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Abstract. A stable methanogenic mixed culture was enriched 
from an industrial environment to utilize chloroacetate as 
sole carbon and energy source for growth. It immobilized 
spontaneously on activated charcoal and grew reproducibly 
on this carrier in a fluidized bed reactor when supplied with 
an anaerobic mineral salts medium. Substrate disappearance 
was complete. Methane, CO2 and chloride ions were con- 
clusively identified as the metabolic products and quantified. 
The growth yield from chloroacetate was about I g of 
protein/mol of carbon. The calculated degradation rate in 
the fluidized bed reactor was 0.2 to 0.8 mmol/1-h. The first 
metabolic intermediate from [2-13C]monochloroacetat e in 
portions of biofilm-coated carrier was shown by 13C_NM R 
to be glycolate, from which 13C02 and 13CH4 were formed. 
Glycolate was formed in an oxygen-insensitive hydrolysis, 
but its conversion to C02 and CH4 was strictly anaerobic 
and sensitive to inhibition by bromoethanesulfonate. Degra- 
dation of [1-14C]- and [2-14C]_chloroacetat e each yielded the 
same amount of [14C]-methane. We thus presume glycolate 
to be cleaved to CO2 and Ha, which were the substrates 
for methanogenesis. Dehalogenation was limited to chloro-, 
bromo-, iodo- and dichloroacetate. These four compounds 
and glycolate were utilized as the sole carbon and energy 
sources by the methanogenic mixed culture. 

Key words: Chloroacetates - Haloacetates - Glycolate - 
Anaerobic degradation - Methanogenic mixed culture 

The large amounts of chlorinated compounds used in 
agriculture as insecticides, herbicides, and fungicides give 
rise to concern (Miiller 1988). Environmental problems 
caused by the bulk chemicals used in their synthesis are less 
frequently mentioned. Chloroacetic acid is used in molar 
excess in many syntheses (Koenig 1975), and is classified by 
the US Environmental Protection Agency as an extremely 
hazardous chemical (Hanson 1988). Although chloroacetate 
is readily biodegradable under aerobic conditions, anaerobic 
degradation could be a useful disposal method. 

The degradation of haloalkanoates by aerobic bacteria 
and fungi has been recognized for some time (Jensen 1959, 
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1963; Goldman 1965), and a considerable understanding of 
the halidohydrolases involved has been attained (Hardman 
and Slater 1981; Motosugi and Soda 1983; Miiller and 
Lingens 1986; Tsang et al. 1988). Anaerobic degradation of 
haloacetates has not been observed, even though mono- 
chloroacetate halidohydrolases might be expected to func- 
tion anaerobically. Further, the product of the dehalogena- 
tion reaction, glycolate, is not known to be converted to 
methane. 

We now report the quantitative anaerobic degradation of 
monochloroacetate and analogues by a stable methanogenic 
mixed culture. 

Materials and methods 

Material. [l-14C]Chloroacetic acid (0.09TBq/mol), [2- 
l*C]chloroacetic acid (0.30 TBq/mol), and sodium 
[14C]bicarbonate (0.25 TBq/mol) were obtained from Sigma 
(St. Louis, MO, USA). [2-13C]Chloroacetic acid (99%) was 
obtained from ICN Biomedicals (Cambridge, MA, USA). 
Scintillation fluid (Ready-Solve HP) was from Beckman 
(Galway, Ireland). Other chemicals were of the highest qual- 
ity from Fluka (Buchs, Switzerland) or from Merck- 
Schuchardt (Mtinchen, FRG). Aromatic pesticides were dis- 
solved in methanol. Activated charcoal (Chemviron 
Filtrasorb 400; Calgon, Pittsburgh, PA, USA) was the car- 
rier material in the fluidized bed reactor. 

Apparatus. Gas chromatography (GC) with flame ionization 
detection (FID) and thermal conductivity detection (TCD), 
high pressure liquid chromatography (HPLC) and 
spectrophotometric analyses were done with standard 
equipment which was described elsewhere (Egli et al. 1988). 
GC-mass spectrometry (GC/MS) was done with a Fractorap 
2150 GC (Carlo Erba, Rodano, Italy) equipped with a 
MAT 112 MS (MAT GmbH, Bremen, FRG). The 13C mag- 
netic resonance (NMR) spectra were measured in a commer- 
cial spectrometer (AM-400; Bruker, Karlsruhe, FRG) 
equipped with a 10 mm broad band probe, tuned to the 
13C resonance frequency; the decoupler used a separate 
Helmholtz coil. The fluidized bed reactor (Fig. 1) was made 
available by Ciba-Geigy AG (Schweizerhalle, Switzerland). 
The glovebox (Mercaplex GB 1011) was from Kleiner 
(Wohlen, Switzerland). 



219 

J~ ~ 2  

8 9  
/ /  

A 

A 

A 

m 

6 

Fig. 1. The anaerobic fluidized bed reactor. Medium and suspended 
cells were pumped upwards through a water-jacketed vertical cylin- 
der [5] (working volume, 31) on which was mounted an expansion 
head. The liquid passed a pH-stat set at pH 7.2 (inlet for 2 M NaOH 
[8]; electrode [9]) and was driven through the system by a pump [7]. 
The temperature was maintained at 35~ by a thermostat [4]. The 
culture was largely immobilized on activated charcoal (initial 
packed volume, 0.41). Medium with chloroacetate as the sole carbon 
source was pumped [6] from a 5-1 anaerobic reservoir [1] into the 
system at 21 ml/h. The volume was maintained constant by an 
overflow [3] and gaseous products vented at [2]. The system had one 
sampling port [10] from which portions of the fluidized bed could 
be withdrawn 

Analytical methods. Methane was routinely determined (GC/ 
FID) after separation on a Porapak P column and its identity 
was confirmed by co-chromatography with authentic ma- 
terial on other columns (Egli et al. 1987) and by GC/MS. 
Chloroethane and chloroethanol were determined after sep- 
aration on the same Porapak P column with the oven tem- 
perature set at 130 ~ C. Acetate was determined after sepa- 
ration on a Porapak Q column (Scholtz et al. 1987) with an 
oven temperature of 190 ~ C; identification was confirmed by 
GC/MS. CO2 was determined by GC/TCD as described 
elsewhere (Egli et al. 1988), and its identity was confirmed 
by GC/MS. Bicarbonate was assayed as CO2. 

All aliphatic substrates and intermediates (chain length 
_> 2) were routinely determined by reversed-phase HPLC 
(Egli et al. 1988). The mobile phase was amended with 5% 
(v/v) methanol to determine trichloroacetate, 2- 
chloropropionate and 2,2-dichloropropionate. The aro- 
matic substrates 2,4-dichlorophenoxyacetate and 2,4,5- 
trichlorophenoxyacetate were separated on the same column 
with a mobile phase of potassium phosphate buffer (10 raM, 
pH 6.6) containing methanol [50% (v/v)]; atrazine was 
eluted with the same buffer containing more methanol [75% 
(v/v)]. The detector was set at 220 nm for aromatic com- 
pounds. 

N M R  experiments were done in a static magnetic field 
of 9.3 T, corresponding to a resonance frequency of 

100 MHz for 13C and 400 MHz decoupler frequency for the 
protons. Broad band noise decoupling was applied and the 
decoupler was left on (at a lower power level) during the 
relaxation time, to achieve nuclear Overhouser enhancement 
of the l ac  signal. The signal:noise ratio was optimized by 
using a flip angle of 30 ~ for the excitation pulse and a total 
time (observation and waiting) between scans of 2.2 s. The 
measured signals were averaged over 37 rain (1000 scans). 
Each of those averaged free induction decays was stored on 
disk and subjected to Fourier-transformation and a digital 
phase-correction. 

Sodium [14C]bicarbonate (as CO2) was trapped in 1 M 
NaOH and radioactivity was measured in portions (100 gl) 
of this solution in liquid scintillation fluid (5 ml). [lgc]- 
Methane was freed of 14C02 and determined by liquid scin- 
tillation counting (Zehnder et al. 1979). Standard material 
was obtained by biological transformation of 160 TBq 
[14C]sodium bicarbonate to methane by Methanobacterium 
thermoautotrophicum strain Marburg (DSM 2133) (Balch et 
al. 1979). 

Anaerobic samples, in which chloride ion was to be deter- 
mined, were mixed with H202 (30%; 1 ml/ml sample) in a 
screw-cap tube, which was capped and heated (80 ~ C, 2 rain) 
to remove traces of  S 2- from the liquid phase prior to a 
colorimetric test (Bergmann and Sanik 1957) or analysis 
with an ion-specific electrode. 

Protein in whole cells was measured by a Lowry method 
(Cook and Hfitter 1981). 

Organisms grown on particles of activated charcoal were 
prepared for scanning electron microscopy by washing in 
water and fixing for 2 h with 3% glutaraldehyde in 0.1 M 
sodium cacodylate buffer, pH 7.4, washing with water, and 
postfixing for 1 h with 1% osmium tetroxide in buffer. 
Samples were washed twice in water, dehydrated with 
dimethoxypropane (Muller and Jacks 1975), and washed 
twice with acetone. Thereafter, they were subjected to critical 
point drying (Anderson 1951). Dried samples were sputter- 
coated with a 70 nm layer of gold/palladium according to 
the manufacturer's instructions. 

Inoculum, growth media and growth conditions. The inoculum 
for the enrichment cultures was a mixture of two activated 
sludges from communal and industrial waste treatment 
plants, and of anaerobically digested sludge from the 
communal plant. Enrichment cultures (made to 1 1 with tap 
water in 1.2-1 glass bottles) contained inoculum (10 ml), and 
three different amounts of  a neutralized chemical waste such 
that 1 to 10raM chloroacetate (and 0.1 to 1 mM 
dichloroacetate) was the major carbon and energy source. 
Controls contained inoculum and water. The bottles were 
sparged with nitrogen, sealed with butyl rubber stoppers 
and incubated under nitrogen with gentle shaking at 35 ~ C. 
Gas production was measured at intervals. 

The enrichment culture which degraded chloroacetate 
was used as inoculum for a fluidized bed reactor in which 
organisms immobilized spontaneously on the charcoal car- 
rier (Fig. 1). The mineral medium used in this reactor was 
prepared by boiling (30 min) 15 mM KH2PO4, 10 mM 
NH4C1, 0.7 mM CaC12, 0.5 mM MgCI2, and 10 ml/1 of a 
trace elements solution (Sch6nheit et al. 1979) under a 
stream of Nz plus CO2 [80:20 (v/v)]. After cooling, 1 ml/1 
of a filter-sterilized vitamin solution (Sch6nheit et al. 1979), 
solid chloroacetic acid (3 to 110 raM) and solid cysteine- 
HC1 (final concentration 0.3 mM) were added. Medium for 
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After a two-day incubation period, the reaction was stopped 
by adding 5 M NaHO (400 I~1). The tube was stirred over- 
night to trap COz in the aqueous phase. Methane in the 
headspace (0.2 ml) was analyzed for radioactivity (Zehnder 
et al. 1979). The liquid phase was transferred to one side of 
a two-armed vessel (Fuchs et al. 1980), acidified (500 1~1 of 
concentrated H2S04) to drive off C02, which was trapped 
in 1 M NaOH (2 ml) in the second arm and quantified by 
liquid scintillation counting. 

Substrate range of the immobilized methanogenic mixed cul- 
ture and inhibition studies. Biofilm-coated charcoal particles 
in the anaerobic chamber were washed twice with anaerobic 
buffer and transferred to sterile 16.5-ml Hungate tubes to 
give a packed volume of 2 ml. The gas phase in the tubes 
was replaced with N2 plus COz [80: 20 (v/v), 0.2 bar]. Sterile 
anaerobic buffer (5 ml) and substrate (initial concentration 
for aliphatics 3 mM, for aromatics 0.3 mM) were added. In 
selected experiments, methanogenic organisms were in- 
hibited with sodium bromoethanesulfonate (50 mM). Sub- 
strates [HPLC, except chloroethane and chloroethanol 
(GC)], chloride (colorimetry or electrode), and methane 
(GC) were determined in duplicate at 0 and 48 h of incu- 
bation. 

Fig. 2. Electron micrograph of the methanogenic mixed culture 
immobilized on charcoal. Two predominant, morphologically dif- 
ferent bacteria were observed: (a) a long rod (3 x 0.3 gm), presumed 
to be a methanogen because of its F420 autofluorescence and (b) a 
short (0.9 x 0.6 gin), non-methanogenic organism. The bar rep- 
resents 1 gm 

continuous operation of the reactor was stored in a reservoir 
(5 1) which was closed with a rubber stopper and connected 
to the feed pump by air-tight connections. 

Degradation of [2-13C]ehloroaeetate by the immobilized 
mixed culture. Experiments were done at 34~ in a 1-cm 
diameter NMR-tube. Additions to the tube were made under 
a stream of nitrogen and the tube was sealed with a rubber 
stopper. Biofihn-coated charcoal particles were washed in- 
side the anaerobic chamber with anaerobic buffer, pH 7.2 
[60 mM NaHCO3, 1.7 mM KHaPO4, 1 ml/1 titanium(III) 
citrate (Zehnder and Wuhrmann 1976) and 0.1 ml resazurin 
solution (1 rag/l)]. Reaction mixtures (4 ml) contained 
washed particles (0.3 ml packed volume), anaerobic buffer 
and [2-13C]chloroacetic acid (36 gmol). A similar exper- 
iment was done under aerobic conditions with 12 gmol of 
[2-13C]chloroacetic acid. The sample was shaken by hand at 
2 h intervals to maintain homogeneous conditions. Soluble 
compounds were analyzed by NMR. The gas phase was 
examined by GC and GC/MS. 

Degradation of[i4C]chloroacetate. The immobilized mixed 
culture was used to follow the fate of carbon atoms from [1- 
14C]- or [2-14C]chloroacetic acid in 16.5 ml Hungate tubes. 
Washed, biofilm-coated carrier (3 ml packed volume) was 
added to the tube and the gas phase was replaced with N2 
plus CO2 [80:20 (v/v), 0.2 bar] using a gassing manifold 
(Kiener and Leisinger 1983). Anaerobic buffer (5 ml) and 
[1-i4C]chloroacetic acid (0.58 gmol, 51 kBq) or [2-igC]chlo - 
roacetic acid (0.25 gmol, 76 kBq) were added to the test. 

Results 

Enrichment cultures and growth medium 

Experiments to obtain methanogenic enrichment cultures in 
chloroacetate-salts medium indicated that this substrate was 
toxic for anaerobic bacteria present in the inoculum. 
Whereas controls without chloroacetate produced methane 
from endogenous carbon sources within 24 h, 1 mM chloro- 
acetate caused a one-week delay in methanogenesis and 
10 mM substrate caused complete inhibition. One positive 
enrichment was obtained, at 4 mM chloroacetate; after 7 
weeks of incubation its methane production was tenfold 
increased as compared to the control. 

The culture grew irreproducibly in the enrichment me- 
dium. Stable conditions were obtained in a fluidized bed 
reactor. Immobilisation of organisms on the carrier (acti- 
vated charcoal) was spontaneous. Formulation of anaerobic 
chloroacetate-minimal medium required care, because 
chloroacetate is a reactive compound subject to spontaneous 
nucleophilic attack by thiol groups (Dickens 1933). Thio- 
glycolate accumulated in large amounts in many media, 
due to the presence or microbial formation of sulfide, and 
methanogenesis was inhibited. This artefact was avoided by 
using only trace amounts of sulfur (0.3 mM cysteine-HCl) 
and/or titanium(III) citrate to generate reducing conditions. 

Degradation of chloroacetate in a fluidized bed reactor 

Growth in the reactor was initiated as a batch culture with 
3 mM chloroacetate. When the substrate had disappeared 
and methane production was observed, a continuous feed 
was started with a weekly increase in the chloroacetate con- 
centration of the medium in the reservoir. The chloroacetate 
concentration in the culture was below 0.2 mM when e.g., 
30 mM substrate was in the feed; the observed products 
were methane, CO2, chloride and traces (<  0.5 to 2 mM) of 
acetate and glycolate. 
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Fig. 3A, B. Kinetics of the transformation of [2 -13C]chloroacetate to products by the methanogenic mixed culture immobilized on charcoal. 
The vessel containing the biological reaction mixture was mounted in a 13C-NMR spectrometer and spectra were taken at intervals and 
plotted as pseudo-3-dimensional graphs. The chemical shifts (ppm) of standards (the 13C-component of authentic materials) measured 
under identical conditions, which agreed with literature data (Pretsch et al. 1976), identified the signals as [2-~3C]chloroacetate [48.8 ppm; 
marked 1 in (A) + (B)], [2-13C]glycolate [67.4 ppm; marked 2 in (A) + (B)] and 13CO2- [168.3 ppm; marked 3 in (A)]. Two representative 
experiments are shown: (A), under strictly anaerobic conditions (9 mM chloroacetate); (B) under aerobic conditions (3 mM chloroacetate) 

Table 1. Degradation of []-14C]- and [2-14C]chloroacetate by the 
methanogenic mixed culture 

Compound added Radioactivity (%) recovered in 

C H  4 C O  2 Biomass Total a 

[2-14C]Chloroacetate 11 60 15 86 
[1-14C]Chloroacetate 12 74 4 90 

a Data represent the average of two experiments 

The degradation rate for chloroacetate after six months 
in the fluidized bed system was 0.2 mmol/1, h, and the mass 
balance was: 

30 mM C1CHzCOOH 
23 mM CH~ + 33 mM H2CO3 + 30 mM HC1 

+ 2.3 mM carbon in protein. 

This corresponds to 97% and 100% recovery of carbon and 
chloride, respectively. The amount of protein produced (1 g 
of protein/mol of C) is typical for anaerobic growth (Dolfing 
and Tiedje 1987). Chloroacetate was thus subject to total 
degradation by the methanogenic mixed culture. 

The concentration of chloroacetate in the feed was in- 
creased to 110 mM. There was no detectable chloroacetate 
in the culture medium, and the degradation rate was calcu- 
lated to be 0.76 mmol/1.h. The feed concentration was not 
increased above 110 mM to avoid excessive concentrations 
of sodium chloride and sodium carbonate in the reactor. 

The organisms on the carrier are shown in Fig. 2. Cells 
tended to colonize niches in the charcoal rather than the 
outer surface of the carrier. Examination of samples by 
fluorescence microscopy indicated that methanogens and 
non-methanogens were present. 

Glycolate and H C 0 3  as intermediates 

The degradation of chloroacetate by the immobilized mixed 
culture was followed in situ by non-invasive 13C-NMR 
analyses. Under anaerobic conditions, chloroacetate 
(36 gmol) was converted within 22 h to glycolate, the sole 

measurable organic intermediate, which was in turn de- 
graded to carbonate (Fig. 3 A). Headspace analyses showed 
that 24 gmol of  methane was produced and that both [12C]- 
and [13C]methane was formed. The relative amounts of 
[~4C]methane formed from [1-14C] - or [2-14C]chloroacetate 
were identical (Table 1). These tracer experiments clearly 
indicate that both the C-1 and C-2 carbon of chloroacetate 
gave rise to methane with equal efficiency. Glycolate was 
presumably cleaved to 2 mol of COz, and this CO2 was 
the major carbon source for methanogenesis in the system. 
Chloroacetate was subject to hydrolysis to glycolate under 
aerobic conditions also, but at a lower rate; this glycolate 
was not degraded aerobically (Fig. 3 B). It seems that hydro- 
lytic dehalogenation is less oxygen-sensitive than glycolate 
degradation. 

Substrate range and inhibition of  the immobilized culture 

Several chlorinated compounds were tested as substrates for 
dechlorination and degradation by the immobilized mixed 
culture. 2-Chloropropionate, 2,2-dichloropropionate, chlo- 
roethane, 2-chloroethanol, atrazine, 2,4-dichlorophenoxy- 
acetate, and 2,4,5-trichlorophenoxyacetate were neither 
dechlorinated nor degraded. Mono-, di-, and trichloro- 
acetate were totally dechlorinated and degraded to methane 
and CO2 (Table 2). Trichloroacetate degradation was a com- 
bination of chemical and biological reactions (Table 2). 
Bromoacetate and iodoacetate were totally degraded, but 
fluoroacetate was not a substrate. Whereas glycolate was 
utilized by the mixed culture, acetate was not (Table 2). 

Concentrations of bromoethanesulfonate above 20 mM 
were required to obtain any inhibition of methane pro- 
duction by the charcoal-immobilized mixed culture. At a 
concentration of 50 mM bromoethanesulfonate, methane 
production was totally inhibited. Dehalogenation of chloro- 
acetate was not affected by the presence of bromo- 
ethanesulfonate, whereas glycolate degradation was par- 
tially inhibited (Table 2). Acetate was produced under these 
conditions, presumably by acetogenic bacteria present in the 
system. 
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Table 2 
Substrate range of the stable, immobilized 
methanogenic mixed culture 

"All substrates were stable, except trichloroacetate (c), and 
were present at an initial concentration of 3 raM. The 
limits of detectability are given in Materials and methods 
b Product formation was measured after 2 days of incu- 
bation. Experiments were done twice, with similar results, 
and these data are the means of duplicate assays 
~ Trichloroacetate, though stable under sterile, charcoal- 
free conditions, reacted spontaneously to form 
dichloroacetate in the presence of sterile 
charcoal. Trichloroacetate degradation was thus a combi- 
nation of chemical and biological reactions 
d na, no assay 
e BES, bromoethanesulfonate 

Substrate added ~ Residual 
(15 gmol) substrate 

(~tmol) 

Products formed b (gmol) 

Methane Ha l ide  Others 

None - 0.3 0.2 0 
C1CHzCOO- 0 9.4 15 0 
ClzCHCOO- 0 7.4 29 0 
C13COO- ~ 0 6.8 44 0 
CH2HOCOO- 0 9.4 - 0 
BrCHzCOO- 0 9.3 15 0 
ICH2COO- 0 3.1 14 0 
FCH2COO- 15 0.4 na a 0 
C H 3 C O O  15 0.3 -- 0 

C1CH2COO- 0 0.1 15 CH3COO-, 4 
+ 50 mM BES r CH2HOCOO-, 6 

CHzHOCOO 6 0.2 - -  C H 3 C O O - ,  5 
+ 50 mM BES 

Discussion 

The methanogenic, chloroacetate-utilizing mixed culture 
was maintained as a continuous culture immobilized on 
activated charcoal in a fluidized bed reactor. This method 
of cultivation allowed the use of non-reduced medium, a 
critical precaution which avoided a chemical reaction be- 
tween chloroacetate and sulfide. Immobilization may have 
favoured the degradation process since it allowed juxtapo- 
sition of the hydrogen-producing and the methanogenic 
partners of the system (Conrad et al. 1985). Strictly anaer- 
obic conditions must have existed in the pockets of the 
charcoal carriers, in which methanogens were observed, 
whereas a gradient of anaerobiosis from a relatively high 
redox potential at the inlet for the non-reduced medium 
must be postulated for the bioreactor as a whole. 

Chloroacetate degradation by the methanogenic mixed 
culture described here proceeded to completion according 
to the following overall stoichiometry: 

4 C1CH2COO- + 7 H20 
5 HCO3 + 3 C H 4 + 4  C1- + 5 H + 

At least two pathways are conceivable by which chloro- 
acetate could be converted to methane, CO2 and chloride. 
Firstly a fermentative bacterium could anaerobically oxidize 
part of the chloroacetate, dispose of electrons by reductively 
dehalogenating the major part of chloroacetate and thereby 
provide acetate for an aceticlastic methanogen. Secondly 
chloroacetate could be hydrolytically dehalogenated to 
glycolate which could be cleaved to yield carbon dioxide and 
hydrogen, the substrates o fa  carboxidotrophic methanogen. 

Our data suggest strongly that anaerobic chloroacetate 
degradation proceeds by the latter pathway. Evidence for 
this rests on the identification of glycolate as an intermediate 
(Fig. 3), on the oxidation of both the C-1 and the C-2 car- 
bons of chloroacetate to CO2, on the equivalence of both 
carbon atoms to act as precursors of methane (Table 1), and 
on the fact that acetate was not utilized as a substrate by the 
methanogenic mixed culture (Table 2). Similar molar yields 
of methane were observed with glycolate, chloroacetate and 
bromoacetate. When dichloroacetate was supplied as a sub- 
strate, the yield of methane decreased significantly. This 
is in agreement with the fact that dichloroacetate is more 
oxidized than monochloroacetatc and that its anaerobic oxi- 
dation yields correspondingly less hydrogen. 

The data presented here suggest that at last two meta- 
bolic types bacteria are involved in the anaerobic degra- 
dation of chloroacetate via the reactions shown in Eq. (1), 
(2) and (3). 

4 C1CH2COO- + 4 H20 
4 CH2OHCOO- + 4 C1- + 4 H + (1) 

4 CH2OHCOO- + 12 H20 ~ 8 HCO~- + 12 H2 + 4 H + 
AG(~ ' = 28.8 kJ/mol (2) 

1 2 H 2 + 3 H C O a - + 3 H  + ~ 3 C H 4 + 9 H 2 0  
AG(~ ' = - 135.3 kJ/mol (3) 

AG(~ ' + AG(~ ' = - 106.5 kJ/mol 

Values for the free energy of formation [AG ~ ] were calcu- 
lated from A G [  values at 25~ (Thauer et al. 1977). 

The initial degradative step [Eq. (1)] is hydrolytic, with 
glycolate plus chloride as the products. This exergonic reac- 
tion is well known in aerobic chemoheterotrophic soil bac- 
teria of the genera Pseudomonas  and M o r a x e l l a  in which 
it is mediated by inducible halidohydrolases (Miiller and 
Lingens 1986). The narrow substrate specificity of the 
dehalogenating mixed culture described here suggests a 
haloacetate halidohydrolase of the type that does not cleave 
the C-F bond (Motosugi and Soda 1983). Whereas it seems 
likely that this halidohydrolase is present in the fermentative 
bacterium postulated to degrade glycolate [Eq. (2)], we can- 
not exclude that the enzyme is furnished by an anaerobic 
organism growing on excretion and/or lysis products present 
in the system. 

Glycolate is a novel substrate for a methanogenic mixed 
culture. Anaerobic oxidations of alkanoic acids by 
syntrophic associations of bacteria are well documented 
(McInerney et al. 1979; Zinder and Koch 1984; Stieb and 
Schink 1985; Platen and Schink 1987; Lee and Zinder 1988), 
but to our knowlegde there are no reports of the anaerobic 
oxidation of hydroxyalkanoic acids such as glycolate. In 
view of the unfavourable thermodynamics of glycolate fer- 
mentation to carbon dioxide and hydrogen [Eq. (2)] one has 
to postulate that this part of chloroacetate degradation can 
proceed only when the hydrogen partial pressure in the 
system is kept low by syntrophic association of the glycolate 
degrader with a hydrogen-consuming organism. In this 
chloroacetate-(glycolate-)degrading mixed culture the 
hydrogen-scavenging partner appears to be a methanogen 
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that  obtains  energy f rom growth by the reduction of  carbon 
dioxide with hydrogen [Eq. (3)]. Evidence for the presence 
of  this type of  organism in the system was provided by 
the detect ion of  fluorescing bacteria  in the pockets  of  the 
charcoal-carr ier  and by inhibi t ion experiments.  Metha-  
nogenesis from chloroacetate  or glycolate was completely 
and glycolate degradat ion  was strongly inhibited by 
bromoethanesul fonate  (Table 2). 
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