concentration of about
0.5 mM in the aqueous phase after equilibration of styrene between the air and
aqueous phase), resulted in styrene-dependent growthwith all inocula used. It was
also possible to routinely obtain colonies of styrene-utilizing organisms by directly
platingsoilandwatersamplesonmineralsaltsmediumplateswhichwereincubated
in an atmosphere in equilibrium with a 2% (v/v) styrene in dibutyl phthalate,
resulting in a concentration of about 0.09 mM styrene in the aqueous phase of the
agar plates.
Although dibutyl phthalate itself can support microbial growth when added
directly to the growth medium, transfer of dibutyl phthalate via the gas phase, as
would be the case in our enrichment flasks, is apparently too slow to allow
substantial microbial growth. The vapour pressure for dibutyl phthalate is about
0.01Pa at25°C(Howardetal.,1985)whereasthevapourpressure for styreneat the
concentration used in the enrichment cultures 11 Pa (110 vpm), illustrating why
styrene transfer was much higher than dibutyl phthalate transfer. The solubility of
dibutyl phthalate in water at 20°Cis about 10ßM (Howard etal.,1985),which is
about half of the equilibrium concentration of styrene in the aqueous phase under
theenrichment conditions.Apparently,themasstransfer resistanceinthegasphase
is rate limiting for dibutyl phthalate transfer to the aqueous phase. An organic
solvent as a reservoir for toxic compounds in enrichment experiments offers the
advantageous possibility of achieving relatively high biomass concentrations at low
substrate concentrations inthewater phasewithout havingto continuously monitor
and adjust the substrate concentration.
By using the three different methods, many different isolates were obtained.
Fourteen bacterial isolates that appeared to be morphologically different after
growth on agar slants were selected for further study.They were designated strains
SI to S14. Organisms with a macroscopic morphology similar to that of strain SI
werepresent in all enrichment cultures.The strains S6,S8,S9,and S12were Gram
negative and motile. All other bacterial isolates were Gram positive. Further
identification of the isolated bacteria was not attempted. Two styrene-degrading
fungi were also isolated, but not further studied.
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Growth experiments
The doubling time of strain SI with styrene as the carbon source was 4.6 h.
Strains S2, S7,S10, and Sil formed clumps during growth in liquid cultures, thus
preventing a reliable determination of growth rates. Strains S2,S3,S4,S5,S6,S10
and S13were isolated from inocula spread directly onto agar plates and incubated
with styrene.The doubling timeswith styrene asthegrowth substrate ofthe strains
isolated directly from agar plates (S3and S4,5.6 h; S5,3.4 h; S6,4.4 h; and S13,9
h) did not differ significantly from the values obtained for the strains which were
isolated from the enrichment cultures (S8,2.5 h; S9,3.9 h; and S14,7.5 h).We did
not determine the doubling time of strain S12aswe did not succed ingrowing itin
thefermentor. Allthenewisolatesgrewfaster withstyreneasgrowthsubstrate than
did the previously described Xanthobacter strain 124X (Hartmans et ah, 1989),
which has a doubling time of 19h.
Tofurther characterizethenewisolates,growthexperimentswereperformed with
various aromatic compounds as the sole source of carbon and energy (Table 1).
Apart from styrene, all strains utilized styrene oxide and 2-phenylethanol as a
growth substrate. Strain S3 was the only strain that could utilize all aromatic
compounds tested as the growth substrate. This strain also utilized the polycyclic
aromatic compounds anthracene, phenanthrene, and pyrene as sole sources of
carbon and energy.
TABLE 1.Ability of carbon sources to support growth of styrene-utilizing strains.
Growth by strain3:
124X SI S2 S3 S4 S5 S6 S7 S8 S9 S10 Sil S12 S13 S14
Substrate

Styrene

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Styrene oxide

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

2-Phenylethanol

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

1-Phenylethanol

+

+

+

+

+

-

-

-

-

-

-

+

-

+

-

Acetophenone

-

+

+

+

+

+

-

-

-

-

-

+

-

+

-

Styrene glycol

-

+

-

+

-

-

-

-

-

-

+

+

+

+

-

Ethylbenzene

+

-

-

+

-

-

-

-

-

-

+

-

-

-

-

Toluene

+

-

-

+

+

+

-

-

-

-

+

+

-

-

-

Benzene

-

-

+

-

-

-

+

-

+

+

-

-

-

-

a

-

+ good growth, ± slight growth, - no growth.
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Oxidation of potential intermediates of styrene degradation
Respirationexperimentsusingsuspensionsofstyrene-growncellswere performed
to get an indication of possible intermediates of styrene metabolism. The addition
of styrene oxide and phenylacetaldehyde resulted in an increase in the rate of
oxygen consumption with all strains. Phenylacetic acid was oxidized by all strains
except for strain S3. This strain, however, was the only one which oxidized
acetophenone and ethylbenzene. Styrene glycol was not oxidized by any of the
strains. The above results indicate that, with the exception of perhaps strain S3,
whichmay attack styrene on the aromatic moiety of the molecule, all strains could
degrade styrene via styrene oxide,phenylacetaldehyde, and phenylacetic acid.
With all strains tested, styrene degradation bysuspensions of styrene-grown cells
was inhibited under an atmosphere of nitrogen gasbut could be restored after the
addition of oxygen.Thisindicated that styrene isinitiallyattacked byanoxygenasetypeenzyme,possiblyresultinginstyreneoxideformation. Toprovide evidencethat
styreneisoxidized tostyreneoxide,experimentsusingcellextractswere performed.
Styrene degradation in cell extracts
Styrene degradation incrude extractswastested inallstrains except instrainsS2
and S13.In the presence of NADH, styrene degradation was detected in all crude
extractstestedwiththe exception of extractsfrom strains S3,S14andXanthobacter
strain 124X.In some cases,activitywas alsopresent in the absence of exogenously
added NADH, possibly because sufficient NAD or NADH was already present in
these extracts. With crude extracts from strain S14, styrene degradation was
observed only if NADH was replaced by NADPH. With extracts from strains SI,
S5,S8,S9,S10,S12,and S14,itwas shown that styrene degradation bycell extracts
was also dependent on the presence of molecular oxygen. To further assess the
dependency of the reaction on the presence of NADH or NADPH, extracts of a
number of strains were dialyzed. By using these dialyzed extracts, styrene
consumptionwasnolongerdetected.Apparently,besidesbothNADH(orNADPH)
and molecular oxygen, another low-molecular-weight component is required for
enzymic activity.
By adding FAD to the assay mixture, styrene degradation activity of dialyzed
extracts was restored. In this manner, it was possible to detect NADH-, 0 2 - and
FAD-dependent styrene oxygenase activity in dialyzed extracts prepared from
styrene-grown cells of strains SI, S4, S5, S6, S8, S9, S10, Sil and S12. Styrene
oxygenaseinstrainS14differed from theactivityintheother strainsinthat,besides
FAD, it had an absolute requirement for NADPH instead of NADH. NADPH
could not replace NADH in the styrene oxygenase assay of extracts derived from
the other strains.
Styrene degradation in strain S5
It was decided to examine styrene degradation in more detail in strain S5.This
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nonmotile,Gram-positive organismformed pinkcoloniesonagarplates.Incubation
ofasuspension ofwashed, styrene-grown cellswith styreneresulted inthe transient
accumulation of phenylacetic acid (Fig. 1). We also attempted to detect product
formation in crude extracts. To determine the optimal conditions for styrene
degradation in crude extracts, the pH and temperature optima of the assay for
styrene oxidation were determined
(Fig.2).The optimawere closeto the
conditions already used in the assay
for SMO activity. Incubation of
mM
dialyzed cell extracts with styrene in
1.5-1
the presence of NADH, FAD, and
molecular oxygen revealed styrene\
dependent accumulation of three
aromatic compounds. On the basis of
\
retention timeandUV-spectrum upon
1.0HPLC analysis of the reaction
mixture, phenylacetaldehyde, 2\
phenylethanol and phenylacetic acid
were identified. No styrene oxide
0.5\
(phenyloxirane) or any hydroxy
\
styrènes, which would result from
chemical rearrangement of arene
oxides formed as a result of
epoxidation of the aromatic ring,
20
40
could be detected. That styrene oxide
t (min)
was the initial oxidation product of
styreneis,however, inagreementwith
the formation of the detected
FIG.1.Transient accumulation of phenylacetic
compounds.Crude extractsofstyreneacid ( O ) from styrene ( • ) bywashed cells
of strain S5(1 mg protein per ml).
grown cells contained a high styrene
oxide isomerase activity (Hartmanset
al, 1989), which transforms any styrene oxide produced to phenylacetaldehyde.
CrudeextractsalsocontainedNAD+-dependent2-phenylethanoldehydrogenaseand
NAD+-dependent phenylacetaldehyde dehydrogenase (Table 2). These three
enzymic activities would result in the transformation of any styrene oxide formed
from styrene into the three aromatic compounds detected. Besides an NAD + dependent phenylacetaldehyde dehydrogenase, NADP+- and PMS-dependent
phenylacetaldehyde dehydrogenase activitieswerealsopresent incellextracts from
styrene-grown cells (Table 2).
The above results suggest a degradative pathway of styrene involving an initial
epoxidation to styrene oxide, which is subsequently isomerized to
phenylacetaldehyde and oxidized to phenylacetic acid. The proposed pathway for
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styrène degradation in strain S5 is shown in Fig. 3 and is based on simultaneous
adaptation experiments, the transient accumulation of phenylacetic acid (Fig. 1),
and the presence of the required enzymic activities (Table 2).The involvement of
phenylacetic acid in bacterial styrene metabolism has been proposed previously
(Baggi etal.,1983;Sielicki etal.,1975),but evidence concerning the involvement

nmol min"1(mg protein)" 1
6-

nmol min"1(mg protein)" 1
6-

r\
2-

- 1 —

20

30

40

pH
FIG. 2. Specific acitivities of styrene monooxygenase in crude extracts of strain S5as a
function of pH (A) and temperature (B).
TABLE 2. Enzyme activities in cell-free extracts of styrene-grown strain S5.

Enzyme

Specific activity (nmol min 1mgprotein)"1

Styrene monooxygenase
Styrene oxide isomerase
Phenylacetaldehyde dehydrogenase
PMS-dependent
NAD+-dependent
NADP+-dependent
2-Phenylethanol dehydrogenase
PMS-dependent
NAD+-dependent
NADP+-dependent

7
395
132
162
25
0
0.5
0.3

of styrene oxideasanintermediate inbacterial styrenemetabolism isnot available.
Shirai and Hisatsuka (1979a) detected styrene oxide in the culture broth of a
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Pseudomonas species degrading styrène and isolated 2-phenylethanol from wholecell incubations with both styrene and styrene oxide.These authors suggested that
styrene was transformed by a monooxygenase to styrene oxide, which was then
reduced to2-phenylethanol.Consideringour results,itwouldseempossiblethat the
reduction of styrene oxide to 2-phenylethanol as observed byShirai and Hisatsuka
(1979a) proceeds in two steps involving phenylacetaldehyde as an intermediate.
The further metabolism of phenylacetic acid was not investigated, although
several potential intermediates of phenylacetic acid metabolism were tested as
growth substrates. Mandelic acid and 4-hydroxyphenylacetic acid did not support
growth of strain S5,whereas 2- and 3-hydroxyphenylacetic acid did.

A
HC=CH2

HC—CH2

S
H2C-CH

<*
H 2 C-C

FIG. 3.Proposed pathway of styrene metabolism in strain S5.

The oxidation of styrene to styrene oxide has been demonstrated previously by
using crude cell extracts from the propane-utilizing Brevibacterium sp.strain CRL
56(Hou etal.,1983)and themethylotroph Methylococcus capsulatus (Bath) (Colby
et al., 1977).The SMO activity present in styrene-degrading bacteria differs from
these monooxygenases and alkene monooxygenase (de Bont and Harder, 1978) in
its dependence on FAD for enzymic activity. The methane, alkane, and alkene
monooxygenase activities can be easily determined by analyzing the rate of 1,2epoxypropane formation from propene. Whole cells of strain S5 containing SMO
activity did not oxidize propene, further indicating that SMO differs from the
bacterial monooxygenases described byothers.The requirement of FAD for SMO
activityindicatestheinvolvementofaflavoprotein instyreneoxidation.Mostknown
bacterialflavin-dependent monooxygenasesonlyperform hydroxylationreactionson
theringofsubstituted aromaticcompounds(Müller, 1985).Toourknowledge,there
are no flavin-dependent monooxygenases that epoxidate alkenes (Walsh and Jack
Chen, 1988). SMO could thus appear to be a flavoprotein with a novel catalytic
activity.
The previously describedXanthobacterstrain 124X (Hartmans et al.,1989) and
strain S3 were the only strains in which no SMO activity was detected. Styrene
metabolisminthesestrainspossiblyproceedsviaaninitialoxidationofthe aromatic
nucleus. An oxidation of this type has previously been proposed for a styrenedegrading Nocardia species in which styrene was apparently degraded via a
dihydrodihydroxy derivative with the side chain still intact (Andreoni etal.,1978).
Although styrene oxide is probably an intermediate in the styrene degradation
pathway of most organisms, we could not detect the accumulation of this toxic
compound in growing cultures or in suspensions of washed cells incubated with
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styrène. Apparently, styrène oxide isomerase activities are sufficiently high to
prevent such an accumulation. On the basis of these observations, it would seem
that application of styrene-degrading bacteria in processes for the biological
treatment of waste gases containing styrene will not result in the accumulation of
the more toxic styrene oxide.
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CHARACTERIZATION OFAMYCOBACTERIUMSP.ANDAXANTHOBACTER SP.
FORTHEREMOVAL OFVINYL CHLORIDEAND 1,2-DICHLOROETHANE
FROMWASTEGASES

S. Hartmans, A. Kaptein, J. Tramper and J.A.M. de Bont

Mycobacterium aurum LI and Xanthobacterautotrophicus GJ10 were characterized with respect to their potential use in the biological treatment of waste gases
containing vinyl chloride and 1,2-dichloroethane.Vinyl chloride at a concentration
of 125 g/m3 in the gas phase was not toxic but 1,2-dichloroethane at 22 g/m3
already resulted inadecreased growth rate.Kineticpropertiesofwashed cellswere
determined and chemostat cultures were run to optimize the medium for vinyl
chloride removal. Using a mixed culture of the two strains, simultaneous removal
and mineralization ofvinylchloride and 1,2-dichloroethanewasdemonstrated. The
affinity constants of growing cells found for the two substrates are, however,
significantly higher than themaximalallowable concentrations ofvinylchlorideand
1,2-dichloroethane in waste gases.
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Vinyl chloride and 1,2-dichloroethane removal

Vinyl chloride (VC) is mainly produced by dehydrochlorination of 1,2dichloroethane (DE). Inevitable losses of VC and DE to the environment occur
during this process and also in the subsequent polymerization of VC to polyvinyl
chloride (PVC).
VCis carcinogenic in humans and DE is a suspected carcinogen. Legislation on
the maximal allowable concentrations of these pollutants in industrial waste gases
isconsequently strict.For instance inthe Federal Republic ofGermany, according
to the TA-Luft, the maximal allowable concentrations of VC or DE in waste gas
may not exceed 5 mg/m3 (Anonymous, 1986).
Biological treatment of waste gases containing low concentrations of pollutants
has been advocated as a cost-effective method (Ottengraf, 1986). We have
previously demonstrated effective removal of dichloromethane from waste gases
using a trickle-bed bioreactor (Hartmans and Tramper, 1991).
TheVC-utilizingMycobacterium aurumLI (Hartmansetal, 1985;Hartmans and
de Bont, 1992) and the DE-utilizingXanthobacterautotrophics GJ10 (Janssen et
al, 1985) have been previously described. In the present investigation we have
evaluated the possibility of using these organisms in the biological treatment of
wastegascontainingVCandDE.Growthconditions,substrateandproducttoxicity,
kineticproperties and mass-transfer aspectshavebeenstudiedusingbothbatch and
chemostat cultures.
MATERIALS AND METHODS
Maintenanceand cultivation of strains. Mycobacterium aurum LI (DSM 6695) was maintained on
mineral salts medium (MSM) agar plates at 30°C, which were incubated for about 1 month in a
desiccator containing about 1% (v/v) VC in the gas phase. Plates were sealed with paper adhesive
tape. This usually prevented contamination of the plates with fungi during the prolonged incubation
in the desiccator and also reduced evaporation of water during subsequent storage outside the
desiccator. Subculturing was routinely performed every 2 - 3 months. MSM contained per litre
deionized water 3.88g K 2 HP0 4> 2.13gNaH 2 P0 4 .2H 2 0, 2.0 g (NH 4 ) 2 S0 4 , 0.1gMgCl2.6H20, 10mg
EDTA, 2 mg ZnS0 4 .7H 2 0, 1 mg CaCl2.2H20, 5 mg FeS0 4 .7H 2 0, 0.2 mg Na 2 Mo0 4 .2H 2 0, 0.2 mg
CuS0 4 .5H 2 0, 0.4 mg CoCl2.6H20 and 1 mg MnCl2.2H20. In chemostat cultures a lower buffer
strengthwasusedwith1.55gK 2 HP0 4 and0.85gNaH 2 P0 4 .2H 2 0 perlitre.Xanthobacterautotrophicus
GJ10(ATCC43050)wasmaintained onyeast-extract glucoseagar slants(Habets-Crützenetal., 1984).
Growth experiments. Growth experiments with VCand DE were performed at 30°C in Erlenmeyer
flasks with a total volume of 300 ml containing 100ml MSM and sealed with Teflon Mininert valves.
If onlyVCwas used as substrate, rubber septa could also be used.Growth rates were determined by
monitoring substrate depletion curves (Hartmans and Tramper, 1991).
Continuous cultures were run at 30°C in a 3-litre Applikon fermentor with a working volume of 2
litres.The pH was kept at 7.0 using 1M NaOH and the impeller speed was 750rpm. Dilution rates
weredetermined bymeasuring theratewithwhichliquid from thefermentor accumulated inthewaste
vessel.VC-in-air mixtureswere supplied to the fermentor usingBrooks 5850TR Mass-Flow Controllers (Rosemount, Schiedam, The Netherlands). DE-in-air mixtures were prepared by mixing air
saturated with DE with pure air. DE-saturated air was prepared by passing air at a controlled rate
through a bubble column containing DE. The temperature of the bubble column was kept constant
at 20°C.
DE degradation bywashedwholecells.Experiments withwhole cells were performed with biomass
harvestedfrom thechemostat operated at adilution rateof0.02h'1. Cellswere harvestedby centrifugation, washed with 50 mM phosphate buffer pH 7.0 and stored at -20°C until required. DE
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degradation rates were determined by analyzing headspace samples from 300 ml flasks fitted with
Teflon Mininert valves containing cells in 50ml phosphate buffer, pH 7.0.The flasks were incubated
at 30°Cin a shaking water bath.
Analytical methods. VC and DE were determined by analyzing 100 /il headspace samples on a
Packard 430gasChromatograph fitted witha stainless-steel Porapak R column (100-120mesh, 110cm
x 1/8" i.d.) and a flame ionization detector.The oven temperature was 180°Cfor analysis of VC and
210°Cfor analysis of DE.The carrier gaswas N2 at 20ml/min. VC-in-air calibration standards were
prepared by adding a precise volume of VC to serum bottles sealed with rubber septa and wrapped
in aluminum foil. DE-in-air calibration standards wereprepared byadding an exact amount of DE to
flasks partlyfilledwithMSM (withNaN3 toprevent bacterial growth) and fitted withTeflon Mininert
valves (Precision Sampling).With the partition coefficient (0.056at 30°C) and the volumesof the two
phases in such a flask, the DE concentration in the gas phase can be calculated. Chloride-ion
concentrations were determined with a Marius micro chlor-o-counter (Marius, Utrecht, The
Netherlands).Proteinwasdetermined asdescribed byHabets-Crützenetal.,(1984).Dryweightswere
determined after drying at 105°C.
Determination ofpartition coefficients. Gas/liquid partition coefficients weredetermined inasimilar
wayasthe EPICS method (Equilibrium Partitioning In Closed Systems) described byGossett (1987).
Briefly, this involved the measurement of the VC or DE content in the gas phase of a series of
Erlenmeyer flasks fitted withTeflon Mininert valves.Theflasksallcontained the same amount ofVC
or DE and varying ratios of air/MSM. After equilibration at 30°C, samples of the gas phase were
analyzed and the partition coefficient wascalculated for allpairsofErlenmeyersflasks usingthe peakarea determined bythe integrator of the gas Chromatograph in combination with the volumes of the
gaseous and aqueous phases.For VCand DE valuesof 1.25 and 0.056,respectively, were determined
at 30°C for the dimensionless partition coefficient ([kg m - 3 air]/[kg m - 3 liquid]).
Chemicals.Vinyl chloride (chloroethene) with a purity of 99.95% was obtained from HoekLoos,
Schiedam, The Netherlands and 1,2 dichloroethane >99.8% was from Janssen Chimica, Beerse,
Belgium. Other chemicals were from Merck, Darmstadt, Germany.

RESULTS
Substrate and product toxicity
The concentrations of DE and VC in the liquid phase during start-up of a
bioreactor are in equilibrium with the concentrations in the waste gas and may
reach inhibitory levels.
We therefore tested the effect of different concentrations of VC and DE on the
growth of strains LI and GJ10. VC up to 125 g/m3 in the gas phase did not
influence the growth rates of strain LI on VCand strain GJ10on DE respectively.
In contrast, the growth rate of strain LI growing on VCwasreduced byabout 50%
with 22 g/m3 DE in the gas phase and no growth was observed with 45 g/m3 DE
in the gas phase. Strain GJ10 grewwell at an initial DE concentration of 22 g/m3
in the gas phase (4 mM). Higher concentrations were not tested.
Biodegradation of chlorinated hydrocarbons is accompanied bythe formation of
hydrochloric acid. Subsequent neutralization with sodium hydroxide results in the
accumulation ofsodiumchloride.Sodiumchlorideuptoaconcentration of 100mM
did notinfluence thegrowth rate ofstrainLI onVC,while thegrowthrate of strain
GJ10onDEwasreduced from 0.066to0.03IT 1inthepresence of 100mM sodium
chloride.
Kinetic parameters
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The growth rate of strain LI with VC increased upon prolonged subculturing on
VC. Depending on the history of the culture the growth rate varied between 0.03
and 0.06 h _1 . Cells taken from the chemostat which had been run for more than 2
months under VC limitation at dilution rates varying between 0.013 and 0.025 h" 1
exhibited agrowth rateof0.04h"1.The Michaelis-Mentenconstant (KM)of3.2juM
for VC of washed cells of strain LI was determined previously from initial
degradation velocities at different VC concentrations (Hartmans etal, 1985).
Usingwashed cellsof strainGJ10 aKMof0.65mMwasdetermined for DE from
initial DE-degradation rates at DE concentrations ranging from 0.2 to 5 mM. At
initial DE concentrations between 1and 5mMthe Lineweaver-Burk plot deviated
from the straight line, suggesting substrate inhibition. The apparent maximal
velocity (Fmax) was 167 nmol min -1 mgprotein -1 but the highest degradation rate
actually measured was only 85 nmol min -1 mg protein"1.
An estimate of the substrate concentration constant (Ks) of strain GJ10 growing
on DE was made from a DE depletion curve in a closed culture. The method is
based on the assumption that the substrate to biomass conversion ratio is
independent ofthegrowthrate.DE-depletionwasfollowed byanalyzing headspace
samplesatregular intervals.Towardstheend oftheexperiment sampleswere taken
everyhour.From thesedatathesubstrateconsumption rate {AS/At) was calculated
atdifferent concentrations ofDE. Growthrateswerecalculatedbydividing (AS/At)
bythe amount ofsubstrate consumed at that point.Nocorrectionwasmade for the
inoculum, which was less than 1% of the amount of biomass formed after all the
DE had been consumed. Plotting the calculated growth rates against the
corresponding DE concentrations in a Lineweaver-Burk plot gave Fig. 1.
80 -i

1/[DE]{mM
FIG. 1. Lineweaver-Burk plot of growth rates at various DE concentrations for
Xanthobacterautotrophics GJ10 growing on DE in a closed culture.
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This plot gives a Ks of 0.53 mM and an apparent Mmax°f 0-093h l . Plotting the
same data in an Eadie-Hofstee plot gave aKs of 0.63 mM and an apparent/x„
0.106 h -1 .
Chemostat cultures ofMycobacterium aurum LI
To assure areliable long-term operation of abioreactor for waste-gas treatment
the biocatalytic activity should be maintained by growth insitu to compensate for
death, inactivation or wash-out. Chemostat cultures can be used to determine the
relationship between substrate concentration and growth rate. For a chemostat
culture operated at a dilution rate of 0.012 h"1, we previously reported 93%VCremoval from air containing 1%VC (v/v),which passed through the fermentor at
a rate of 1.2 h _1 (0.02 wm) (Hartmans et al, 1985). Subsequent experiments,
however, indicated that VC removal was not mass-transfer-limited but that some
component of the mineral salts medium was growth-limiting.
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FIG. 2. Effect of FeS0 4 .7H 2 0 additions on VC removal by M. aurum LI in a
continuous culture of 2 1 at a dilution rate of 0.02 h - 1 aerated with air
containing45g/m 3 VCat arateof40mlmin - 1 . At (A) 5mgFeS0 4 .7H 2 0 was
added tothe cultureand at (B) 9mgFeS0 4 .7H 2 0 wasadded to theculture and
the medium reservoir was supplemented with an additional 5 mg/1 FeS0 4 .7H 2 0.

Comparison ofthepreviouslyused mineral saltsmedium (Hartmansetal, 1985),
which contains 0.2 ml/1of the Vishniac and Santer trace element solution, with a

of
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number of media described in the literature revealed that iron would most likely
be the limiting component. It was also observed that the trace element solution
described by Vishniac and Santer (1957) contained a lot of zinc.This is, however,
apparently based on a misprint. The zinc concentration should actually be tenfold
lower (Robertson andKuenen, 1983).Figure2showsthat theaddition ofextra iron
to a chemostat culture results in much better VC removal.
Based on these observations a new medium was formulated with 5 mg/1
FeS0 4 .7H 2 0 and 2 mg/1ZnS0 4 .7H 2 0, compared to 1and 4.4 mg/1,respectively,
in the previously used medium.
Using the improved mineral salts medium, much lower VC concentrations were
obtained with the chemostat cultures. Figure 3 shows the reciprocal outlet
concentration of VC as a function of the reciprocal dilution rate for a number of
steady states with strain LI. The apparent Ks derived from Fig. 3was identical to
theKM of washed cells for VC at 100ppm (250mg/m3) in the gas phase.

0
2
1/[VC](m 3 /g)
FIG. 3. Lineweaver-Burk plot of VC concentration in outlet air versus dilution rate at
steady states of M. aunun LI chemostat cultures.

Inactivation of vinyl chloride degradation
Another aspect of VC degradation requiring further investigation was the
previously observed inactivation of washed cells degrading VC (Hartmans et al,
1985).Using a much higher biomass density (5.3mg/ml) thanwasused previously,
a much more rapid inactivation of VC degradation was observed. Only 7% of the
initial activity remained after 60 min, probably as a result of the formation of the
epoxide of VC (chlorooxirane) or its rearrangement product chloroacetaldehyde
(Hartmans and de Bont, 1992).These compounds are both very reactive alkylating
agents (Malaveille etal, 1975).
Moreover, on several occasions inactivation of the VC-degrading population in
the continuous culture was observed after an interruption in the VC supply to the
culture.Figure 4shows the observed VC conversion upon restoring the VC supply
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to a continuous culture ofM. aurum LI andX. autotrophicus GJ10 that had been
without VCfor 9hours (indicated bybar Bin Fig.5).Thebroken lineindicates the
theoretical outlet concentrations thatwould be observed if no VCwas transformed
after the VC supplywasrestored. Shorter interruptions in the supply of VCdid not
usually result in complete inhibition of VC transformation but a temporarily
reduced VC conversionwas always observed. Figure 5showsthe time required for
the culture to regain the original VC elimination efficiency. DE removal was only
slightly affected bythe interruption inthe VCsupply.The lower DE conversion on
days6-8,compared to theconversion on day 1,isdueto theincrease inthe dilution
rate on day 1(indicated by arrow A in Fig.5).
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FIG. 4. VCoutletconcentration uponrestoringtheVCsupplytoacontinuous coculture
of M. aurum LI andX. autotrophicus GJ10 after 9 h without VC. The broken
line indicates the theoretical outlet concentration that would be observed if no
VC was transformed after restoring the VC supply.

Simultaneous removal ofVC and DE
Several steady states of chemostat cultures containing both strains LI and GJ10
and supplied with a mixture of VCand DE were obtained. Table 1shows the data
for two such steady states.The presence of strain GJ10 and DE did not influence
VC removal, as could be expected from the batch experiments.
DISCUSSION
Although DE already affects the growth rate of strain LI significantly at a
concentration of 4 mM, the corresponding concentration in the gas phase of 22
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g/m3 is much higher than the levels that will routinely be encountered in waste
gases containing DE.Therefore it isnot expected that substrate toxicity will cause
any problems in the biological removal of DE and VC from waste gases.
Sodium chloride ataconcentration of 100mMalready had asignificant effect on
the growth rate of strain GJ10 with DE. Therefore an efficient bioreactor for DE
removal should incorporate biomass retention allowing wash-out of chloride ions.
Application of a trickle-bed bioreactor as we have previously demonstrated for
dichloromethane removal from waste gas (Hartmans and Tramper, 1991) seems
logical.Diksand Ottengraf (1991),however,reported that strain GJ10did not form
a stable biofilm in the trickle-bed bioreactor that they studied.

4
6
time(days)
FIG. 5. Effect of an interruption in the VC supply of 9 hours (indicated by bar B) on
VC ( • ) and DE (O) conversion of a continuous culture with strains LI and
GJ10.Aeration wasat a rate of 11.6h~ 1 with air containing 4.65g/m VC and
2g/m 3 DE.At point A the dilution rate waschanged from 0.013to 0.018 h" 1 .

The most important parameter with respect to the biodégradation of
contaminants to very low concentrations is the substrate affinity constant. In our
view a stable system for waste gas treatment requires in situ regeneration of the
biocatalyst i.e. in situ growth should be possible. The Ks for a particular growth
substrate givesan indication of the substrate concentration range required for good
growth.Ks values are usually determined using chemostat cultures by determining
the concentration of the growth-rate-limiting substrate at different dilution rates.
For growth on VC with the medium that we used previously (Hartmans et al,
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1985),weobserved that VCconcentrations inthe air from the chemostat increased
withanincrease intheamount ofVCsupplied tothefermentor, suggestingthat VC
wasnot thegrowth-limiting substrate.Asillustrated in Fig.2,ironproved tobe the
limiting component inthegrowth medium.The positive effect of addingironto the
mineral salts medium could be a reflection of the requirement of iron by the
enzyme involved in the initial transformation of VC (alkene monooxygenase), but
could alsoindicate thatM. aurumLI isrelativelyinefficient at scavengingiron from
its environment. The latter would seem to be the case based on the data for
Mycobacterium smegmatis, which contains 5-8 /jmol ironper gram dryweight when
grown under iron-sufficient conditions (McCready and Ratledge, 1978). The
previouslyusedmedium contains3.5ßM ironand theculture onlycontained 0.3g/1
biomass (dryweight) under the iron limiting conditions (Fig.2).Therefore avalue
of almost 12Mmol ironper gramdryweightwould havebeen attainable ifstrain LI
would have taken up all the iron present in the medium.
Using the improved medium strain LI was grown VC-limited in the chemostat
at various growth rates. The Lineweaver-Burk plot using gas-phase VC
concentrations from chemostat steady states (Fig. 3) gave an apparent Ks of 250
mg/m3 VC in the gas phase and a nmax of 0.04 h"1. However, this method of
estimating theKs requires some discussion.
AsVC istransferred from the gas phase to the liquid phase a driving force must
be present, i.e., the liquid-phase concentration is not in equilibrium with the gasphase concentration, but is lower. The magnitude of this difference is, however,
difficult to estimate, as exemplified by the following.
Intheclassicalapproachtomasstransfer infermentors, mainlyapplied tooxygen
transfer, thegasphaseisassumed tobeideallymixed and masstransfer isdescribed
with the following equation in which the outlet gas concentration isused for CG.
Specific Mass Transfer Rate = kLA x (C G /m - CL)
where k^A = volumetric mass transfer coefficient, CG = gas-phase concentration,
m = partition coefficient and CL = liquid-phase concentration. For oxygen m is
high (34) and only a small percentage of the oxygen in air is transferred.
Consequently the outlet oxygen concentration can be used for CG as this will not
differ muchfrom the actualaverageCG.Thisassumptionis,however,not applicable
for gas/liquid transfer of components with a (much) lower partition coefficient. In
the latter case conversions of more than 99% can be observed and if an ideally
mixed gas phase is assumed, extremely high values for kLA would be required to
explain the observed mass transfer rates.For example for the situation in Table 1,
for the outlet VCconcentration of225mg/m3, akLAof 0.079s _1wouldbe required
assuming that the gas phase is ideally mixed and the liquid-phase concentration is
zero. This is about five times higher than the estimated kLA for VC of 0.017 s"1
calculated from experimentally determined khA values for oxygen and ethene
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assumingareciprocalrelationshipbetweenvaluesanddiffusion coefficients inwater
(unpublished results). Furthermore, the assumption that the VC concentration in
the liquid phase iszeroisnot realistic,indicating that thevalue of 0.079s"1forkLA
isa minimal value for the situation inwhich the gasphase isassumed tobe ideally
mixed.Therefore, the gasphase cannot be assumed tobe ideally mixed.The other
extreme,wouldbe to assume that thegasflow through the fermentor iscompletely
plug flow. If this is assumed for the same data in Table 1the average gas-phase
concentrationwouldbe the logarithmicaverage (1.466g/m3) oftheinlet and outlet
concentrations. If the liquid-phase concentration is assumed to be in equilibrium
withthe outlet VCconcentration akLAvalue of0.014s _1would berequired, which
is quite close to the value of 0.017 s"1 calculated from the other kLA data. If plug
flow and a liquid-phase concentration of zero would be assumed, a kLA of only
0.012 s _1would be required to result in the observed outlet concentration.

TABLE 1.

D
1

Gas phase concentrations at steady-state conditions of chemostat
cultures withM. aurum LI andX. autotrophics GJ10 growing on
vinyl chloride and 1,2-dichloroethane.
0V

VCin
1

VC out
3

3

DE in
3

DE o u t
3

Chloride

(h" )

(h" )

(g/m )

(g/m )

(g/m )

(g/m )

Recovery (%)

0.0127

11.5

4.67

0.225

1.98

0.455
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0.0184

11.5

4.63

0.238

2.14

0.87
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D, Dilution rate; <pw ,Specific air flow; VC and DE, concentrations in the gas phase.

These calculations demonstrate that the gas phase in our fermentor is far from
ideallymixed.The actual liquid concentrations are of course lower than the values
calculated from the outlet concentrations in the gas phase, but it is difficult to
estimate how large the differences are. It is therefore rather fortuitous that the
Lineweaver-Burk plot using the outlet gas-phase concentrations gives an apparent
Ks of 3.2 mM which is equal to the value determined for theKM of washed cells.
The actual value will probably be slightly lower.
The value of 0.53 mM for theKs of strain GJ10 for DE that we estimated from
a batch growth experiment is reasonably close to the value of 0.26 mM recently
reported by van den Wijngaard et al., (1991). These authors used the more
conventional method employing chemostat cultures to determine this value. The
Mmax reported by van den Wijngaard et ai, (1991) for growth of GJ10 is slightly
higher at 0.104 h"1 than our value of 0.094 h"1.This difference could be due to the
presence of vitamins in the growth medium of van den Wijngaard et al, (1991).
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Determination of the pmax for growth with DE is, however, rather difficult to
perform as thesubstrate isalready toxicat concentrations of about 20times theKs.
Using the kinetic parameters Ks = 0.53 mM and Mmax = 0.094 h"1, DE
concentrations for the chemostat cultures can be calculated. For the two dilution
rates inTable 1the corresponding DE outlet concentrations, assuming equilibrium
between thegaseousand aqueous phase,would be 0.46and 0.72g/m3, respectively.
These values are very close to the experimentally determined values (Table 1).
VandenWijngaard etal., (1991)recentlydescribed twonewDE-degrading strains
containing the same dehalogenase as strain GJ10. These new strains, however,
containrespectivelyabout 2-and 15-fold higherlevelsofthedehalogenase.TheKM
ofthepurified dehalogenase wasreported tobe 0.63mM,which isverycloseto the
value of 0.65 mM that we determined for washed cells of strain GJ10. These new
strains had apparent Ks values of 0.23 mM and 0.03 mM, respectively (van den
Wijngaard etal.,1991).
The method wehave used to determine theKs of strain GJ10 for DEwith closed
batch cultures would seem generally applicable for bacteria with a high Ks in
relation to the detection limit of the substrate being studied. Especially for
substrates that can be analyzed by simple headspace analysis the method is very
suitable.Agoodwater solubility (lowpartition coefficient) is,however,required to
assurethat thegasand liquidphasesareinequilibrium.Furthermore,itisadvisable
to use initial substrate concentrations that are not too high to avoid high biomass
densities resulting in relatively high substrate consumption rates at the end of the
growth experiment. This method isnot suitable for the determination oftheKs for
VC as this compound has a much higher partition coefficient than DE.
The reduced VC transformation observed after an interruption in the VC supply
to the chemostat culture (Figs. 4 and 5) is probably the result of a temporary
accumulation of chlorooxirane directly after the VC supply is restored due to
insufficient activityoftheenzyme transforming thistoxicintermediate.Indeed after
an interruption in the VC supply of less than 1h chlorooxirane could be detected
in the air from the fermentor, whereas under normal conditions no chlorooxirane
was detectable (Hartmans and de Bont, 1992).This could indicate that the enzyme
required for the further metabolism ofchlorooxirane isnot synthesized in sufficient
amounts in the absence of its inducer (VC or chlorooxirane) and isveryunstable.
The temporary accumulation of chlorooxirane had almost no effect on the DE
conversion (Fig.5).Thisisinlinewithearlierstudiesontheinactivationof bacteria
byepoxides(Habets-Criitzenand deBont, 1985). Inthesestudies 1,2-epoxypropane
was shown to inactivate alkene monooxygenase at much lower concentrations than
were required for inhibition of other physiological functions of the cell.
In conclusion, there are at least two problems that prevent the successful
application of the strains studied here to remove VC and DE from waste gases to
the required low levels of 5 mg/m3. For the VC-degrading strain the observed
instability isan obvious problem and for both strains the gas-phase concentrations
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correspondingwithsubstrate affinity constantsaremuchhigherthan5mg/m3.Even
theKsvalue ofthe DE-utilizingstrain recently described (van denWijngaard et al,
1991), which is tenfold lower than the Ks of strain GJ10, still corresponds with a
gas-phase concentration of 160 mg/m3.
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DICHLOROMETHANE REMOVALFROMWASTEGASESWITHA
TRICKLE-BED BIOREACTOR

S. Hartmans and J. Tramper

A 66 1 trickle-bed bioreactor was constructed to assess the possibilities of
eliminatingdichloromethane from industrialwastegases.Thetrickle-bed bioreactor
was filled with a randomly-stacked polypropylene packing material over which a
liquid phase was circulated. The pH of the circulating liquid was externally
controlled at avalueof7and thetemperaturewasmaintained at 25°C.Thepacking
material was very quickly covered by a dichloromethane-degrading biofilm which
thrived on the dichloromethane supplied via the gas phase. The biological system
was very stable and not sensitive to fluctuations in the dichloromethane supply.
Removal of dichloromethane from synthetic waste gas was possible down to
concentrations well below the maximal allowable concentration of 150 mg/m3
required by West-German law for gaseous emissions. At higher dichloromethane
concentrations specific dichloromethane degradation rates of 200 g h" 1 m" 3 were
possible. At very low inlet concentrations, dichloromethane elimination was
completely mass-transfer limited.
The gas-phase mixing could be described by a series of 10to 7 identical ideallymixed tanks for superficial gas velocities ranging from 150 to 450 m/h.
Dichloromethane eliminationwiththetrickle-bed bioreactorwasmodelledusingan
overallmass-transfer coefficient thatwasdependent onthegasandliquidvelocities.
Mass-transfer resistancewithinthebiofilmwasalsoaccounted for. Usingthemodel,
elimination efficiencies were predicted whichwereveryclose tothe experimentally
observed values.

Bioprocess Engineering (1991) 6:83-92.
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Dichloromethane (methylene chloride) is produced in large amounts by the
chemical industry. It is mainly applied as a solvent in metal degreasing, in paint
removers and in the pharmaceutical industry. Although some dichloromethane
containing wastes are incinerated, it can be assumed that the greater part of the
dichloromethane produced is eventually lost to the environment. Due to its low
boiling point (40.1°C) and high vapour pressure (47 kPa at 20°C) significant
amounts of dichloromethane reach the environment viagaseousemissions.In 1980
dichloromethane and tetrachloroethylene were estimated to be the predominant
chlorinated hydrocarbons emitted into the ambient air in the Netherlands, with
dichloromethane emissions totaling 5800 tons per year (Guicherit and Schulung,
1985). Besides being present in gaseous emissions, dichloromethane can also be
detected in many aqueous industrial effluents.
Recently the regulations concerning the maximal allowable concentrations of
pollutants in industrial waste gases have been reviewed in the FRG (Technische
AnleitungLuft, 1986).Theconcentration ofdichloromethane inindustrialwaste-gas
emissionsinWest Germany must nowbe lowerthan 150mg/m3. It isexpected that
in the near future these new regulations will also be applied in other European
countries.Therefore, aconsiderableinterestexistsinthedevelopmentoftechniques
for the elimination of dichloromethane and other chemicals from waste gases.
For many years dichloromethane was considered to be non-biodegradable
(Klecka, 1982) and was described as being ubiquitous in aqueous environments
(Rittmann and McCarty, 1980). Degradation of dichloromethane by biofilms
(Rittmann and McCarty, 1980) and mineralization by activated sludge (Klecka,
1982)were, however, subsequently demonstrated.
Nowadays dichloromethane degrading bacteria are isolated quite readily from
activated sludge and most water and soil samples. Strains belonging to the genera
Hyphomicrobium,PseudomonasandMethylobacteriumhavebeendescribed(Brunner
etal, 1980; Stucki etal, 1981;Gälli and Leisinger, 1985).
Bacterial metabolism of dichloromethane has been shown to be brought about
by a glutathione-dependent dichloromethane dehalogenase yielding formaldehyde
andhydrochloricacid(Stuckietal.,1981). Thedehalogenase hornHyphomicrobium
DM2 has been purified and characterized (Kohler-Staub and Leisinger, 1985).
Furtherwork revealed thatseveral dichloromethane-degrading strainsbelonging to
different genera all contained the same dehalogenase (Kohler-Staub et al, 1986).
Recently,however,afast-growing dichloromethane-degradingbacterium designated
DM11 was isolated that contained a novel dehalogenase with improved catalytic
activity (Scholtz etal, 1988).
Once the existence of dichloromethane-degrading bacteria hadbeen established,
the potential of using these microorganisms to treat dichloromethane containing
wastewater was studied by several groups.The most detailed studywas performed
byGälli (1987),who described a fluidized-bed bioreactor containing sand particles
withanattached dichloromethane-degrading biofilm.Usingasyntheticwastewater
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containing 10kg/m3 dichloromethane, specific degradation rates of 1.6 kgm~3h"1
could be achieved. A disadvantage of the fluidized-bed bioreactor described by
Gälli, is the necessity of a separate mass-transfer device to supply the oxygen
required for biodégradation.
Biofilters have received much attention during the last decade for the biological
treatment of waste gases due to their low operational costs and proven reliability
(Ottengraf, 1986).A limitation of the biofilter (or compost filter) is,however, that
the degradation of compounds such as chlorinated hydrocarbons will result in
acidification of the packing material and subsequent loss of biological activity.
In view of the above limitations we have investigated the possibility of using a
trickle-bed bioreactor to treat waste gases containing dichloromethane. A 661
reactor, very similar to the high-rate biological filters used in aerobic wastewater
treatment, was constructed. Contrary to the situation for wastewater treatment, the
aqueousphase iscirculated andthepollutant isremoved from thegasphase flowing
through the reactor. Special attention isgiven to the mass transfer aspects associated with the removal of dichloromethane from the gas phase.
MATERIALS AND METHODS
Microorganisms. The dichloromethane-degrading strains Hyphomicrobium DM2 and Methylobacterium DM4havebeendescribed previously(Stuckietal.,1981;GälliandLeisinger, 1985)andwere
a kind gift of Dr R. Gälli and Prof Th. Leisinger. Hyphomicrobium DM20 was isolated from an
enrichment culture with dichloromethane (2 mM) as carbon source and a mixture of local soil and
water samples as inoculum. Strain DM21was isolated from the trickle-bed bioreactor.
Growthconditionsand media. The mineral salts medium was made up of 10ml of stock solution
A and 25 ml of stock solution B per litre demineralized water. Stock solution A contained per litre
demineralized water: 200 g (NH 4 ) 2 S0 4 , 10 g MgCl2.6H20, 1 g EDTA, 0.2 g ZnS0 4 .7H 2 0, 0.1 g
CaCl 2 .2H 2 0,0.5gFeS0 4 .7H 2 0,0.02gNa 2 Mo0 4 .2H 2 0,0.02gCuS0 4 .5H 2 0,0.04gCoCl2.6H20 and
0.1g MnCl 2 .2H 2 0. Stock solution B contained per litre demineralized water: 155g K 2 HP0 4 and 85
g NaH 2 P0 4 .2H 2 0.
Determination ofgrowthratesanddichloromethanedegradationrates. Growth rateswere determined
at 30°C. Biomass increase was determined with a nephelometer (Evans Electroselenium Ltd., UK).
Amperometric measurement of chloride liberation rates as a result of dichloromethane degradation
wasalsoused to determine growth rates (Hartmansetal.,1985).A third method to determine growth
rates, especially useful at low dichloromethane concentrations, waswith the following equation:
ln(S, - S) = ln(5, - S0) + pt
with S = substrate concentration at time t,SQ = substrate concentration at time zero and St = the
theoretical initialsubstrate concentration whichincludesthe substrate that wouldhavebeen necessary
to form the biomass present in the inoculum. This equation is valid as long as S >> Ks implying p
equals Mmax- Furthermore, the yield and maintenance coefficients are assumed constants. S,t data
points were determined from substrate depletion curves of closed cultures. Values for St were
estimated with the least squares criterion. Calculation of all growth rates was done from a series of
data points collected during at least two culture doubling times.
Determination of the specific dichloromethane degradation activityofthe circulating liquidfrom the
trickle-bed bioreactor was performed by measuring the dichloromethane consumption rate of this
suspension (2mlina30mlvialincubated inareciprocally-shaking water bath at 30°C)byperiodically
analyzing headspace samples after the addition of dichloromethane (100 pg). The effect of
temperature on the relative dichloromethane-degradation rates by Hyphomicrobium DM20 was
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determined in a similar fashion with dichloromethane-grown cells.
Determinationofpartitioncoefficient. The gas/liquid partition coefficient of dichloromethane was
determined in a similar way as the EPICS method (Equilibrium Partitioning In Closed Systems)
described by Gossett (1987).Briefly, this involved the measurement of the dichloromethane content
in the gas phase of a series of Erlenmeyer flasks fitted with teflon Mininert valves.The Erlenmeyers
all contained the same amount of dichloromethane and varying ratios of air/mineral salts medium.
After equilibration at 30°C,samples of the gas phase were analyzed and the partition coefficient was
calculated for all pairs of Erlenmeyers using the peak-area determined by the integrator of the gas
Chromatograph in combination with the volumes of the gas and liquid phases.
Trickle-bed bioreactor. A schematic diagram of the trickle-bed bioreactor is shown in Fig. 1. The
actual reactor consisted of avertical perspex pipewith an internal diameter of 0.29m and a heightof
1.34m.Thepolypropylene packingmaterial (Filterpak, MassTransfer International,Heversham, UK)
was randomly stacked to a height of 0.9 or 1m. Filterpak consists of 27mm segments of corrugated
pipe with a diameter of 50 mm with twovertical partitioning segments at right anglesto one another
on the inside. The specific surface area of the packing material is 118 m (manufacturer's
specifications). The packing material wassupported by a perforated plate of stainless steel (diameter
of 0.285 m with holes of 8 mm diameter at a centre to centre distance of 19mm) which was placed
at 0.14 m from the bottom of the reactor. A similar stainless steel plate at the top of the packing
supported an aluminium perforated plate (diameter 0.25 m, with 3 mm holes at a centre to centre
distance of 6 mm). This construction allowed a sufficient radial distribution of the liquid which was
supplied via eight openings (i.d. 6 mm) situated 0.1 m above the top sieve plates. The liquid was
collected at the bottom of the reactor at a steady-state level of about 4 cm and ran into the mixing
vessel which was placed 0.8 m below the bottom of the reactor. The liquid applied to the top of the
bioreactor was pumped up from the mixingvessel bya 0.5 Hp centrifugal pump.The flow rate could
be adjusted by avalve and wasmeasured with a rotameter (0.1- 1 m /h) duringthe second run. The
combinedvolumesoftheaqueousphasesinthereactor, mixingvesseland pipingwas17.61at aliquid
circulation rate of 1m /h. The liquid in the mixingvesselwas gently mixed bya turbine stirrer. The
pH was controlled with a pH-controller (Type 505A, LH-Fermentation, Slough, UK) coupled to a
peristalticpumpwhichadded demineralized water containingNaOH (4g/1)andK 2 HP0 4 (1g/1).The
pH of the system was kept at pH 7 ± 0.5 unless indicated otherwise. The temperature of the mixing
vessel could be controlled by a coil heat exchanger through which water from a thermostated water
bath was circulated. Unless indicated otherwise the temperature of the mixingvessel was kept at 25
± 2°C.
A synthetic dichloromethane-containing waste gas was made by mixing air saturated with
dichloromethane with pure air in a mixing zone.This mixture was then introduced at the bottom of
the bioreactor directly below the bottom sieve plate. The air saturated with dichloromethane was
prepared bypassing air at a controlled rate (5850TR Brooks Massflow Controller, Veenendaal, The
Netherlands) through a bubble column containing dichloromethane. The temperature of the bubble
columnwaskept at20°C,allowingevaporation rates of1to 15gdichloromethane per hour, depending
on the air-flow rate through the column. The evaporation rate of dichloromethane from the bubble
column was calibrated by gravitametrically determining dichloromethane evaporation at an air flow
entering the bubble column of 22.3ml/min. This corresponded with an evaporation rate of 3.84 g/h.
This value is very close to the value of 4.12 which can be calculated assuming a partial pressure of
dichloromethane of 47.2 kPa at 20°C. It was furthermore shown that the inlet dichloromethane
concentrationswere linearwiththe air flowthrough thebubble columnintherangeof5to75ml/min.
The air flow indicated bythe mass-flow controller, in combination with the valueof 3.84g/h at an air
flow of 22.3ml/min, was routinely used to calculate evaporation rates of dichloromethane. The inlet
and outlet dichloromethane concentrations were determined at points A and B (Fig. 1) byflushing
serum bottles with air from the sampling ports for several minutes with a diaphragm pump.
Immediately after sampling, the dichloromethane content of the gas phase in these bottles was
analyzed gas chromatographically. The main flow of air passed through a rotameter with a low
accuracy, thus only allowing an indication of the magnitude of the air flow. Reliable determinations
of the actual air flow (m 3 /h) entering the bioreactor were calculated from dichloromethaneevaporation rates in combination with the inlet concentrations of dichloromethane.

Chapter 9

FIG. 1. Schematicdiagram ofthetrickle-bedbioreactor.(1)Packingmaterialinreactor,
(2) Mixingvessel, (3) Liquid circulation pump,(4) Valve,(5) Liquid rotameter,
(6) NaOH reservoir, (7) Pump linked to pH-controller, (8) Temperature
control, (9) Bubble column with thermojacket, (10) Mass flow controller, (11)
Air rotameter, A and B sampling ports.
The reactor was inoculated with 21 of HyphomicrobiumDM20 grown in batch culture with 0.2%
(v/v) methanol in mineral salts medium. To supply the biomass growing in the bioreactor with
minerals,stock solutionAwasadded to the mixingvessel daily.One mlofstock solutionAwas added
for each litre of NaOH/K 2 HP0 4 solution consumed during the preceding 24hours.
Analytical methods. Dichloromethane concentrations were determined by analysis of 100 ß\ gasphase samples on a Packard 430 gas Chromatograph fitted with a stainless steel Porapak R column
(100-120 mesh, 110cm x 1/8" i.d.) and aflameionization detector. The oven temperature was210°C
and the carrier gas N2 at 20ml/min. Dichloromethane-in-air calibration standards were prepared by
adding an exact amount of dichloromethane to Erlenmeyer flasks partly filled with mineral salts
medium (with a small amount of NaN3 to prevent bacterial growth) and fitted with Teflon Mininert
valves (Precision Sampling).Withthevalues ofthe partition coefficient (30°C) and thevolumes of the
two phases in such an Erlenmeyer, the dichloromethane concentration in the gas phase can be
calculated.
Residence time distribution curveswere determined usingpropene (20 to 50 ml) as a pulse tracer
injected at sampling point A (Fig. 1).The propene content of the air leaving the bioreactor could be
continuously analyzed with a portable Photo Ionization Detector with a sampling pump (PID 580
OVM, Thermoelectron, Hopkinton, Mass.). The mean residence time in the sampling tubing was
subtracted from the recorded residence timesbefore these were used tocalculate the moments of the
residence-time distribution curveswith a computer. Themodel used to describe the mixingof thegas
flow was a cascade of N identical, ideally-mixed tanks.
Chemicals. All solid and liquid chemicalswere from E. Merck, Darmstadt, Germany. Propene was
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from Hoekloos, Schiedam, The Netherlands.

RESULTS AND DISCUSSION
Comparison of strains degrading dichloromethane
A prerequisite for an efficient transfer of dichloromethane from a waste gas to
an aqueous phase containing dichloromethane-degrading bacteria is a low
dichloromethane concentration in the water phase. Therefore, three
dichloromethane-degrading bacterial strains were compared with respect to their
substrate affinity. This was done by comparing the growth rates with
dichloromethane as growth substrate at different concentrations (Table 1).
TABLE 1.Specific growth rates of dichloromethane utilizers (h~

Dichloromethane
concentration range (mM)
0.015
0.7
1
5
5
10

- 0.001a)
- 0.05a)
- 0.1 b)
-3 b )
-lc)
-5 d )

DM2

0.107 ± 0.005
0.103 ± 0.010
0.081 ± 0.003
0.069 ± 0.002
0.08
0.07

Methods used to determine growth rates:a^
) CI"- formation, c' biomass formation, d )

b

\

DM4
0.133 ± 0.010
0.091 ± 0.004
0.092 ± 0.004
0.067 ± 0.005
0.077
0.09

DM20
0.103 ± 0.005
0.114 ± 0.009
0.105 ± 0.012
0.084 ± 0.004
0.10

dichloromethane depletion curves,
Gälli (1986).

The new isolate,Hyphomicrobium DM20,had a slightly higher growth rate than
the two previously described strains (DM2 and DM4).Recently however, after we
had completed our experiments, Scholz et al. (1988) have described a
dichloromethane-degrading bacterium (strain DM11) with an even higher specific
growth rate of 0.22 h"1.
Thespecificgrowthrateofthe threedichloromethane-degrading strainstestedwas
still maximal at dichloromethane concentrations of 1-15 fiM in the liquid phase.
This was somewhat unexpected in view of the KM of 30 jxMwhich had previously
been determined for the purified dichloromethane dehalogenase from
Hyphomicrobium DM2(Kohler-Staub and Leisinger, 1985)and thevalue of20pM
for theKM of the dehalogenase from Methylobacterium DM4 (Scholz etal.,1988).
The KM values of the dehalogenases from these two strains would indeed be
expected to be the same as it was previously shown that the dehalogenases from
HyphomicrobiumDM2 and Methylobacterium DM4 are identical (Kohler-Staub et
al.,1986). Both strains grow faster on methanol than on dichloromethane (Sholtz
et al., 1988) and during incubation of Hyphomicrobium DM2 cells with dichloromethane no formaldehyde formation could be detected (Stuckietal, 1981).These
observations indicate that dehalogenation istherate-limiting stepduringgrowth on
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dichloromethane andwould implythat theKMandKs ofwhole cellshave about the
samevalue.Aswecouldnot detect anydecrease ingrowth rate at dichloromethane
concentrations below the ^ M values reported in the literature for the purified
enzymes, the Ks of the growing cells and hence the ^ M of invivoenzymic activity
is apparently much lower than the KM of the purified enzymes. The method of
headspace analysis that we applied was unfortunately not sensitive enough to
determine the KM for dichloromethane of whole cells. Subsequently we have
assumed aKMof 1ßM for whole cells,but the actualvalueisexpected tobe lower.
This corresponds with a dichloromethane concentration of 10.6 mg/m3 in air at
30°C,which iswell below the concentration of 150mg/m3, which probably will be
the maximal allowable concentration in industrial gaseous emissions in the future.
Based on these data we concluded that effective treatment of waste gases
contaminated with dichloromethane would be feasible using a bioreactor with a
high gas/liquid mass-transfer capacity. The trickle-bed bioreactor was chosen
because it provides a high gas/liquid interface at a relatively-low power
consumption.
In an earlier experiment (unpublished results),strainsDM2 and DM4were both
inoculated into a chemostat which was run at a dilution rate of 0.04 h" 1 with
dichloromethane asgrowth-limitingsubstrate.Thechemostatwasrunformore than
30dayswithout one ofthetwostrainsbecoming dominant inthe liquidphase.Wall
growth was,however, also observed. In the biofilm which formed on the glasswall
of the fermentor, the HyphomicrobiumDM2 appeared to be the predominating
organism. As dichloromethane degradation is accompanied with HCl formation,
which results in NaCl accumulation when neutralized with NaOH, we have also
tested the salt tolerance of the three strains by determining the growth rates with
200 mM NaCl added to the growth medium. This resulted in substantially lower
specific growth rates of 0.022, 0.029 and 0.042 h" 1 for strains DM2, DM4, and
DM20, respectively.
Dichloromethane elimination with the trickle-bed bioreactor
Based on the observed growth rates at elevated NaCl concentrations and the fact
that theHyphomicrobium speciesformed abiofilm inthechemostat experiment,we
inoculated the trickle-bed bioreactor with Hyphomicrobium DM20, assuming that
this strain would probably also form a biofilm. The trickle-bed bioreactor was run
twice.The first time with a packing of 0.9 m and a liquid circulation rate of about
0.3 to 0.5 m3/h. Formation of a biofilm on the polypropylene packing was already
observed several days after inoculation.The reactor wasrun for severalweekswith
dichloromethane supplied at a rate of 3.84 g/h and a superficial gas velocity of
about 40 m/h, resulting in an inlet dichloromethane concentration of almost 1.5
g/m3. Within a week a dichloromethane conversion of 85% was already observed.
At this stage it was also verified if the dichloromethane removed from the air
passing through the reactor was indeed dechlorinated. This was done by
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gravitametrically monitoring the NaOH addition rate. In these experiments the
K 2 HP0 4 was omitted from the 0.1 M NaOH solution which was pumped into the
mixing vessel to neutralize HCl produced as a result of dichloromethane
degradation. In this way the observed dichloromethane removal (calculated from
the % conversion) could indeed be accounted for by NaOH consumption.
Interruptions ofseveral daysinthedichloromethane supplyhad hardly any effect
on the system. Once the dichloromethane supply was restored, the original
dichloromethane-elimination efficiency was regained very rapidly. This is an
important observation in view of the often discontinuous character of industrial
waste-gas emissions.A pH drop to avalue of 3.5,which occurred as a result of the
NaOH reservoir running empty, caused dichloromethane degradation to cease.
However, after readjustment of the pH to 7 the original dichloromethanedegradation capacitywasregained withinseveral days.The bioreactor forms avery
stable system and only requires a minimum of control.

%Elimination

Degradation rate (g/m3 h)
120

100

100

0

100 200 300 400 500 600 700

Inlet concentration (mg/m3)
FIG. 2. Dichloromethane eliminationefficiencies (+)andspecific degradation rates (•)
with the 0.9 m trickle-bed bioreactor at a superficial gas velocity of 360 m/h.

Nopressuredifference couldbemeasuredbetweentheinletandoutletgasphase,
sothat onlyaminimalpower consumption isrequired topassthewastegasthrough
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the reactor making the energy required to circulate the liquid phase the main
energy operating costs.
The reactor wasrun for a period of three monthswith dichloromethane loading
rates varying from 1.9 to 4.8 g/h, corresponding to inlet dichloromethane
concentrations of 0.7 to 1.8 g/m3. Under these conditions dichloromethane
conversions of 80 to 95%were recorded.
Figure2showsatypicalcurveoftheefficiency ofthe0.9mtrickle-bed bioreactor
at various dichloromethane inlet concentrations for a relatively high gas velocity
averaging 360 m/h. Specific degradation rates which are also shown (g m~3 h"1)
were calculated bymultiplying the percentage of dichloromethane conversion with
the dichloromethane evaporation rate (g/h) and dividing thisvalue by the volume
of the packed bed (0.059 m3for abed height of 0.9m).At lower gasvelocities and
higher inlet concentrations of dichloromethane, resulting in a much higher driving
force for mass transfer, specific degradation rates as high as 200 g m" 3 h" 1 were
achieved. To allow sufficiently high dichloromethane evaporation rates the
temperature of the bubble column containing dichloromethane was increased to
25°Cduring these experiments.
At the end of thisperiod of three months, experimentswereperformed inwhich
the effect of temperature on the dichloromethane elimination efficiency of the
bioreactor was determined. The temperature of the liquid phase was varied for a
short time (0.5to2hours) for twosituations.Onewasat a relatively low superficial
gasvelocity (vgs) of 77 m/h and high inlet concentration of dichloromethane (1.89
g/m3) and the second was at a high vgs of 370 m/h and a very low inlet
concentration of dichloromethane (79 mg/m3).After about 15minutes at the new
temperature a constant outlet concentration of dichloromethane was observed.As
shown in Fig. 3 the effect of the temperature on these two situations is markedly
different. As a comparison, the temperature effect on the degradation rate of
dichloromethane by free cells is also shown. As can be seen in Fig. 3 the
temperature hardly affects the dichloromethane elimination efficiency under
conditions where dichloromethane degradation in the bioreactor is obviously
completely mass-transfer limited. Apparently the temperature dependency of the
diffusion coefficient, which results in a higher mass-transfer resistance at lower
temperatures, is compensated by the increased solubility of dichloromethane at
these lower temperatures (a lower partition coefficient) resulting in an increased
driving force for mass transfer. The curve in Fig.3for the situationwith the higher
inlet concentration of dichloromethane indicates agradual changefrom a reactionlimited situation atthelowertemperatures (15to20°C)toapartially mass-transferlimited situation in the higher temperature range (25 to 30°C).
After these experiments the bioreactor wasdismantled, cleaned and repacked to
height of 1 m,resulting inan effective packed-bed volume of 0.066m3.At thisstage
a rotameter was installed which allowed measurement of the liquid flow rate. The
start-up conditionswere identical to thosefor the 0.9mbioreactor, except thatnow
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the liquid-circulation rate could be measured and was set at 1 m3/h. After four
weeks a gradual change in colour of the biofilm was observed. Especially in areas
with relatively high liquid velocities, e.g.,placeswhere the packing material makes
contact with thewall of the bioreactor, the biofilm started turning pink. Sixweeks
after the reactor had been inoculated the pink dichloromethane-degrading
bacterium appeared to be the predominant dichloromethane-degrading
microorganism. This pink methylotrophic organism was apparently better adapted
to the conditions prevailing in the trickle-bed bioreactor than theHyphomicrobium
DM20 which was used as inoculum. After ten weeks, during which the biological
system proved to be very stable, the bioreactor was supplied with a constant flow
of dichloromethane of3.84g/h at an average air flow rate of about 40m/h for two
consecutive weeks. This was the starting situation from which in the course of
another twoweeks a series of measurements were done under varying conditions.

Degradation rate (g /m3 h)

Rel. act.
D

100

X

-

100

X

u^
80

80
X
D

X

- 60

60
x

40

X

- 40

X

20

16

1

4.

I

1

1

18

20

22

24

26

28

20

30

Temperature (oC)
FIG. 3. Temperature effect on specific dichloromethane degradation rateswith the 0.9
m trickle-bed bioreactor. (D) Inlet concentration 1.89 g/m 3 and superficial gas
velocity 77 m/h; (x) Relative activity of free cells; (+) Inlet concentration 79
mg/m and superficial gas velocity 370 m/h.

Thesevaryingconditionsweregenerallyapplied for ashortperiod only(0.5to2h),
longenough toallowstabilization and measurement ofboth theoutlet and theinlet
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concentrations of dichloromethane. Between each series of measurements, the
dichloromethane supply was reset to 3.84 g/h and the air flow was readjusted to
about 40 m/h.
Mass-transfer aspects of dichloromethane elimination
The following experiments were performed to illustrate the mass-transfer
resistances associated with the transfer of dichloromethane from the gasphase to
thebiofilm. Figure4showsan enhancement oftheelimination efficiency asaresult
of an increased liquid velocity indicating the existence of mass-transfer resistance
in the liquid phase.
% Elimination

0.2

0.4

0.6

0.8

1

Liquid circulation rate (m3/h)
FIG. 4. Effect of liquid circulation rate on dichloromethane elimination with the 1m
trickle-bed bioreactor at an inlet concentration of347mg/m and a superficial
gas velocity 335 m/h.

It was verified that the decrease in elimination efficiency at lower liquid
circulation rates was not caused by a decrease in the pH of the liquid leaving the
reactor. No significant differences in pH could be measured.
Besides the biomass in the biofilm covering the packing material there was also
suspended biomass present in the circulating liquid. The circulating liquid was
shown to have a specific dichloromethane degradation rate of 36 g m~3 h - 1 . This
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correspond with a specific degradation capacity, based on the bioreactor volume,
of 9.5 g m~3 h _1 . In Tables 2 and 3 the results of a series of experiments are
described with varying inlet concentrations of dichloromethane at an average air
flow of 233 m/h.These experiments were all performed onthe sameday.
TABLE2. Dichloromethane-elimination efficiency including suspended
biomass at an average gasvelocity of 233m/h.
Dichloromethan e
evaporation
rate
(g/h)

0.96
1.92
2.88
3.84
4.80
6.72
8.64
11.52

Dichloromethane
concentration
(mg/ml
Inlet
Outlet

66
117
184
248
305
429
549
727

8.2
20.1
37.7
59.7
85.2
140.6
194
296

Conversion

%
87.2
82.8
79.6
75.9
72.1
67.2
64.7
59.3

Specific
degradation
rate
(gm-'h"1)

Calculated
minimalkQ[

12.68
24.09
34.73
44.16
52.44
68.42
84.70
103.51

13.48
12.89
11.08
9.75
8.95
7.79
7.30
6.35

x 105m/s

TABLE3. Dichloromethane-elimination efficiency after removing excess
suspended biomass at an average gasvelocity of 233m/h.
Dichloromethane
evaporation
rate
(g/h)

0.96
1.92
2.88
4.80
8.64
11.52

Dichloromethane
concentration
(mg/m*)
Inlet
Outlet

68
126
187
315
559
746

11.85
28.0
49
99
220
321

Conversion

%
82.5
77.8
73.8
68.6
60.6
57.0

Specific
degradation
rate

Calculated
minimal kQl

(gm-H" 1 )

x 105m/s

12.00
22.63
32.20
49.89
79.32
99.49

10.99
10.21
9.20
7.86
6.43
5.81

Between the experiments shown inTables 2and3the liquid phase waswashed
by adding 301 of water, with about the same ionic composition as the circulating
liquid, tothemixingvessel atarate ofabout 2litresperminute.This theoretically
results inremoval of about 82%(1 - e""30/17,6) of the suspended biomass. Ascan
be seenbycomparingTables2and3,thesuspended biomassdoesindeed affect the
observed dichloromethane-elimination efficiencies, resulting in lower elimination
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efficiencies after removal of a substantial portion of the suspended biomass. In
Tables 2 and 3 we have also calculated the theoretical minimal values for the
overall mass-transfer coefficients (based on the liquid phase) required to account
for the observed mass-transfer rates.For the calculation of the minimalkol values,
plugflow of thegasphase and a dichloromethane concentration of zerointhe bulk
liquid phase have been assumed. This situation would be encountered if all the
transferred dichloromethane is immediately consumed in the circulating liquid
phase. With these assumptions the logarithmic average concentration of dichloromethane in the gasphase ((cin - cout) / In(cin/cout)) was assumed to be the mean
driving force for mass transfer. This value for the driving force was used in
combinationwith the observed specific mass-transfer rate and the assumed specific
gas/liquid interface of 118m2/m3 to calculate the minimalkol values.At verylow
inlet concentrations of dichloromethane, combined with relatively highactivitiesof
suspended biomass, the dichloromethane concentration in the water phase
approacheszeroandconsequentlythecalculatedminimalkol approachesthe actual
value. The decrease in the calculated minimal kol value required at higher
dichloromethane transfer rates is of course a reflection of the increase of the
dichloromethane concentration in the bulk liquid phase, which is necessary as a
drivingforce totransport dichloromethane intothebiofilm.Thisthusillustratesthat
at higher dichloromethane degradation rates a significant mass-transfer resistance
is present within the biofilm.

TABLE4. Dichloromethane-elimination efficiency at different gas velocities.
Gas
velocity
(m/h)

145
249
336
475
156
242
339
461

Dichloromethane
:oncentrati
(mg/m3)
Outlet
Inlet

160
140
156
147
299
288
309
303

14.4
31.6
53.7
67.6
44.8
90.1
132.8

159

Conversion
%

91.0
77.4
65.6
54.0
85.0
68.7
57.0
47.5

Specific
degradation
rate
(g m - 3 h - 1 )

21.18
27.02
34.35
37.70
39.56
47.97
59.69
66.33

Calculated
minimal k01
(x 105 m/s)

10.31
10.91
10.54
10.85
8.69
8.29
8.41
8.74

If for two situations with different specific degradation rates the calculated
minimalk0,valuesarethe same,thisimplies that theactualk0,valuesfor thesetwo
situations differ, with a higher actual kol for the situation with the higher mass
transfer rate.Thissituationwas observedwhenweincreased thegasvelocitieswhile
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keeping the inlet concentrations almost the same. The specific degradation rates
increased with an increase in the gasvelocity, whereas the calculated minimal k0,
values were almost constant for the two series (Table 4). This indicates that the
actualk0,increaseswith increasing gasvelocity and implicates the existence ofgasphase resistance for dichloromethane transfer, assuming that the gasvelocity does
not affect the liquid mixing.
Modelling dichloromethane elimination with the trickle-bed bioreactor
To achieveabetter understanding ofdichloromethane elimination, simulationof
the process of mass transfer and dichloromethane degradation in the trickle-bed
bioreactor was attempted. The approach has been to use our computer program
BIOSIM (de Gooijer et al, 1989), with which the optimal volumes of a series of
ideally stirred-tank reactors (STR) can be calculated for a desired conversion by
immobilized biocatalysts. The program calculates the internal and external
effectiveness factors for the immobilized biocatalysts obeying Michaelis-Menten
kinetics resulting in an overall effectiveness factor for each one of the series of
stirred tanks.The overall conversion must be varied iteratively until the calculated
total volume of the series of stirred tanks equals the actual volume of the tricklebed bioreactor being simulated.
The number of STR'sused inthe simulationswascalculated from the residencetime-distribution curvesofthegasphase.The residence-time distribution ofthegas
phasewasdetermined atfour gasvelocitiesandwithvaryingliquid-circulationrates.
Theliquid velocityhad no significant effect onthegas-phase mixing characteristics.
With increasing gas velocity the plug-flow character of the gas phase decreased
slightly.Using a series of Nidentical, ideally-mixed tanks asa model for gas-phase
mixing the following values for Nwere calculated for the superficial gas velocities
indicated: 10.6(128m/h),9.3(235m/h),7.9(357m/h) and7.1(447m/h).At these
gas velocities an increase in the gas velocity apparently results in an increased
turbulence and consequently abetter axialmixingofthegasphase.Atgasvelocities
below 100m/h thenumber ofidentical,ideally-mixedtanksrequired todescribe the
gas-phase mixingdecreased withdecreasinggasvelocityindicatingthat transport as
aresultofaxialdiffusion becomesrelativelymoreimportantundertheseconditions.
IntheBIOSIMprogram anoverall external mass-transfer coefficient wasused to
calculate the external effectiveness factor. In the case of the trickle-bed bioreactor
where the substrate for the biocatalyst is supplied via the gas phase, the total
external mass-transfer resistance can be assumed to consist of the following 3
components: (i) a gas/liquid, gas-side resistance (l/kg) resulting in a concentration
gradient between the bulk of the gas phase and the gas/liquid interface, (ii) a
gas/liquid, liquid-side resistance (1/&,), resulting in a concentration gradient
between the gas/liquid interface and the bulk liquid and (iii) a biofilm/liquid,
liquid-side resistance (l/ks), possibly resultingina concentration gradient between
the biofilm/liquid interface and the bulk liquid phase. As the contribution of the
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latter component (l/ks) to the total external mass transfer resistance was difficult
to estimate, unless a very discrete interface is indeed assumed to exist, it was
neglected. Consequently, the total external mass-transfer coefficient (kol) used in
the simulations was calculated with equation (1):
m/k^ = l/* g + m/fc,

(1)

In equation (1)misthepartition coefficient ofdichloromethane,whichhasavalue
of 0.125 at 30°C. Values of k% were calculated from equation (2) and k, was
calculated with equation (6).
Sh = (k&x d) / DBMtg

(2)

Equation (3) was used to estimate values for Sh (Ranz and Marshall, 1952)
5/i = 2 + 0.57 x Re05 x Sc033

(3)

with

Re = p g x vg x d/ßg

(4)

and

Sc = Mg/(pg * DDMg

(5)

For the estimation of the gas velocity (vg) in equation (4) a porosity of 0.9 was
used to calculate vg from the superficial gas velocity (vg = vgs/0.9). The
manufacturer reports a porosity of 0.93 for Filterpak, but as we have applied a
higher liquid flow rate (twice the advised upper limit) a slightly larger larger liquid
hold-up (resulting in a slightly lower porosity) has been assumed. The following
values for thevariousparameters wereused in the above equations:d (the packing
material was assumed to be comparable to spheres with a diameter of 0.04 m) =
0.04 m ,DDMg (diffusion coefficient of dichloromethane in air at 30°C) = 1.0 x
10~5m2/s (estimated with the Chapman-Enskog kinetic theory (Bird etal.,1960),
p g (density of air) = 1.164 kg/m3, ßg (dynamic viscosity of air at 30°C) = 1.87 x
10"5N x s/m2.
The liquid-phase mass-transfer coefficient was estimated with the correlation of
Morris and Jackson (Lyderson, 1983):
kx = C x (p,/Ml)0-2 x DDM1<* x L0-7

(6)

The following values for the various parameters were used: C (liquid-film packing
factor) was estimated to be 800 from data for comparable packing materials
(Lyderson, 1983), p, (liquid density) = 1000kg/m3, m,(dynamicviscosity of water
at 30°C) = 8 x 10"4N x s/m2, Z>DM|(diffusion coefficient of dichloromethane in
water at 30°C = 1.57 x 10"9 m2/s (calculated with the Wilke-Chang equation
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(Wilke and Chang, 1955),L =vja with vs(superficial liquid flow rate) = 4.21 x
10~3 m/s and a (specific surface area) = 118 m2/m3. The kx calculated with
equation (6) was 4.0 x 10"4 m/s for a liquid circulation rate of 10001/h.
To simulate the specific surface area of the trickle-bed bioreactor (118 m2/m3)
covered with a biofilm, the model used to simulate the trickle-bed bioreactor was
assumed to be a reactor filled for 39.33%with gelbeads having a diameter of 0.02
mcontainingdichloromethane-degradingbacteriahomogeneouslyspreadthroughout
thebead.Thevolumetricgec,-flowrate andinletconcentrations of dichloromethane
weretransformed toaliquid-flow rateandliquidconcentrationsof dichloromethane
using the partition coefficient of 0.125. The other parameters required for the
simulation were: The maximal specific dichloromethane consumption rate (Vmax),
which was estimated to be 1.852 x 10~4 kg dichloromethane kg - 1 biomass s"1by
assuming a growth yield of 0.15 kg biomass per kg dichloromethane consumed
(estimated from protein yield data of Scholtz et al. (1988) and assuming biomass
contains 50%protein) and a maximal growth rate of 0.1 h"1. The biocatalyst gel
load (X), or biofilm density, was assumed to be 50 kg biomass per m3 gel beads
which is an average value when compared with data from the literature, although
biofilm densities as high as 105 kg/m3 have also been reported (Hoehn and Ray,
1973).The Michaelis-Menten constant (KM), was set at 1ßM (8.5 x 10"5 kg/m3),
basedonthegrowthexperiments,butcouldverywellbelower.Thediffusion coefficient of dichloromethane within the biofilm (DB), was assumed to be 80% of the
value of the diffusion coefficient inwater resulting in avalue ofDB - 1.26 x 10~9
m 2 /s.Atemperature of30°Cwasassumed inallsimulations andfurthermore itwas
assumed that there was only dichloromethane consumption in the biofilm and not
in the circulating liquid phase.
Comparison of simulations with experimental results
Figure 5 shows the dichloromethane elimination efficiencies predicted by the
model for the gasvelocities and inlet concentrations from Table 3.Akol of 1.85 x
10~4m/s estimated with equation (1) wasused (withk&= 2.75 x 10"3 m/s andkx
= 4.0 x 10"4m/s) and the gas-phase mixingwas described bya series of 9ideallymixed tanks.The experimentally-determined elimination efficiencies after washing
out excessbiomass (data from Table 3) are also shown.
The model describes the experimental results surprisingly well, even though we
have had to estimate the values of most parameters and have not incorporated a
potentially existing mass-transfer resistance between the liquid phase and the
biofilm (l/fcs). Incorporation ofsuch amass-transfer resistance inthe modelwould
result in lower elimination efficiencies, especially at relatively low inlet
concentrations. This effect could, however, be compensated for to some extent by
simultaneously incorporating a higher biomass concentration and a lowervalue for
the^ M in the model, which as discussed above, could be possible.
As was previously reported, the conversion achieved with the optimal design
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(used inBIOSIM) isveryclose to the design of a series of equal ideally-mixed tank
reactors (Luyben and Tramper, 1982).For the simulations inFig.5the differences
inthe calculated elimination efficiencies for the optimal and equal sizedesignwere
indeed very small.The differences never exceeded 0.06%,thusjustifying theuseof
the easier to calculate optimal design.

% Elimination

100

200

300

400

500

600

700

800

Inlet concentration (mg/m3)
FIG. 5. Experimentally determined values (+) and simulated values (—) for
dichloromethane elimination with the 1m trickle-bed bioreactor at an average
superficial gas velocity of 233 m/h.

In Table 5 the predicted elimination efficiencies at different gas velocities are
compared with the experimentally determined data from Table 4.The gasvelocity
affects dichloromethane transfer in two ways. Increased gas velocities result in a
better mixing of the gas phase which results in a decrease in the gas-phase
resistance (increasedkzand thusk0„ Table 5),but alsoinadecreased mean driving
force (less identical ideally-mixed tanks to describe the gas-phase mixing). The
experimentallyobserved efficiencies are allslightlyhigherthanthevaluespredicted
by the model. However, this underestimation is never more than 9% and can be
attributed to the presence of significant amounts of active biomass in the liquid
phase.
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TABLE 5. Simulated dichloromethane-elimination efficiencies

gasvelocities.

Superficial
gas velocity
(m/h)

145
156
249
242
336
339
475
461

kot
x 104
(m/s)
1.74
1.74
1.92
1.92
2.04
2.04
2.17
2.17

at different

Number of
Experimentally Simulated
identical ideally
determined
conversion
mixed reactors conversion (%)
(%)

10
10
9
9
8
8
7
7

91.0
85.0
77.4
67.7
65.6
57.0
54.0
47.5

87.4
82.2
72.1
67.3
61.0
54.0
49.3
43.6

Using the model, the maximal oxygen uptake of the biofilm was also estimated.
AssumingaKMfor oxygenof 1%oftheair saturated concentration inwaterat30°C
(7.5 g/m3), a maximal oxidation rate which equals the maximal dichloromethane
oxidation rate (on molar basis), a diffusion coefficient for oxygen in the biofilm of
1.9 x 10"9m2/s (80%of thevalueinwaterusedbyBrinkandTramper (1986)) and
neglecting mass-transfer resistance in the gas phase (kol equals kx which was
estimated with equation (6) to be 5.0 x 10~4 m/s) a maximal oxygen uptake rate
of 2.93 x 10"7 kg m~2 s"1 was calculated. This would allow a maximal
dichloromethane oxidation rate of 7.78 x 10"7 kg m"2 s"1 corresponding to a
maximalspecificdichloromethane-degradation capacityofthetrickle-bedbioreactor
of 331 g m~3 h_1, more than 60% above the experimentally observed specific
degradation rate. Feeding the trickle-bed bioreactor with dichloromethane
concentrations that would allow higher degradation rates could result in the
accumulation of the toxic formaldehyde, the product of dichloromethane
dehalogenation. The dehalogenase activity is oxygen independent but degradation
of formaldehyde requires oxygen. We were unable to experimentally verify the
occurrence of oxygen limitation, due to the limited dichloromethane evaporation
capacity of our bubble column.Accordingly, noformaldehyde could be detected in
the liquid phase of the mixing vessel at the highest-observed specific degradation
rate of 200 gm" 3 h"1.
The BIOSIM program describing masstransfer to and substrate consumption in
a biofilm hasalsobeen used toverify experimental data from Harris and Hansford
(1976) for oxygen-limited glucose consumption by a biofilm growing on a vertical
plateoverwhich afilm ofliquidwasflowing.The averagemaximalglucose removal
rate they observed was 2.2 x 10"6 kg COD m"2 s -1 , which corresponds to an
oxygen consumption rate of 7.04 x 10~7 kg m"2 s -1 . To calculate the maximal
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oxygen flux into the biofilm with the BIOSIM program the values of Harris and
Hansford (1976) were used for the following parameters:Vmax = 1.78 x 10"4s_1,
KM = 2.5 x 10"5kg/m3, biomass concentration inthebiofilm (X) 90kg/m3,DB 2.5
x 10 -9 m2/s, a bulk-liquid oxygen concentration of 8 x 10"3 kg/m3 and akol of 4
x 10"4m/s.The resulting calculated maximaloxygenflux into thebiofilm was 6.98
x 10"7 kg m~2 s"1, which is very close to the value of 7.04 x 10~7 kg m~2 s"1
(calculated from the oxygen limited removal of glucose) observed by Harris and
Hansford.
One aspect has to be considered in more detail. The kol used by Harris and
Hansford wasestimated from their experimental data, and assumed to describe the
mass-transfer resistance in a stagnant water layer adjacent to the biofilm (l/ks).
Mass-transfer resistance on the air side of the water film was apparently not
considered, although oxygentransfer from the airwas necessary to prevent oxygen
depletion of the water flowing over the biofilm. Theky we have used in our model
has been estimated from an empirical equation for the liquid-side mass-transfer
coefficient of the gas-liquid interface of a liquid film flowing over the packing
material. We have disregarded any mass-transfer resistance existing on the biofilm
side of the liquid film. In our model the kxis dependent on the liquid-flow rate
(equation 2) whereas in the experiments of Harris and Hansford there was no
apparent effect of the flow rate on mass-transfer, implying a constant ks, and
providingsupportfortheirassumptionofastagnantwaterlayerbetweenthe biofilm
and the bulk liquid.
Although the two approaches are fundamentally different, both models result in
a satisfactory prediction ofthe observed experimental data.Abetter understanding
oftherelative mass-transfer resistancesinthetrickle-bedbioreactorwouldhowever,
require more experimental data especially for situations without any
dichloromethane consumption intheliquidphase.Inourview,however,thepresent
model issufficiently accurate to usefor the dimensioning of trickle-bed bioreactors
for the elimination of dichloromethane from waste gases. Design of large-scale
trickle-bed bioreactors can probably be done based on the reported pilot-scale
experiments as long as the mixing characteristics and velocities of both the liquid
and gas phases are of the same magnitude as used in the pilot-scale experiments.
Conclusions
From the pilot-scale experiments we have reported here, we conclude that
elimination of dichloromethane from waste gases is technically possible with the
relativelyuncomplicated trickle-bedbioreactor.Especiallyfor thetreatmentoflarge
volumesofwastegasesthetrickle-bedbioreactor isbetter suitedthanthepreviously
describedfluidized-bedbioreactor (Gälli,1987).Althoughthreephase fluidized-bed
bioreactors have a larger specific surface area for biofilm formation (up to 1000
m2/m3 (Etzensperger etal.,1989),allowing higher volumetric degradation rates at
the same dichloromethane flux into the biofilm, the energy costsrequired blow the
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air through the reactor willbe considerable. The elimination efficiencies achieved
withthe 1 mtrickle-bed reactor are notveryhighbut increasingthebed heightwill
probably result inelimination efficiencies high enough to copewithmost industrial
waste-gas emissions. To lower the operating costs of a trickle-bed bioreactor the
liquid flow rate may be reduced. This will result in lower energy costs, but due to
the concomitant decrease in mass-transfer efficiency a larger reactor will be
required to achieve the same dichloromethane elimination efficiency. Obviously
there is an optimum where the sum of the operating and investment costs is
minimal.
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Chapter 10

GENERAL DISCUSSION

Inthis general discussion I will focus on the following aspects:
- The isolation of microorganisms with biodegradative potential
- Initial modes of attack on unsaturated and chlorinated hydrocarbons
- The potential of the trickle-bed bioreactor in waste-gas treatment
Isolation of microorganisms with biodegradative potential
To isolate microorganisms capable of degrading a specific compound various
strategies can be used. The simplest method assumes that the desired
microorganism is already present in Nature and that isolation is possible using
simple enrichment techniques. The enrichment technique I have used involved
incubation ofaninoculum inamineral saltsmediumofpH7at30°Cwitha specific
carbon source. The inoculum was usually a mixture of soil and water samples but
inanumber ofcasesdistinctsamples,often takenfrom polluted environmentswere
used. Usually a series with varying concentrations of the carbon source was tested
to assess if the compound ofinterestwastoxic.Toxicity and biodégradation can be
very easily monitored by determining carbon dioxide-formation rates.
Although not tested in detail, the effect of the carbon source concentration can
be crucial. In Chapter 3 we assume that this is the reason why other researchers
havenotisolatedvinylchloride-utilizingmicroorganisms astheyhaveused substrate
concentrations that are too lowto actually support growth. On the other hand our
success in isolating styrene-utilizing microorganisms is probably due to the low
concentrations of styrene we used in the enrichment cultures (Chapter 7). Effects
ofthe substrate concentration on the isolation ofmicroorganisms had already been
reported in 1926by den Dooren de Jong.
AsIwasalsointerested infinding microorganisms thatwouldhydrate the double
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bond of vinyl chloride, rather than oxidizing it to the reactive and carcinogenic
epoxide, I set up enrichment cultures with vinyl chloride as carbon source under
denitrifying conditions. These were, however, not successful. Isolation of bacteria
on3-chloroacrylicacid, e.g.,vinylchloride substituted with a carboxylic acid group,
resulted in the desired 3-chloroacrylic acid hydrating activities, but these enzymes
did not transform vinyl chloride.
If the desired phenotypes are not isolated readily more elaborate enrichment
techniques may be used. One approach is to use more than one carbon source in
the enrichment culture. Beside the compound of interest, a structurally related
compound that has been shown to be biodegradable is added to increase the
population of microorganisms that may also have the potential to utilize the
compound of interest. This approach was used in isolating the methyl chloride
degrading HyphomicrobiumMCI (Chapter 2). In this case methane was added to
theoriginalenrichment culturestoincrease thenumbersofmethane-utilizers, some
ofwhichmight alsohave,or develop,the capacitytoutilize methylchloride.In this
particular case this proved to be unnecessary as the isolated methyl chlorideutilizing strain MCI did not utilize methane. Preferably, this type of experiment is
performed in a continuous culture allowing a large population to grow on the
substrate known to be biodegradable. By repeatedly adding new inocula, and
perhaps periodically some mutagenic chemicals, the chance of finding the desired
phenotype canbe enhanced. In thiswaymicroorganisms are challenged to develop
new pathways by altering their own genetic information due to mutations in
structural and/or regulatory genes, or by recruitment of genetic information from
other microorganisms.
New degradation pathways can also be constructed in vitro. This has been
demonstrated for the degradation of a number of aromatic compounds (Timmis,
1989).The major problem in applying the vinyl chloride degradingMycobacterium
aurumLI is the apparent instability of the epoxide transforming enzyme (Chapter
3). If styrene oxide isomerase (Hartmans et al., 1989) would also transform the
epoxide of vinyl chloride to chloroacetaldehyde it should theoretically be possible
to construct apathway involving alkene monooxygenase (Chapter 4),styrene oxide
isomerase and the lower part of the 1,2-dichloroethane pathway as described by
Janssen (1985) inXanthobacterautotrophicus GJ10.
Initial modes of attack of unsaturated and chlorinated hydrocarbons
The strains isolated on vinyl chloride all oxidized vinyl chloride to the epoxide,
analogous to the microorganisms previously isolated with short-chain alkenes.
Hydration of the chlorinated carbon-carbon double bond was only observed with
3-chloroacrylic acid (Chapter 6) i.e. when the double bond was "activated" by a
carboxylic group.Hydrolytic release of CI" has alsobeen demonstrated with anew
isolate degrading 2-chloroacrylic acid (pers. comm. van der Werf). Interestingly
almost all styrene-degrading isolates degraded styrene by initial oxidation of the
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unsaturated side-chain, rather than direct oxidation of the aromatic nucleus.
Although thealkene andstyrenemonooxygenaseswerenotstudied ingreatdetail
it is clear that these two enzymes are quite different. Alkene monooxygenase
appears to be similar to the soluble methane monooxygenase but styrene
monooxygenase isquite different from themonooxygenases studied sofar thathave
the capacity to epoxidate the carbon-carbon double bond.
Of the dehalogenation reactions involved in the degradation of the chlorinated
compounds discussed in this thesis only dehalogenation of 3-chloroacrylicacidwas
demonstrated incell-free extracts(Chapter 6).The twohydratases,eachspecific for
one oftheisomersof3-chloroacrylic acidwereseparated.Theseenzymes,likemost
hydratases, appeared to have a very high substrate specificity. Very similar results
were published recently (Hylckama Vlieg and Janssen, 1992).These authors have
purified and characterized two dehalogenases from a 3-chloroacrylic acid-utilizing
coryneform bacterium, strain FG41. With the exception of the KM of the trans-3chloroacrylic acid dehalogenase of strain FG41,which was somewhat higher than
the value we found for the strain CAA2 enzyme (Chapter 6) there were no
differences between the enzymes of the two coryneforms. Hylckama Vlieg and
Janssen (1992) also determined the N-terminal amino acid sequences of the two
dehalogenases but found no homologybetween the twoenzymes or homologywith
other known N-terminal sequences.
Dehalogenation of methyl chloride byHyphomicrobiumMCI was shown to be
oxygen-dependent, but a monooxygenase type of reaction requiring reducing
equivalents can be ruled out on the basis of the growth yields (Chapter 2).
The enzymatics of Cl~ removal in the vinyl chloride degradation pathway of
Mycobacterium aurumLI (Chapter 3) arestill a complete mystery.Formation of2chloroacetyl-CoA from chlorooxirane can, however, not be ruled out. Subsequent
hydrolytic dechlorination of the coenzyme A ester as was recently described by
Smith etal. (1991) for 3-chloro-2-methylpropionic acid would yield glycollyl-CoA.
However, lack ofgrowth of strainLI onethanediol or itsoxidation products,which
can also be envisaged to be degraded via glycollyl-CoA, do not support the
involvement ofglycollyl-CoAinvinylchloride metabolism.Castro etal.(1992)very
recentlyreported acetaldehyde formation from vinylchloride byaPseudomonas sp.
grown with 3-chloropropanol.The mechanism of chlorine elimination is, however,
not clear.Hydrolysisofthechlorine-carbon bond orhydration ofthe carbon-carbon
doublebond bothyieldunstable intermediates that rearrange toacetaldehyde.The
Thepossibilitythat chlorooxirane isinvolved inthe transformation ofvinylchloride
to acetaldehyde can not be eliminated based on the results of Castro etal.,(1992).
Possibilities and limitations of the trickle-bed bioreactor
The performance of the trickle-bed bioreactor for the removal of dichloromethane from waste gases was shown to be quite good (Chapter 9). It should,
however, be realized that a specific degradation rate of 50 grams of
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dichloromethane m - 3 h - 1 only amounts to 7grams of carbon m~3h~\ With other
waste gascompositions, resulting inhigher specific degradation rates ofcarbon,we
have subsequently observed clogging of the trickle-bed bioreactor due to excessive
growth (Weber, pers. comm.). Diks (1992) also observed this phenomenon and
suggeststhat,dependingonthepackingmaterial,areasonable maximal elimination
capacity allowing long-term stable operation of the trickle-bed bioreactor isin the
rangeof 12gramsofcarbon m"3h _1 .Weber (pers.comm.) hasalsoobserved stable
operation ofthetrickle-bed bioreactor at aspecific carbonremovalrate of 13 grams
of carbon m" 3h" 1in a trickle-bed bioreactor treating waste gascontaining toluene
andbutylacetate.Thetolueneconcentrationwas,however,onlyreduced from about
80mgm~3in the inlet waste gas to 50-60mgm"3 in the outlet, at a specificwastegas flow of 200 h"1. Butylacetate (±75 mg m~3 inlet concentration) was removed
almost completely, oncemore illustrating the effect ofthe Henry coefficient on the
efficiency with which contaminants can be removed from waste gases.These rates
are actually lower than the rates of 25 - 35 grams carbon m~3 h" 1 reported for
biofilters (Beyreitz, 1989),suggestingthat mineralizationprocessespossibly operate
more efficiently in a biofilter.
The simulations ofdichloromethane removal withthe trickle-bed bioreactor that
were made in Chapter 9are very different from the approach used byDiks (1992)
to model the trickling filter he studied. Contrary to our conclusions, Diks (1992)
reports that theremoval ofdichloromethane isnotverymuchmass-transfer limited.
However, Diks did not report many data in the range we studied, e.g. at
dichloromethane inlet-concentrations well below 1gm* 3
To further validate the assumptions that we have made to simulate
dichloromethane removal with the trickle-bed bioreactor using the BIOSIM
program (Chapter 9)additional experiments should be performed with compounds
with different Henry coefficients.
Conclusions
One conclusion that can be drawn from the results described in this thesis, and
of course numerous other publications, is that microorganisms capable of growth
on xenobiotic compounds can very often be isolated directly from Nature. Many
xenobiotics which were assumed not to be persistent a number of years ago have
since then been demonstrated to support growth ofpure cultures.I expect that this
trend will continue. Trichloroethene for example, is oxidized by a number of
microorganisms exhibitingmonooxygenase activity,but nopure cultures,capableof
growth ontrichloroethene asasolesourceofcarbon andenergy,havebeen isolated
yet. There is, however, no apparent reason why this should not be possible.
Anaspect notdiscussed inthisthesisuntilnowisthespin-off thatbiodégradation
research may have for an area such as biocatalysis. Sometimes the enzymatic
activities discovered while studying the biodegradative pathways of xenobiotic
compounds can be applied in the synthesis of specific chemicals (Ribbons etal.,

Chapter 10
1989;Taylor, 1990).
Although in many cases growth of pure cultures on specific pollutants has been
demonstrated thisdoesnot alwaysimplicatethat itispossibletosubsequently apply
these cultures in existing bioreactors to treat waste gases (Chapter 8).
Therefore numerous challenges still exist for microbiologists as well as for
engineers tofurther explore and developthefield ofbiologicaltechniquesfor waste
treatment.
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SUMMARY
The original goal of the research described in this thesis was to develop a
biological process for the removal ofvinyl chloride from waste gases.The gaseous
and carcinogenic vinyl chloride is used to produce the plastic polyvinyl chloride
(PVC). During this production process waste gases containing vinyl chloride are
generated. As a microorganism capable of growth on vinyl chloride as the sole
carbon and energy source had been isolated it was envisaged that it might be
possible to remove vinyl chloride from waste gases with a biological process.
Besides the original strain, Mycobacterium LI, three additional vinyl chlorideutilizingstrainswereisolated subsequently.Allstrainsweretentativelyidentified as
Mycobacteriumaurum.
The first step in vinyl chloride metabolism in strain LI was shown to be the
oxidation of vinyl chloride to the corresponding epoxide, chlorooxirane, by alkene
monooxygenase.Chlorooxirane isalsotheproduct ofvinylchlorideoxidation inthe
human liver and is responsible for the carcinogenic properties of vinyl chloride.
Alkenemonooxygenase isalsopresentinMycobacterium E3after growthonethene.
Extracts from strain E3 could be fractionated yielding two fractions which upon
combination exhibited alkene monooxygenase activity, indicating that the enzyme
consists of at least two components. One fraction was inhibited by acetylene,
indicatingitcontainedtheoxygenasecomponentofalkenemonooxygenase,whereas
the other fraction contained significant reductase activity. The corresponding
fractions could alsobe obtained from extracts ofvinylchloride-grown cellsof strain
LI.Alkene monooxygenase appeared tobesimilar to the soluble three-component
methanemonooxygenases.Theseenzymesalsooxidizealkenestothe corresponding
epoxides.
The capacityofalkene monooxygenase to oxidizevinylchloride tothe mutagenic
and toxic chlorooxirane was exploited to generate and select monooxygenase
mutants of the ethene-utilizing strain E3.As long as cells exhibit monooxygenase
activity they produce chlorooxirane from vinyl chloride and are hampered in their
growth. However, when monooxygenase activity is lost, due to a mutation, these
cellsare nolonger inhibited bythepresence ofvinylchloride.Usingthis technique
a mutant of strain E3 no longer capable of growth on ethene was isolated.
Subsequently, it was shown that this mutant lacks the reductase component of
alkene monooxygenase. Growth of the mutant on epoxyethane (oxirane) resulted
insynthesisoftheotheralkenemonooxygenase component(s).Extractsofsuchcells
couldbeused todetect and subsequentlypurify the reductase component of alkene
monooxygenase.
During growth of strain LI on vinyl chloride in chemostat cultures it became
evident that the original mineral salts medium was not optimal. The addition of
extra iron to the medium resulted in an enhanced vinyl chloride consumption.
Chemostat cultureswere alsoused to determine towhat levelsvinyl chloride could
be removed. This type of experiment was also done with the Xanthobacter
autotrophics GJ10isolatedbyD.B.Janssen (UniversityofGroningen)to determine
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1,2-dichloroethane removal from air. 1,2-Dichloroethane is the precursor in the
major production process ofvinyl chloride.The concentrations ofboth compounds
in the air that had passed through the cultures were significantly higher than the
maximal allowable concentrations in waste gases according to the German
legislation (TA-Luft). Therefore the affinity of both strains towards the respective
substrates is too low to apply them in waste-gas treatment.
The enzyme transforming chlorooxirane appeared to be very unstable. After a
short interruption in the supply of vinyl chloride to a culture of strain LI
inactivation took place upon restoring thevinyl chloride supply to the culture.This
isprobably caused by chlorooxirane accumulation due to an insufficient activityof
the chlorooxirane transforming enzyme after such an interruption in the supply of
vinylchloride.Thechlorooxiranesubsequentlyinactivatescellcomponentsincluding
alkene monooxygenase. Based on the observed inactivation and the relatively low
affinity for vinylchloride itwasconcluded that development of aprocessto remove
vinyl chloride based on the application of Mycobacteriumaurum LI was not
feasible.
As the formation of chlorooxirane is one of the major drawbacks of strain LI,
microorganisms were isolated on compounds structurally related to vinyl chloride.
Using this approach we hoped to isolate strainswhich add awater molecule to the
double bond of vinyl chloride, resulting in formation 2-chloroethanol or
acetaldehyde.3-Chloroacrylicacidandstyrenewereusedasvinylchlorideanalogues
inenrichment cultures.Theenrichment cultureswith3-chloroacrylicaciddidindeed
result inthe isolationofbacteriawhichhydrated thedoublebond of 3-chloroacrylic
astheinitialstepinthe degradationpathwayofthiscompound.Unfortunately these
enzymes did not exhibit any activity with vinyl chloride as substrate. With styrene
as carbon source a number of microorganisms were isolated. Almost all of these
isolates oxidized the unsaturated alifatic moiety of styrene yielding styrene oxide
(phenyloxirane). The flavine adenine dinucleotide-dependent styrene
monooxygenase has a high substrate specificity, only oxidizing phenyl substituted
alkenes.In contrast to alkene monooxygenase the enzyme appears to require only
one component for activity.
Besidesvinylchloride,biodégradationofmethylchloride,thesimplestchlorinated
hydrocarbon was studied. Methyl chloride-grown cells of the isolated
Hyphomicrobium strainMCI coulddechlorinate methylchlorideonlyunder aerobic
conditions. Simple hydrolytic dehalogenation was therefore not taking place. No
methane monooxygenase activity could be detected in methyl chloride-grown cells.
To be able to study a bioreactor for the removal of a chlorinated hydrocarbon
from air,dichloromethane wasselected asmodel contaminant. Dichloromethane is
applied on a large scale as a solvent and consequently is present in numerous
industrial waste gases. The strains isolated and characterized by the group of Th.
Leisinger (ETH Zürich), as well as a new isolate, were shown to have a much
better affinity towards dichloromethane than the value published for the purified
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dehalogenase. Due to this high affinity these microorganisms can be applied to
removedichloromethane toconcentrationswellbelowthemaximal allowablelevels
in waste gases.
A 0.066 m3 trickle-bed bioreactor was studied for the elimination of
dichloromethane from waste gases. The reactor was filled with a polypropylene
packingmaterialonwhichabiofilm developed.Theaircontaining dichloromethane
wasforced through the reactor counter-current to acirculating aqueousphase.The
aqueous phase is used to neutralize and remove the hydrochloric acid formed
during dichloromethane degradation.Thebiological systemwasverystable and not
sensitive to fluctuations in the dichloromethane supply.
Dichloromethane elimination with the trickle-bed bioreactor was determined at
variousgasand liquid flows and dichloromethane concentrations.Itwaspossible to
simulate the observed dichloromethane elimination efficiencies surprisingly well
with a model incorporating Michaelis-Menten kinetics,diffusion inthebiofilm and
mass-transfer resistance in the gaseous as well as the liquid phase.
On the basis of the experimental results it was concluded that removal of
dichloromethane is technically feasible with the trickle-bed reactor.
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Het oorspronkelijke doel van het onderzoek dat in dit proefschrift wordt
beschreven was om na te gaan of vinylchloride door microbiologische afbraak uit
industriële afvalgassen was te verwijderen. Het betrof hier met name afvalgassen
van een bedrijf waar uitgaande van het gasvormige vinylchloride het polymeer
Polyvinylchloride (PVC) werd geproduceerd. Voorafgaand aan dit onderzoek was
namelijk een microorganisme geïsoleerd dat in staat was om met vinylchloride als
enige koolstof- en energiebron te groeien.
Dit microorganisme, Mycobacterium LI, en een drietal daarna geïsoleerde
stammen die zeer veel op stam LI leken, werden onderzocht op hun capaciteiten
om op vinylchloride en andere verbindingen te groeien. Er waren vrijwel geen
verschillen tussen de afzonderlijke stammen welke alle geidentificeerd zijn als
Mycobacterium aurum.
De eerste stap van het vinylchloride metabolisme in stam LI is bestudeerd en
bleekgekatalyseerd tewordendoorhet alkeenmonooxygenase.Ditenzymoxydeert
vinylchloridetothetovereenkomstige epoxide,chlooroxiraan.Ditisookhetprodukt
dat ontstaat bij vinylchloride afbraak in de menselijke lever en is verantwoordelijk
voor de kankerverwekkende eigenschap vanvinylchloride.Alkeen monooxygenase
isook aanwezig in de stamMycobacterium E3na groei op etheen.Dit enzym bleek
uit meerdere componenten te bestaan en werd gescheiden in twee fracties die
gezamelijk monooxygenase activiteitbezitten.De enefractie wasteinactiveren met
acetyleen, hetgeen duidt op de aanwezigheid van de oxygenase component van het
monooxygenase, terwijl de andere fractie een hoge reductase activiteit vertoonde.
De overeenkomstige fracties konden ook in stam LI worden aangetoond. Het
alkeen monooxygenase bleek veel overeenkomst te vertonen met de oplosbare
methaan monooxygenases, die ook in staat zijn om alkenen te epoxyderen, en die
uit drie afzonderlijke componenten bestaan.
Door gebruik te maken van de eigenschap dat alkeen monooxygenase
vinylchloride kan omzetten inhet mutagene chlooroxiraan iseen simpele methode
ontwikkeld om monooxygenase mutanten te isoleren van microorganismen die
vinylchloride kunnen oxyderen maar niet in staat zijn om op deze verbinding te
groeien. Zolang cellen van een dergelijke stam monooxygenase activiteit bezitten
wordtvinylchlorideomgezetinhettoxischeenmutagenechlooroxiraan.Deze cellen
worden hierdoor gehinderd in hun groei. Zodra echter een mutatie ontstaat,
waardoor geen actief monooxygenase meer wordt aangemaakt, zullen deze
mutanten niet meer gehinderd worden door de aanwezigheid van vinylchloride en
sneller groeien dan het wild-type. Met deze techniek is een mutant van stam E3
geisoleerd die niet meer in staat was om op etheen te groeien en die bij nader
onderzoek de reductase component van het alkeen monooxygenase complex bleek
te missen. Bij groei van deze mutant op epoxyethaan (oxiraan) worden wel de
andere component(en) van het alkeen monooxygenase complex aangemaakt zodat
deze mutant gebruikt kan worden om de reductase component van het alkeen
monooxygenase complex afzonderlijk te meten en dus te zuiveren.
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BijgroeivanstamLI opvinylchlorideincontinu culturesbleek dat het gebruikte
medium niet optimaal was.Het bleek te weinig ijzer te bevatten voor goede groei
van stam LI. Met dit type cultures werd ook bepaald tot welke concentratie stam
LI vinylchloride uit lucht kan verwijderen. Tevens werd dit type experiment
uitgevoerd met de door D.B. Janssen (RU Groningen) geïsoleerde Xanthobacter
autotrophicusGJ10 voor de verwijdering van 1,2-dichloorethaan uit lucht. 1,2Dichloorethaan isdegrondstofvoordechemischeproduktievanvinylchloride.Voor
beide verbindingen was de concentratie in de lucht nadat deze door de continu
culture was geleid echter aanzienlijk hoger dan de wettelijk maximaal toegestane
concentraties volgens de Duitse TA-Luft. Beide stammen hebben dus een
onvoldoende affiniteit voor de te verwijderen verbindingen.
Bovendien bleek het enzym dat chlooroxiraan, het eerste intermediair in the
vinylchloride afbraakroute, omzet bijzonder instabiel te zijn. Na een korte
onderbreking in de aanvoer vanvinylchloride bleek stam LI zichzelf te inactiveren
nadat devinylchloride aanvoer werd hersteld. Dit wordt waarschijnlijk veroorzaakt
doordat het enzym dat chlooroxiraan omzet, na een dergelijke onderbreking,
onvoldoende activiteit bezit om alle door het monooxygenase gevormde
chlooroxiraan direct om te zetten. Hierdoor worden tal van celcomponenten,
waaronder het alkeen monooxygenase, geïnactiveerd door chlooroxiraan.
Concluderend kon worden vastgesteld dat het niet mogelijk is om, gebruik
makend van stam LI, een betrouwbaar proces op te zetten voor de biologische
verwijderijng van vinylchloride uit industriële afvalgassen.
Omdat één van de nadelen van stam LI de afbraak via het giftige chlooroxiraan
betrof, is getracht microorganismen te isoleren op verbindingen die qua structuur
op vinylchloride lijken in de veronderstelling dat dan mogelijkerwijs stammen
worden geisoleerd die als eerste stap in de afbraakroute vinylchloride een
watermolecuul aandedubbelebindingadderen.Hiervoorwerden3-chlooracrylzuur
en styreen gebruikt. Styreenafbraak was ook van belang bezien vanuit de
stankoverlast dieveroorzaaktwordtdoorbedrijven diemetdezeverbindingwerken.
Met3-chlooracrylzuur werden inderdaad bacteriën gevonden diedetwee isomeren
van deze verbinding afbreken door in de eerste stap een watermolecuul aan de
dubbele binding te adderen. Deze enzymen vertoonden echter geen activiteit met
vinylchloride als substraat. Met styreen als substraat werd een aantal verschillende
microorganismen gevonden.Vrijwel alle onderzochte stammen oxydeerden styreen
op de alifatische zijketen tot het overeenkomstige epoxyde (fenyloxiraan). Het
hiervoor verantwoordelijke flavine adenine dinucleotide afhankelijke
styreenmonooxygenase heeft een hoge substraat specificiteit. Het oxydeert alleen
fenyl gesubstitueerde alkenen. Verder lijkt dit monooxygenase uit slechts één
component te bestaan.
Naast vinylchloride is ook de afbraak van methylchloride, de eenvoudigste
gechloreerdekoolwaterstof, onderzocht.EriseenHyphomicrobiumMCI geisoleerd
die na groei op methylchloride slechts onder aerobe condities dezeverbinding kon
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afbreken. Hydrolytische dehalogenering wasdusuitgesloten. Er kon geen methaan
monooxygenase activiteit gevonden worden in methylchloride gekweekte cellen.
Om uiteindelijk toch onderzoek aan een bioreactor voor de reiniging van
afvalgassen te kunnen doen isde afbraak enverwijdering van dichloormethaan uit
lucht onderzocht. Dichloormethaan wordt veel toegepast als oplosmiddel en komt
daardoor vaak voor in industriële afvalgassen. Twee van de reeds beschikbare
stammen, geïsoleerd door de groep van Th. Leisinger uit Zürich, en een eigen
isolaat bleken een veel betere affiniteit voor dichloormethaan te hebben dan
gepubliceerd wasvoor hetgezuiverde dehalogenase.Door deze hoge affiniteit voor
dichloormethaan zijn deze bacteriën in staat om dichloormethaan tot voldoende
lage concentraties af te breken voor toepassing in de afvalgasreiniging.
Voor de verwijdering van dichloormethaan uit lucht is de trickle-bed bioreactor
onderzocht. Deze reactor bestaat uit eenpakkingvankunststof waarop een biofilm
kan ontstaan.De dichloormethaan bevattende luchtwerd door dereactor geleid in
tegenstroom met een waterfase die over de pakking werd gerecirculeerd. Middels
dewaterfase kan het zoutzuur dat ontstaat tijdens de afbraak van dichloormethaan
worden geneutraliseerd en afgevoerd.
Dichloormethaan-verwijdering met de trickle-bed bioreactor isbij verschillende
lucht en vloeistof debieten en dichloormethaan concentraties onderzocht. De
gevonden dichloormethaan-verwijdering bleek verassend goed te beschrijven met
een model waarin Michaelis-Menten kinetiek, diffusie in de biofilm en stof
transport weerstand in zowel de gas- als de waterfase geïncorporeerd zijn.
Op basis van de uitgevoerde experimenten kon geconcludeerd worden dat de
biologische verwijdering van dichloormethaan uit lucht middels een trickle-bed
bioreactor technisch goed uitvoerbaar is.
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Nawoord
Op de valreep (natuurlijk) dit nawoord waarin ik een aantal mensen wil bedanken
die hebben bijgedragen aan de uiteindelijke totstandkoming van dit proefschrift.
Allereerst mijn promotoren Jan de Bont en Hans Tramper. Dankzij jullie
vertrouwen en de geboden vrijheid heb ik mij met plezier kunnen uitleven in mijn
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meeste bevindingen uiteindelijk ook nog geopenbaard zijn is met name aan jullie
te danken.
De studenten Paul van Eijck, Philippe Schyns, Ronald Niermans, Allard Kaptein,
Wim van Ravens, Hans Oude Luttighuis, Matthijs Jansen, Gijsbert Voskuilen,
Mariët van der Werf, René Stunnenberg, Marion Jansen en Anne Hof die in het
kader van hun doctoraal onderzoek bijdragen hebben geleverd en die voor de
broodnodige afwisseling hebben gezorgd.
Dianne Somhorst en Frans Weber, dankzij jullie vasthoudendheid hebben we het
alkeen monooxygenase toch nog enigszins te pakken gekregen.
Mijn vele kamergenoten en medewerkers bij achtereenvolgens de Vakgroep
Microbiologie,deSectie Proceskunde endeSectieIndustriële Microbiologie.Jullie
hebben zelden een opgeruimd bureau gezien.
Medewerkers van de diverse afdelingen van de Centrale Dienst, met name de
mechanische werkplaats en de voormalige service afdeling, de tekenkamer en de
afdelingen elektro en fotografie. Maar ook de dames van de kantine en het
bibliotheekpersoneel.
Tot slot wil ik mijn ouders bedanken voor de mogelijkheden die zij mij hebben
geboden en vooral Deborah voor haar geduld en vertrouwen.
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