1264

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

Biodegradation and utilization of quaternary alkylammonium compounds by specialized methylotrophs

by O. Ghisalba and M. Kiienzi

Central Research Laboratories and Pharmaceuticals Division, Ciba-Geigy Ltd, CH-4002 Basel (Switzerland)

Dealkylations in organic syntheses are often carried
out with trimethylamine (TMA) as the alkylacceptor.
In such reactions an ethyl group is transferred from
an alkyldonor (e.g. a substituted diethyl phosphate or
diethyl thiophosphate) to TMA and a trimethylethyl-
ammonium salt (TMEA) is formed in stoichiometric
quantities. The production of large-scale chemicals
such as agrochemicals or dyestuffs involving deethyla-
tions (dealkylations) with trimethylamine thus yields
large volumes of mother liquors containing trimethyl-
ethylammonium salt (or trimethylalkylammonium
salt). The regeneration of TMA from TMEA is unfor-
tunately rather difficult to achieve. Alkaline hydroly-
sis of TMEA at elevated temperature yields TMA as
the main product but also other methylated amines
and by-products (stoichiometry rather unclear). The
purification of TMA by distillation of such a hydroly-
sate is very expensive (much energy is needed for
cooling). One of the methods best suited for its
disposal is the incineration of mother liquors contain-
ing TMEA.

Since biodegradation of trimethylethylammonium
salts would be an alternative to physical or chemical
methods of disposal we searched for TMEA degrad-
ing microorganisms.

Trimethylethylammonium salts are (at least partially)
C;-compounds. We therefore decided to investigate
and isolate methylotrophs (C;-utilizing microorgan-
isms).

The various Cj-compounds utilized according to the
literature by specialized methylotrophs as the sole
source of carbon and energy have been mentioned in
the preceding publication®,

For the degradation of tetramethylammonium chlo-
ride, a homologue of TMEA, only two microorgan-
isms have been described so far: Bacterium SH2’ and
Bacillus PM6°. However, many of the methylotrophs
reported to utilize methylamine, dimethylamine and/
or trimethylamine have never been tested for their
ability to grow on tetramethylammonium salts. Mack-
rell and Walker® were able to enrich cultures of
microorganisms growing on 10 mM tetramethylam-
monium chloride as the sole carbon source. These
microorganisms could be adapted to grow on 10 mM
trimethylethylammonium chloride. While no attempts
were made to isolate and characterize the TMEA-
degrading organisms from these enrichment cultures,
it was suggested that pseudomonads might be in-
volved. Concentrations higher than 10 mM tetra-
methylammonium chloride or TMEA were not tested
(10 mM TMEA-chloride = 1.23 g/1).

Evaluation of methylotrophs from culture collections

More than 30 methylotrophic bacteria obtained from
culture collections and listed in the accompanying
paper® were tested for TMEA utilization under the
conditions described for testing growth on mono-
methyl sulfate*. The test concentrations were 1.0, 5.0
and 10.0 g/1 of frimethylethylammonium chloride.
None of these strains was able to utilize TMEA at
significant rates! TMEA utilization is thus not a
common property of methylotrophs. All the strains
were also tested for the utilization of tetramethylam-
monium chloride (5 g/1) and the results were always
negative. The two methylotrophs Bacterium 5H2° and
Bacillus PM6? reported as tetramethylammonium
chloride utilizers were unfortunately not available
from any of the strain collections ATCC, NCIB,
NRRL or DSM.

Enrichment and isolation of trimethylethylammonium
chloride utilizing microorganisms

TMEA -utilizing microorganisms were obtained from
sewage sludge of an industrial sewage treatment plant
by the enrichment procedure described?. Pure cultures
of TMEA degraders were isolated by repeated plating
of the enrichment cultures on MV7-agar containing
5 g/1 of TMEA chloride. Nine of these pure cultures,
designated TMEA 14, TMEA 81, TMEA &3,
TMEA 84, TMEA 86, TMEA 87, TMEA 89,
TMEA 199 and TMEA 211, were then further investi-
gated and taxonomically characterized.

Taxonomical characterization of the isolated TMEA
utilizing microorganisms

Two commercially available taxonomy kits were uti-
lized for the taxonomical characterization of the
9 TMEA degrading pure cultures: Oxi/Ferm Tube
(Roche) and API 20 E (API System Inc.). For details
see the preceding paper®.

The biochemical data for the 9 TMEA-utilizing
strains (all of them are gram-negative) obtained with
the two taxonomy systems are listed in table 1.

All the tests were performed in duplicate, once with
inoculum from nutrient agar and once with inoculum
from TMEA-containing mineral agar. They were car-
ried out according to the instructions in the test kit,
but incubation was at 28 °C instead of 37 °C.

The biochemical data indicate that the 9 strains are
not identical but can be divided into 5 distinct groups.
The strains TMEA 14 and TMEA 84 are related not
only with respect to their biochemical reactions but
also with respect to their tendency to aggregate in
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Table 1. Biochemical reactions of trimethylethylammonium chloride utilizers
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A, API 20 E. O, Oxy/Ferm Tube. A, O, reaction in both systems.
+, 3 or 4 of the parallel tests were positive® ©
—, all parallel tests were negative, or only one of 4 tests was positive.
=+, 2 of 4 or one of 2 parallel tests were positive.

liquid cultures (flocculation). In strains TMEA 81 and
TMEA 83 are closely related and show similarity to
strain TMEA 89. The strains TMEA 199 and
TMEA 211 are very similar with respect to their
biochemical reactions. Strain TMEA 87 is clearly
different from all the other strains with respect to
carbohydrate utilization and ornithine decarboxylase.
Strain TMEA 86 also seems to be different from the
other strains. According to the numerical code of the
Oxi/Ferm Tube test the 9 TMEA-utilizing strains
would be tentatively classified as Pseudomonas-like,
Pseudomonas sp., Achromobacter sp. or Alcaligenes
faecalis. However, the classification of these strains as
Achromobacter sp. or Alcaligenes faecalis would be
inconsistent with the morphology of the strains (see
below).

Here are the morphology and growth parameters of
the strains TMEA 14, 81, 83, 84, 86, 87, 89, 199 and
211 (parameters similar for all strains):

Optimum temperature: 28-30 °C; practically no or
only very slow growth is observed at 37 °C.
Doubling time (28 °C, with trimethylethylammo-
nium chloride as the sole carbon source, medium
MV7 in shake flasks at 250 rpm): 20-30 h.
Tolerance of electrolytes: osmotolerant, halotoler-
ant, acid tolerant.

, or both of 2 parallel tests were positive® or

¢}

Relation to oxygen: aerobic.

Colonies on nutrient agar or TMEA containing
MV7-agar: small (1-2 mm diameter), circular, con-
vex, smooth, opaque, cream or yellowish in color.
TMEA tolerance (maximum TMEA concentrations
tolerable to start an inoculated culture): strains
TMEA 14 and TMEA 84 (=60 g/l), strains
TMEA 81, TMEA 83, TMEA 86, TMEA 87,
TMEA 89 and TMEA 211 (=20 g/1), TMEA 199
(=40 g/1).

TMEA (and certainly all the other methyl/ethyl-
amines listed below) can serve as both carbon and
nitrogen source for all the TMEA strains.

Light microscopy (identical for all the strains): cells
1 x2 pum, rod-shaped; occurring singly, in pairs or
in aggregates; single cells are motile.

Electron microscopy (negative staining with sodium
phosphotungstate): the strains are not identical; at
least 3 groups of morphologically different cells can
be distinguished: TMEA 14, TMEA 84 and
TMEA 86 (rods sometimes slightly curved, signifi-
cantly bigger than those from the other strains),
TMEA 81, TMEA 83, TMEA 87 and TMEA 89
(cells shrink due to the preparation, not observed
with the other strains, only one polar or subpolar
flagellum, rods shorter than in the first group),
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TMEA 199 and TMEA 211 (rods smaller than
those in the other two groups, one or two polar or
subpolar flagella). Flagella are easily lost (depend-
ing on the age of cultures) and i all the prepara-
tion identical cells without flagella, as well as
isolated flagella are visible. The strains of the first
group seem to loose their flagella very easily as only
a small number of flagellated cells was visible. This
is perhaps due to the high tendency of aggregation
observed with strains TMEA 14 and TMEA 84 and
to a lesser extent also with TMEA 86.
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The morphology of the trimethylethylammonium
chloride-utilizing microorganisms excludes their clas-
sification as Alcaligenes faecalis (cocct or coccal rods,
usually occurring singly, motile with 1-8 peritrichous
flagella) or Achromobacter sp. (similar description).
According to Bergey’s Manual of Determinative Bac-
teriology® the TMEA-utilizing strains are best classi-
fied as Pseudomonas sp. and therefore attributed to
this genus.

TMEA 14, x22.750. TMEA 81, x22,750.

TMEA 211, x 15,500.

TMEA 89, %22,750.

TMEA 87, x22.750.

Figure 1. Electron micrographs of trimethylethylammonium chlo-
ride utilizing Pseudomonas sp. (3 morphological groups, cells grown
on TMEA).
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Substrate spectra of the trimethylethylammonium chlo-
ride utilizing Pseudomonas strains

The substrates utilized by the 9 strains of Pseudomo-
nas described in the preceding section are listed in
table 2. The list also comprises the substrates that are
not utilized by the 9 strains. All the substrates were
tested as the sole source of carbon and energy under
the conditions described starting from precultures
grown on trimethylethylammonium chloride. TMEA
is utilized as both carbon and nitrogen source by all
the 9 strains (tested in medium MV7 without
NH/NO3j). The 9 Pseudomonas TMEA strains show
some differences with respect to their substrate spec-
tra, but also with respect to the cell densities (ODygs()
and growth rates observed on the individual sub-
strates. These differences are also listed in table 2.

The substrate spectra show clearly that the TMEA-
utilizing Pseudomonas strains are specialized faculta-
tive methylotrophs.

Table 2. Substrate spectra of the trimethylethylammonium chloride uti-
lizing Pseudomonas strains TMEA 14, TMEA 81, TMEA 83, TMEA
84, TMEA 86, TMEA 87, TMEA 89, TMEA 199 and TMEA 211

Substrates utilized as the sole source of carbon and energy by all of the
nine strains: (test concentrations in brackets)

Trimethylethylammonium chloride (5-60 g/1)
Ethanol (5 g/1), not utilized by TMEA 86
Acetate (2 g/l)

Glucose (5 g/)

Nutrient broth

Methylamine (5 g/h)y*

Dimethylamine (5 g/1)*

Trimethylamine (5 g/1)*
Methylethylamine (5 g/1)*
Dimethylethylamine (5 g/I)*
Trimethylamine-N-oxide (5 g/l)
Tetramethylammonium chloride (5 g/I)

Substrates utilized only by part of the strains:

Methanol (5 g/l), only TMEA 14, 199 and 211 (211 moderately)
Formate (2 g/l), moderate growth only with TMEA 199
Ethylamine (5 g/1)*, moderate growth onyl with TMEA 211
Diethylamine (5 g/l)*, only with TMEA 14 and 86 (86 moderately)
Triethylamine (5 g/1)*, good growth with TMEA 14 and 86
moderate growth with TMEA 81, 83, 84, 87,
199 and 211, no growth with TMEA 89
Dimethyldiethylammonium chloride (5 g/1), moderate growth only
with TMEA 14
Tetracthylammonium chloride (5 g/1), moderate growth only
with TMEA 199

Substrates not utilized by the 9 Pseudomonas strains:

Methyltriethylammonium chloride(5 g/l)
Sodium monomethyl sulfate (5 g/1)
Formamide (2 g/l)

N, N-Dimethylformamide (2 g/)

Urea (2 g/l)

Dichloromethane (1 g/l in sealed bottles)
1, 2-Dichloroethane (1 g/l in sealed bottles)
Methane — air (1:1 in sealed bottles)
Methylamine anaerobic (5 g/h)*

* Amines were added as hydrochlorides.

Conditions: medium MV7, buffered pH 7, incubation at 28°C, 250 rpm
for 6-10 days. The chemicals were bought from FLUKA chemicals or
synthesized in the laboratories of Ciba-Geigy (Dr F. Rigamonti).
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The following observations are of special interest:

- Growth on methylamine, dimethylamine, trimeth-
ylamine, methylethylamine or dimethylethylamine,
is faster than growth on trimethylethylammonium
chloride or tetramethylammonium chloride. This
seems to indicate that the degradation of the
quaternary alkylammonium salt to the tertiary al-
kylamine might be the rate-limiting step in the
biodegradation of TMEA or tetramethylammo-
nium chloride.

- Tetraethylammonium chloride, methyltriethylam-

monium chloride and dimethyldiethylammonium
chloride are practically not utilized. This is in good
agreement with the work of Mackrell and Walker®.
They also found that their enrichment culture
grown on tetramethylammonium chloride and
adapted to TMEA was not able to grow on the
higher homologue tetraethylammonium bromide.
They speculate that the close-packed tetrahedral
structure protects the central N atom against biode-
gradative attacks.
However, this might not be the only explanation if
one takes into consideration that also ethylamine,
diethylamine and triethylamine are not readily
utilized (with the exception of TMEA 14 and 86
and triethylamine). Possibly some of the degrada-
tive enzymes are relatively specific for methyl
groups. Surprisingly, triethylamine seems to be a
somewhat better carbon source than mono- or
diethylamine.

- In conclusion, only one methyl group in tetrameth-
ylammonium salts can be replaced by an ethyl
group to allow significant growth of our TMEA
strains with these salts as the sole carbon source.
However, a cooxidation of higher substituted
homologues in the presence of either TMEA or
tetramethylammonium chloride can not be ex-
cluded.

~ Surprisingly, formate is not utilized and methanol
is a good growth substrate for only 2 of the
9 TMEA utilizers.

Degradation pathway for
chloride

trimethylethylammonium

The pathways proposed for the biodegradation and
utilization of trimethylethylammonium chloride by
Pseudomonas TMEA strains are depicted in figure 2.
It is not easy to predict whether the cleavage of the
C,-unit takes place in the first, second or third degra-
dation step. If this cleavage takes place in the first
degradation step we have the situation depicted on
the left side of figure 2. The products would then be
trimethylamine (trimethylammonium chloride) and a
C,-unit (acetaldehyde if we assume a mechanism as
for the cleavage of methyl groups). The further degra-
dation of trimethylammonium chloride would then
follow the same route as shown for tetramethylammo-
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nium chloride® after the degradation of the first
methyl group.

This mechanism would be in agreement with the
substrate spectra of the TMEA-utilizing strains as all
of the postulated intermediates trimethylamine, di-
methylamine and methylamine are utilized by these
strains as the sole carbon source.

The mechanism depicted on the right side of figure 2,
however, would also be in agreement with the sub-
strate spectra of the TMEA utilizers because dimethyl-
ethylamine and methylethylamine are good carbon
sources too. Again one cannot predict whether the
cleavage of the C,-unit is more likely in the second
(not shown) or in the third degradation step. Howev-
er, based on the data from the substrate spectra one
restriction can be made: the cleavage of the C,-unit in
the fourth degradation step is unlikely as ethylamine
is not accepted as a carbon source by the TMEA
utilizing strains. Clarification could be achieved by
testing the substrate specificity of tetramethyl (trime-
thylethyl) mono-oxygenase, trimethylamine mono-
oxygenase, trimethylamine-N-oxide demethylase (not
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shown in fig.2), dimethylamine mono-oxygenase and
methylamine dehydrogenase. Probably some of these
enzymes do not discriminate between ethyl and
methyl groups. :

Some of the medium chain trimethylalkylammonium
compounds such as trimethyldecylammonium- and
trimethylhexadecylammonium bromide are reported
to be utilized as the sole carbon source by specialized
strains of Pseudomonas and Xanthomonas>®. Some
evidence was provided that the degradation of the
decyl or hexadecyl group was initiated by w-oxidation
of the terminal carbon followed by f-oxidation to
release acetyl units. This mechanism would then lead
to our well-known TMEA in the last f-oxidation step.

Stirred tank fermentations and mass balances with
trimethylethylammonium chloride

In shake flask experiments with unbuffered medium
MV7 and 5 g/1 of trimethylethylammonium chloride
as the carbon source a decrease of pH (from 7 to 3.5)
due to liberation of hydrochloric acid was observed.

s cl-
CHS_rl\l_CHZ_CHE
NAD(P)H NAD(P)H
0
Hzo 2
NAD(P) H,0 NAD(P)
+
(CH3);NHT Cl=  +<CH,;CHO> CHy—NH—CH,~CHy ClI™ + <HCHO> -
\ CH
0
2'><NAD(P)H CH,COOH 0, NAD(P)H
H,0 l NAD(P) H,0 NAD(P)
+
(CHy),NH™ CI”  +<HCHO> - CH3NH,CH,CH; CI~ + <HCHO>-
H,0 NAD(P) H,0 NAD(P)
L
CH3;NH;t cI- +<HCHO> - CH;NH;t ClI© 4+ <CH;CHO>
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CH;COOH
v
4o
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Figure 2. Possible pathways for the biodegradation and utilization
of trimethylethylammonium chloride by Pseudomonas TMEA
strains.
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In buffered medium MV7* cell densities of ODgs
1.8-2.121.0-1.25 g/1 dry weight can be obtained,
corresponding to a total consumption of the substrate.
The TMEA titer at the end of the shake flask ex-
periments was determined by potentiometric gravime-
try. The following degradation -efficiencies were
found: Pseudomonas TMEA 14, TMEA 84,
TMEA 86, TMEA 87, TMEA 89, TMEA 199 and
TMEA 211: 99% degradation; TMEA 8! and
TMEA 83: 80-90% degradtion. The tests were carried
out once with TMEA as the sole carbon source (in
medium MV7) and once with TMEA as the sole
carbon and nitrogen source (in medium MV7 without
NHNO3). No significant differences in the degrada-
tion efficiencies were observed between the parallel
fermentations with the two media.

Fermentation studies were carried out in a 14-1
Chemap-fermenter with Pseudomonas TMEA 199 un-
der the following conditions (typical examples):

- Preculture in 500-ml shake flasks containing 100 ml
of medium MV7 (without NH,;NOj3) and 5 g/l of
pure trimethylethylammonium chloride (72 h,
28 °C, 250 rpm).

~ 500 ml of this preculture were then inoculated into

the fermenter containing 10 1 of sterilized medium
MV7 (without NH,;NO3) and 10 g/l TMEA chlo-
ride (sterilized by filtration of a 10% solution)
— ODgs50 0.1 2 0.05 g/1 dry weight.
Operation: pH, 5.5 (regulated with 4N NaOH and
I N HCIl); temperature, 28 °C; aeration, 0.26 | air/]
culture/min; stirring velocity, 400-700 rpm (agita-
tor with 2 six-bladed turbines), regulated to keep
the dissolved oxygen tension above 40% saturation.
Controlled parameters: growth (ODg, and dry
weight), dissolved oxygen (pO,-electrode), O,-con-
sumption and CO,-production (gas analyzer),
NaOH used for neutralization, concentrations of
TMEA, NH, " etc. After 186 h of fermentation 1.75
g/1 biomass (dry weight) were formed and about
60% of the substrate degraded and utilized. For
technical reasons the fermentation was stopped at
this point.

Samples taken from this first fermentation were ana-

lyzed with the following methods:

- The concentration of TMEA was determined by
potentiometric gravimetry and by 'H-NMR spec-
troscopy with lyophilized culture filtrate in D,O
with tert-butanol as an internal standard.

- Amines such as methylamine, ethylamine, NHj,
dimethylamine and methylethylamine were detect-
ed by high-resolution gas chromatography. The
samples were derivatized with benzoyl chloride and
the resulting benzamides analyzed with N,N-di-
ethylbenzamide as an internal standard — sensitivi-
ty < 1074 M.

In addition, NH; was determined with an ion-
sensitive electrode.
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- Trimethylamine and dimethylethylamine were
detected by 'H-NMR spectroscopy in D,O with
TMEA as an internal standard.

The following results were obtained with the samples

from the first fermentation:

- No significant accumulation of the postulated deg-
radation intermediates (fig.2) trimethylamine,
dimethylethylamine, dimethylamine, methylethyla-
mine, methylamine and ethylamine was found in
the culture filtrate (limit of detection ~ 1.107* M).
The only N-compound accumulated in amounts
increasing with the reaction time was NH;/NH,™ .
This was correlated with the decrease of TMEA
concentration.

- For each of 3 test times (98, 165 and 186 h) the total
nitrogen content (determined by Kjeldahl’s
method) of the culture filtrate was found to be the
sum of N in free ammonia, N in the remaining
TMEA and N incorporated into the biomass of
Pseudomonas TMEA 199 (determined by elemental
analysis of lyophilized cells). The recovery of nitro-
gen varied between 95% and 99%.

- The determination of the total organic carbon
(TOC) present in the culture filtrate (1.94 g C/1 at
186 h) indicated that besides the unreacted TMEA
(1.86 g C/1 at 186 h) no significant amounts of other
organic compounds such as alkylamines or acetate
were present.

All these data are in good agreement with the biodeg-

radation pathways for TMEA proposed in figure 2.

TMEA is biodegraded and utilized without an inter-

mediary accumulation of degradation products and

transformed directly into biomass and CO, with
release of NH,4Cl and HCL.

A second fermentation test was carried out, using a

TMEA-containing mother liquor from an industrial

production process as the sole source of carbon and

nitrogen for Pseudomonas TMA 199:

- The preculture was prepared as described for the
first fermentation.

- 500 ml of preculture were inoculated into the
fermenter containing 10 1 of sterilized medium
MV7 (without NH4NO3) and 22.2 g/1 of a mother
liquor (composition: 45.2% TMEA chloride, 6.4%
HCl, < 1% organic by-products and 47.5% water,
neutralized with NaOH) corresponding to 10 g/l
TMEA chloride. ODgs4 0.1 2 0.05 g/1 dry weight.
The operating conditions were as described for the
first fermentation. Exponential growth was ob-
served and growth stopped after 190 h of fermenta-
tion at ODygs0 9.5 2 3.1 g/1 dry weight.

In a sample taken after 193 h no trace of unde-
graded TMEA could be detected (TMEA concen-
tration < 10 mg/1).

- 6 h after substrate depletion (i.e. after 196 h in

total) another batch of 22.2 g/1 of TMEA contain-
ing mother liquor corresponding to 10 g/1 TMEA
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chloride was added and exponential grwoth was
restored immediately (growth rate identical with
that in the first phase).

After 215 h (in total) 55.5 g/I of TMEA mother
liquor corresponding to 25 g/1 TMEA chloride were
fed over a period of 58 h. The fermentation was
stopped after 330 h at ODg;, 30.029.5 g/1 dry
weight.

The growth parameters calculated for the first and the
second phase with TMEA-containing mother liquor
are:

Maximum specific growth rate: p,,=0.023-0.024 h~1,
Medium generation time: §=29-30 h,

Growth yield: Yx,g=0.34 (all values for TMEA chlo-
ride as the sole carbon and nitrogen source for
Pseudomonas TMEA 199).

The following mass balances were established for the
utilization of TMEA chloride by Pseudomonas
TMEA 199 (corrected for sampling):

- After the first phase (see above) TMEA was utilized
quantitatively. After 330 h (end of phase 3) 11 g/1
of TMEA were left from a total of 45 g/l added
consecutively in the 3 phases of the experiment.
Thus 75% of the total amount of TMEA added to
the fermentation were utilized.

After about 215 h of fermentation (start of phase 3)
the growth rate slowly decreased. As the concentra-
tion of dissolved oxygen was never below 40%
saturation it is assumed that one of the components
in the mineral medium MV7 was depleted and
therefore growth limitation occurred.

Carbon balance: % of the total amount of carbon
from TMEA is incorporated into the biomass of
Pseudomonas TMEA 199 and % are lost as CO,
(needed for energy metabolism).

Nitrogen balance: % of the total amount of nitrogen
from TMEA is incorporated into the biomass of
Pseudomonas TMEA 199 and % are liberated as
NH,Cl. For the quantity of nitrogen incorporated
into the biomass a stoichiometric amount of HCl is
liberated and has to be neutralized with NaOH
{(pH-stat). The NaOH consumption is therefore
growth-related and exponential (linearity in a semi-
logarithmic plot was observed).

As already described for the first pilot test with
pure TMEA, in this second pilot test with TMEA-
containing mother liquor no significant amounts of
degradation intermediates (methylated amines,
methylethylamines, acetate etc.) were detectable.
The following stoichiometry was established for the
biodegradation of TMEA chloride (empirical ap-
proximation):

CH, Pseudomonas

| TMEA 199
3 CH,—*N—-CH,CH, CI~ —————— > Biomass

| C;HyNO,
CH,
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Disposal of trimethylethylammonium chloride wastes
under practical conditions — an outlook

Our fermentation studies have demonstrated that
trimethylethylammonium chloride, or bromide and
tetramethylammonium chloride or bromide, can be
degraded in pilot scale by Pseudomonas TMEA 199,
or other TMEA strains, either as the pure substance or
as a constituent of process effluents or mother liquors
from dealkylation processes.

For the practical application of such specialized
strains different biological waste treatment processes
could be envisaged:

- Biodegradation of TMEA containing mother
liquors in a classical sewage treatment plant after
inoculation with TMEA utilizers or after acclima-
tization. However, as TMEA is not one of the
substrates most easily degraded by such organisms
(see substrate spectrum) the overall degradation
efficiency for TMEA would probably not be very
good and the organisms would prefer utilizing
substrates that are easier to degrade. An unstabi-
lized plant with changing substrate composition
would probably require a continuous inoculation
with TMEA degraders.

As TMEA-containing mother liquors are produced
in large quantities by big chemical companies, a
separate treatment of such defined process effluents
(without mixing with different effluents from other
processes) in small- or medium-sized bioreactors
using pure or enriched cultures of TMEA utilizers
could be established. Such a process could operate
at cell densities even higher than in classical treat-
ment systems.

The mineralization of TMEA yields NH4Cl. As
large quantities of ammonia can not be tolerated in
the effluents from sewage treatment plants (fish
toxicity) a treatment in a classical sewage treatment
device would require an additional nitrification/
denitrification step. On the other hand, the miner-
alization of TMEA by a separate treatment in a
bioreactor could easily be combined with recycling
of ammonia (stripping) from the culture broth.
Another possibility would be to use the culture
filtrate from TMEA degradation as a nitrogen
source for related biodegradation processes with
nitrogen free substrates.

In ecologically integrated systems the sewage sludge
(or single cell protein in the case of pure cultures)
produced in the specific biodegradation facilities pro-
posed above should be considered as a potential
source for the production of chemicals, enzymes or

+10 CO, + 2 NH,Cl + HCl

| NaOH
NaCl
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energy. The following possibilities could be envi-
saged:

Use of the biomass as single cell protein, fertilizer
or compost (after processing). These applications
would be restricted to biomass from waste degrada-
tion processes without toxic organic or metallic
impurities.

Production of biogas (methane) by anaerobic diges-
tion of sewage sludge. Such biogas plants are often
combined with municipal sewage treatment plants
(for instance in Ziirich-Werdholzli). 1 kg of biomass
(dry weight) yields 500 1 of biogas (~ 70% CHy, 29%
CO, and 1% H,; heat of combustion: 5500-6500
kcal/m®). The biogasification of industrial sewage
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sludge would also result in a significant decrease of
the remaining sludge volumes to be deposited in
landfills or incinerated.

Extraction of interesting cell components from pure
cultures: polyhydroxy butyrate, enzymes, nucleic
acids etc.

In the future, the production of interesting chemi-
cals by genetically modified microorganisms grown
on waste substrates instead of the usual C- and
N-sources could be of interest.

A number of ideas and methods for the processing
and application of biomass or modified biomass
havs recently been patented by scientists of Bayer
Ltd”.
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Summary. 1,2-Dichloroethane (5 mM) served as the only carbon and energy source for bacterium DE2, a gram-
negative, oxidase-positive, motile rod. The specific growth rate p of strain DE2 on 1,2-dichloroethane was
0.08 h~1. A NAD-dependent 2-chloroacetaldehyde dehydrogenase activity and a 2-chloroacetate halidohydro-
lase activity were detected in extracts of cells grown on 1,2-dichloroethane.

1,2-Dichloroethane or ethylene dichloride is one of
the highest volume chemicals produced in the world
with an estimated annual production of 13 million
tons®. About 10% of the compound, which is mainly
used as an intermediate in the production of vinyl
chloride and other chemicals, is released into the
environment®. Oxidation of the compound in the
atmosphere is believed to result in the formation of

the mutagens 2-chloroacetaldehyde and formylchlo-
ride and of 2-chloroacetic acid*®. The same degrada-
tion products were detected in mice and rats fed with
1,2-dichloroethane”®, Despite its importance as an
industrial and environmental chemical, the microbial
degradation of 1,2-dichloroethane has not been stud-
ied thus far. Here we present evidence for the quanti-
tative degradation of 1,2-dichloroethane by the bac-



