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Abstract. From anaerobic digestor sludge of a waste 
water treatment plant, a gram-negative, strictly anaerobic 
sulfate-reducing bacterium was isolated with acetone as 
sole organic substrate. The bacterium was characterized 
as a new species, Desulfocoecus biacutus. The strain grew 
with acetone with doubling times of  72 h to 120 h; the 
growth yield was 12.0 (+_2.1) g . [ m o l  acetone] -1. 
Acetone was oxidized completely, and no isopropanol 
was formed. In labelling studies with 14CO2, cell lipids 
(including approx. 50% PHB) of  acetone-grown cells 
became labelled 7 times as high as those of  3-hydroxy- 
butyrate-grown cells. Enzyme studies indicated that 
acetone was degraded via acetoacetyl-CoA, and that 
acetone was channeled into the intermediary metabolism 
after condensation with carbon dioxide to a C4-com- 
pound, possibly free acetoacetate. Acetoacetyl-CoA is 
cleaved by a thiolase reaction to acetyl-CoA which is 
completely oxidized through the carbon monoxide de- 
hydrogenase pathway. Strain KMRActS  was deposited 
with the Deutsche Sammlung yon Mikroorganismen, 
Braunschweig, under the number DSM 5651. 

Key words: Acetone - Acetoacetate - Carboxylation - 
Sulfate reduction 

Acetone is degraded by various bacteria under aerobic or 
anaerobic conditions. It is introduced into the intermedi- 
ary metabolism by two different pathways. Most aerobic 
bacteria use molecular oxygen to form acetol by a mono- 
oxygenase reaction (Lukins and Foster 1963; Taylor et 
al. 1980). Alternatively, an initial condensation of  acetone 
with carbon dioxide to form a C4-compound was 
suggested for aerobic (Bonnet-Smits et al. 1988) or anaer- 
obic bacteria (Siegel 1950; Platen and Schink 1987, 1989). 

Present addresses." * Passavant-lnstitut ffir Entwicklung und Um- 
weltanalytik GmbH, D-6209 Aarbergen 7, FRG; ** Metsfi-Serla 
Oy, SF-08800 Kirkniemi, Finland 

Offprint requests to: B. Schink 

A denitrifying bacterium carboxylates acetone to free 
acetoacetate in an ATP-dependent reaction (Platen and 
Schink 1990). From anaerobic enrichment cultures with 
acetone as substrate and sulfate as electron acceptor, 
various strains of  Desulfococcus multivorans were isolated 
but not further characterized (Widdel 1988; Widdel per- 
sonal communication). In this paper we describe enrich- 
ment, isolation, and characterization of  an acetone-de- 
grading sulfate-reducing bacterium, and report details on 
its metabolic pathway for acetone degradation. 

Matel'ials and methods 

Source of  microorganisms 

Strain KMRActS was enriched from anaerobic sludge of the munici- 
pal sewage plant in Marburg, FRG. 

Media and growth conditions 

All procedures for cultivation were as previously described (Widdel 
and Pfennig 1981). The freshwater mineral medium (Schink and 
Pfennig 1982) for enrichment and further cultivation was carbonate- 
buffered (30 raM) and sulfide-reduced (1.0 mM), and contained 
sodium sulfate (25 raM), trace element solution SL 10, and selenite- 
tungstate solution (1 ml �9 1- t of each; Widdel et al. 1983) as well as 
0.5 ml. 1-t vitamin solution (tenfold concentrated, after Widdel 
and Pfennig 1981). Resazurin (0.4 rag-ml-1) was added as redox 
indicator. The pH was adjusted to 7.2-7.4. Acetone was added 
either undiluted or as a 1 M solution in sterile water, other carbon 
sources were added from 0.5 to 1.0 M stock solutions. Acetoacetate 
was prepared by the method of Hall (1962). 

Microbiological techniques 

Enrichment cultures were grown in 120 ml serum bottles filled half 
with medium under a N2/CO2 (90%/10%) gas atmosphere, and 
sealed with butyl rubber stoppers. Pure cultures were obtained by 
agar dilutions (Pfennig and Trfiper 1981) and further cultivated in 
screw-cap bottles or in serum tubes with butyl rubber stoppers. 
Growth was measured with a Spectronic 20 photometer (Milton 
Roy, Rochester, USA). All cultures were incubated at 28~ Gram 
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type determination (staining and KOH assay) and negative staining 
with Indian ink was carried out by standard methods (SiiBmuth et al. 
1987). Microphotographs were taken with an Axiophot microscope 
(Zeiss, Oberkochen, FRG) with cells immobilized on agar slides 
(Pfennig and Wagener 1986). 

Analysis of cell compounds 

Preparation of DNA and determination of the guanine-plus- 
cytosine content was carried out after Mandel et al. (1970). Lipids 
and PHB were extracted from freeze-dried cells by shaking for 20 
to 24 h in chloroform (25 ml chloroform per approx, i00 mg of 
cells). The extract was filtered through a cellulose filter (type 
5951/2, Schleicher and Sch/ill, FRG), the chloroform evaporated, 
and the dry residue dissolved in 1 to 4 ml chloroform. Aliquots of 
this preparation were dried for determination of total lipid content 
by wet combustion with K2Cr207 in conc. H2SO4 (Johnson 1949) 
with tributyrin as standard. The PHB content of the lipid extract 
was determined after conversion to crotonic acid with conc. H2SO, 
(Law and Slepecky 1961). Desulfoviridin was detected by the fluo- 
rescence test after Postgate (1959), cytochromes were characterized 
by monitoring absorption spectra of dithionite-reduced against air- 
oxidized cell-free extracts (Uvicon 860 photometer, Kontron, 
Ziirich, Switzerland). 

Determination of chemical compounds 

Acetate, isopropanol, and acetone (in the absence of acetoacetate) 
were determined gaschromatographically (Carlo Erba Vega 6000 
with flame ionisation detector) with a packed column (2 m x 2 mm 
60/80 Carbopack C/0.3% Carbowax 20 M/0.1% H3PO4; Supelco, 
Bellefonte, USA) by injection of 2 gl of an acidified sample (100 gl 
sample with 5 gl I0 M formic acid). Initial oven temperature was 
80 ~ C, and was continuously increased within 2 rain after sample 
injection to 120 ~ C. Carrier gas was N2 (40 ml �9 rain-1). 

In medium containing acetone and acetoacetate, both sub- 
stances were determined enzymatically. Cells were removed by 
centrifugation and the supernatant was diluted with 100 mM potas- 
sium phosphate buffer, pH 7.0, to a final concentration of 20 to 
200 gM. 50 gl 6 mM NADH was added to 950 gl, the initial absorp- 
tion was read at 365 nm wavelength, and the reaction was started 
either by addition of 0.2 units 3-hydroxybutyrate dehydrogenase 
(Sigma, Deisenhofen, FRG) or 0.2 units ofNAD-dependent isopro- 
panol dehydrogenase (partially purified from the denitrifying bac- 
terial strain BunN; Platen 1989). After 50 min of incubation at 
22 ~ C, the reaction was complete. The system was calibrated with 
known amounts of acetoacetate or acetone. 

Sulfide was determined by the method of Cline (1969). For 
determinatmn of 3-hydroxybutyrate, 100 gl of sample was dried in 
a test tube, 2 ml of 98% H2SO4 was added, and the absorption was 
determined as described for PHB (Law and Slepecky 1961). Protein 
was determined by the microbiuret method after Zamenhoff (1957) 
after removal of sulfide by bubbling with nitrogen gas for a few 
minutes. 

Labelling experiments 

Na214CO3 was obtained from Amersham, Braunschweig, FRG. 
Analysis of 14C-labelled compounds was carried out as previously 
described (Platen and Schink 1989). 

with substrate-free medium or with anoxic non-reduced 50 mM 
MOPS-KOH buffer, pH 7.2. For cell suspension experiments, cells 
were suspended in 5 to 30 ml of freshwater medium; cell-free extracts 
were prepared in MOPS-KOH buffer by French press treatment 
( l l0  MPa) under anoxic conditions. Cell debris was removed by 
centrifugation in steel tubes under nitrogen at 42000 x g for 20 rain. 

Enzyme assays 

Photometric measurements were carried out with a model 100-40 
photometer (Hitachi, Tokyo, Japan) in 1 ml-cuvettes of 1 cm light 
path with butyl rubber stoppers. All reaction mixtures were prepared 
anaerobically and contained 10 to 100 gg extract protein. E.C. num- 
bers were taken from International Union of Biochemistry (1984). 

Propan-2-ol: NAD + oxidoreductase (no E.C. number), propan- 
2-ol:NADP + oxidoreductase (E.C. 1.1.1.80), 3-hydroxy- 
butanoate:NAD + oxidoreductase (E.C. 1.1.1.30), 3-hydroxy- 
butanoate:NADP § oxidoreductase (no E.C. number), 3-hydroxy- 
acyl-CoA:NAD + oxidoreductase (E.C. 1.1.1.35), and 3-hydroxy- 
acyl-CoA: NADP + oxidoreductase (E.C. 1.1.1.36) were determined 
according to Bergmeyer (1983) in 100 mM MOPS-KOH buffer, 
pH 7.2, with acetone, Li-acetoacetate, or acetoacetyl CoA, respec- 
tively. 

Thiolase (E.C. 2.3.1.9) was detected in 100 mM Tris-HC1 buffer 
(pH 8.2) containing 10 mM MgC12, 100 gM acetoacetyl-CoA, and 
cell-free extract. The reaction was started by addition of 10 gl 
coenzyme A (10 mM), and decrease of the acetoacetyl-CoA-Mg 2+ 
complex was detected at 303 nm wavelength (e = 14 m M -  lcm-  1 ; 
Stern 1956). The same assay was used for determination of acetyl- 
CoA:acetoacetate CoA transferase (no E.C. number) by replacing 
coenzyme A by sodium acetate (10 gl of 1 M solution). 

3-Hydroxybutyryl-CoA dehydratase (4.2.1.55) was detected in 
100 mM MOPS-KOH buffer (as above) containing 50 gM erotonyl- 
CoA. The reaction was started by addition of cell-free extract, and 
decrease of extinction at 263 nm was measured (e = 6.7 - 103 M -  1 
cm-1;  Stern et al. 1956). 

Carbon monoxide:methylviologen oxidoreductase (1.2.99.2), 
formate:methylviologen oxidoreductase (no E.C. number), and 
pyruvate:methylviologen oxidoreductase (pyruvate synthase; 
1.2.7.1) were detected by the method of Diekert and Thauer (1978) 
in 100 mM potassium phosphate buffer, pH 7.0, containing 2 mM 
methylviologen and cell-free extract. The reaction mixture for 
pyruvate:methylviologen oxidoreductase contained also 100 ~tM 
coenzyme A. Methylviologen was slightly reduced by traces of so- 
dium dithionite solution, and the reaction was started by addition 
of 1 ml carbon monoxide, 10 ~1 1 M sodium formate, or 10 gl 1 M 
sodium pyruvate solution, respectively (8578 = 9.7 - 103 M -  lcm-  a; 
Daniels et al. 1977). 

Phosphotransacetylase (2.3.1.8.) was detected after Bergmeyer 
(1983). Acetate kinase (2.7.2.1) and acetate:CoA ligase (6.2.1.1) 
were detected in 100 mM MOPS-KOH buffer (pH 7.2) containing 
cell-free extract, 10 mM MgCI2, 5 mM ATP, 2.5 mM phospho- 
enolpyruvate, 0.3 mM NADH, 10 U pyruvate kinase, and 25 U 
lactate dehydrogenase; for the detection of acetate: CoA ligase 10 U 
myokinase was added. The reaction was started by addition of 10 lal 
of 1 M sodium acetate solution, and decrease of absorption at 
365 nm was read (Bergmeyer 1983). Acetoacetate kinase (no E.C. 
number) and acetoacetate: CoA ligase (6.2.1.16) were determined in 
the same test system replacing acetate by acetoacetate (1 M solution 
of Li-salt). 

Preparation of cell suspension and cell-free extracts 

100 ml cultures in the late exponential growth phase were centri- 
fuged for 30 min at 1500 • g in serum bottles in a GSA rotor with 
rubber adaptors (Sorvall, Newtown, CT, USA). Cells of 2 to 5 
cultures were collected and washed twice under anaerobic conditions 

Chemicals 

All chemicals were of reagent grade quality and obtained from 
Fluka, Neu Ulm, FRG;  Merck, Darmstadt, FRG;  Sigma, 
Deisenhofen, FRG. Gases were obtained from Messer-Griesheim, 
Darmstadt, FRG. 
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Fig, 1 a and b. Phase contrast photo- 
micrographs of cells of strain 
KMRActS. a Condensed cell 
suspension; b negative staining 
with Indian ink. Bar represents 
10 gm 

Results 

Enrichment, isolation, and characterization 
of  strain KMRActS 

60 ml of  freshwater medium containing 11.3 m M  acetone 
and 25 m M  Na2SO4 was inoculated with 5 ml anaerobic 
sludge and incubated at 28~ After 68 days, sulfide 
formation was detected. 5 ml of  this culture was trans- 
ferred to new medium, and turbidity and sulfide forma-  
tion were observed after 4 weeks. Most  bacteria in this 
culture were of  the same shape as the later isolated strain 
KMRActS .  Pure cultures were obtained by two sub- 
sequent agar dilutions which were incubated for four to 
six weeks each. 

Strain K M R A c t S  was a gram-negative, lemon-shaped 
(1.4 x 2.3 gin) bacter ium with a big slime capsule (Fig. 1). 
Cells contained refractile inclusions but  did not survive 
pasteurization (10 rain at 80~ PHB (up to 10% of  
cell dry weight), desulfoviridin, and cytochromes were 
detected (absorpt ion maxima at 553 nm and 420 nm 
wavelength; a /3-band was not detectable); the 
cytochromes did not  precipitate during centrifugation at 
150000 x g for 2 h. The guanosine-plus-cytosine content 
of  D N A  was 56.5 + 0.3 mo l% as determined by thermal 
denaturation. 

Strain K M R A c t S  had a broad substrate spectrum 
(details under "species description"); all carbon sources 
were tested at 10 m M  concentration with the exception 
of benzoate (2 raM). Sulfate and sulfite were reduced to 
sulfide; thiosulfate, nitrate, fumarate,  or sulfur were not 
used as electron acceptors. Acetone, pyruvate,  and 3- 
hydroxybutyrate  were not  fermented. Growth  was com- 
pletely inhibited by 0.1% yeast extract. 

Optimal growth was obtained at pH-values between 
7.2 and 7.8 and 28 to 30~ growth temperature;  no 
growth occurred at 37~ Strain KMRActS  did not  grow 
in saltwater medium, and was inhibited by > 68 m M  
NaC1 in freshwater medium. Phosphate inhibited growth 
completely at 1 2 r a m  concentration. Na28204 up to 
300 gM shortened the lag-phase by 3 to 5 days; higher 
concentrations inhibited growth. 

Stoichiometry of acetone degradation 

Two cultures of  1 1 volume with 10 m M  acetone and 
25 m M  NazSO4 were cultivated for 26 days until the 
late logarithmic growth phase was reached. Sulfide and 
residual acetone were determined, and cells were harvest- 
ed for dry weight determination, In more than five inde- 
pendent experiments, the cell yield was 12.0 (+_ 2.1) g per 

Table 1. StoMfiometry of acetone degradation by strain KMRActS after growth in 1 1 cultures with 10 mM acetone and 25 mM sodium 
sulfate. Details see text 

Acetone consuming reaction Culture no. i Culture no. 2 

Measured Stoichiometric amount Measured Stoichiometric amount 
parameter of acetone used parameter of acetone used 

[mmol] [mmol] 

Cell material formed" 
(not including PHB) 

PHB content of cells b 
Sulfide lbrmed c 
Acetone consumption calculated 

from formed products 
Acetone consumed (measured) 
Electron recovery 
Y, [g- (tool acetone)- 1] 

71.1 mg 0.73 89.9 mg 0.93 
7.3 mg 0.10 1.2 mg 0.02 

14.6 mmol 7.30 15.3 mmol 7.65 

8.13 8.59 
7.43 9.54 

109% 90% 
11.9 10.6 

Amounts of acetone consumed were calculated by the following equations: 
J7 C3H60 + 13 COz + 5 H20 ~ 16 (C4HvO3) 

b 9C3H60+ 5COz --* 8(C4HtOz)+ 3H20 
C3H60 + 2 SO~- -4- 4 H + "-+ 3 CO2 + 3 HzO + 2 H2S 
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Table 2. Growth of strain KMRActS with various substrates and sulfate as electron acceptor. Cells were cultivated in serum tubes sealed 
with rubber stoppers; the results of one representative growth experiment are shown in each case 

Substrate Doubling Substrate Culture AOD4,~0 Cell mass Sulfide Electron Ys b 
time degraded volume formed a formed recovery 
[day] [limol] [ml] [mg] [gmol] [%] [g- tool- 1] 

Acetone 3.9 150 23.2 0.275 1.65 201.8 79 12.0 _ 2.1 
Acetoacetate 2.3 150 25.0 0.339 2.19 225.0 90 17,4 _+ 0.3 
Acetate 24.0 200 23.7 0.061 0.37 173.0 90 1.8 + 0.3 
3-Hydroxybutyrate 2.4 100 24.0 0.298 1.85 149.0 ~ 84 21.6 _+ 0.8 
Pyruvate 3.7 150 24.5 0.405 2.56 112.7 88 23.7 _+ 2.2 

a The OD44o: dry weight calibration value was 258mg. OD-1; assimilated substrate was calculated after the formula C4I-I703 
(= C4HsO2N) for cell material 
b Mean value of 4 to 5 growth experiments with standard deviation. Dissimilated substrate was calculated from total substrate consumption 
minus assimilated substrate 
c The amount of sulfide formed by substrate assimilation was subtracted 
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Fig. 2. Growth curve of strain KMRActS with i0 mM acetoacetate 
(acac; [At) as substrate and sulfate as electron acceptor. [[3] Acetone 
(act), [ �9 ] optical density at 440 nm wavelength 

Table 3. Incorporation of 14CO2 into cell lipids (PHB and membrane 
lipids) of strain KMRActS after incubation of acetone-grown cells 
with acetone or 3-hydroxybutyrate (3-OH-BA) as substrate 

Substrate 

Acetone 3-OH-BA 

Substrate consumed [gmol] 101.70 83.70 
Rate of substrate consumption 

[nmol �9 min- t .  ml- 1] 9.42 5.02 
Dry cell yield [mg] 26.30 29.00 
Total lipid content (incl. PHB) [mg] 3.50 3.04 
PHB [mg] t .92 2.03 
Total 14C in lipids [104 dpm] 29.41 3.50 
14CO2 incorporated per substrate con- 

sumed [103 dpm - gmol- it 2.89 0.41 

tool acetone with sulfate as electron acceptor  (Tables 1 
and 2). Wi th  sulfite as electron acceptor,  the yield was 
22.8 g �9 [mol ace tone] -  1. Ace tone  was no t  reduced to iso- 
propanol .  

Growth with acetate, acetoacetate, and 3-hydroxybutyrate 

Strain K M R A c t S  grew very slowly with acetate;  the 
doubl ing  times were in the range o f  19 and  24 days, 
and g rowth  yields did no t  exceed 2.1 g �9 m o l -  1 (Table 2). 
Wi th  D,L-3-hydroxybutyra te  and acetoacetate,  g rowth  
was faster than with acetone as substrate.  Degrada t ion  
o f  acetoacetate  resulted in a higher  g rowth  yield 
(17.4 + 0.3 g �9 m o l - 1 )  than  acetone degradat ion,  how-  
ever, par t  o f  the acetoacetate  decarboxyla ted  spon-  
taneously  to acetone;  the half-life time o f  acetoacetate  in 
sterile freshwater  med ium was 22.3 days at 28~ (rate 
cons tan t  o f  the first order  react ion:  1.30- 10 -3 h -1 ) .  A 
g rowth  curve with acetoacetate  is shown in Fig. 2. 

Incorporation of  1r into cell lipids 

Two replicates o f  15 ml dense suspension o f  acetone- 
g rown cells (OD44o = 9.8) in 25 ml serum bottles contain-  
ing 2 5 m M  Na2SO4 and  4 . 5 t - 1 0 7 d p m  NaH14CO3 

(specific radioact ivi ty:  9.69 �9 104 dpm �9 g m o l -  1) received 
either 7 . 7 m M  acetone or  8 . 0 r a M  D,L-3-hydroxy- 
butyrate.  Substrate  consumpt ion  was linear with time 
in bo th  cases; acetone was degraded by  these acetone-  
adap ted  cells twice as fast as 3-hydroxybutyra te .  When  
the substrate was a lmost  consumed,  cells were harvested 
(48000 x g, 30 min), washed twice with 25 m M  NH4-  
acetate solution, and lyophilized. In  the extracted lipids 
o f  ace tone-grown cells, radioact ivi ty  was abou t  7 times 
as high as in lipids o f  3 -hydroxybutyra te -g rown cells 
(Table 3). 

Enzymes in cell-free extracts of  acetone-grown cells 

In cell-free extracts o f  ace tone-grown cells, enzymes o f  
the fat ty acid metabol ism were detected at high activities, 
as well as ca rbon  monoxide  dehydrogenase  and formate  
dehydrogenase  (Table 4). These enzymes were also de- 
tected in cell-free extracts o f  acetate- or  pyruva te -g rown 
cells with similar specific activities. Nei ther  an enzyme 
forming  free acetoacetate  f rom acetone and  CO2 nor  an  
acetoacetate  decarboxyla t ing  activity could be detected 
in ace tone-grown cells (data not  shown). The fol lowing 
enzymes were no t  detectable in cell-free extracts o f  
ace tone-grown cells either: N A D  + - and  N A D P  § depen- 
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Table 4. Enzymes detected in cell-free extracts of strain KMRActS. 
Cells were grown with acetone as substrate. The data range was 
obtained in 3 to 4 measurements with various cell-free extracts. The 
specific acetone consumption rate of exponentially grown cells was 
15 to 30 nmol �9 [min �9 mg protein]- 1 

No. Enzyme Specific enzyme 
activity (20 ~ C) 
nmol �9 [min - mg 
protein] - a 

3-Hydroxybutyryl-CoA dehydratase 1444 - 2422 
3-Hydroxyacyl-CoA:NAD + 7 7 -  355 

oxidoreductase 
Thiolase 503 - 1308 
Carbon monoxide : methylviologen 210 -  530 

oxidoreductase 
Formate:methylviologen oxidoreductase 571 - 1019 
Pyruvate synthase 50 - 613 

dent propan-2-ol or 3-hydroxybutyrate dehydrogenase, 
NADP +-dependent 3-hydroxyacyl-CoA dehydrogenase, 
phosphotransacetylase, acetate- or acetoacetate kinase, 
acetate- or acetoacetate:CoA ligase, and acetyl-CoA: 
acetoacetate CoA transferase. 

D i s c u s s i o n  

Taxonomy 

Strain KMRActS  is an obligately sulfate-reducing bac- 
terium and belongs, therefore, to section 7 of  "Bergey's 
manual" (Widdel and Pfennig 1984). It is a "complete 
oxidizer" which oxidizes all substrates to COz and H20.  
Morphologically it shares similarities with representa- 
tives of  the genera Desulfobulbus, Desulfobacter, or Desul- 
fobacterium. However, bacteria of  the first two genera do 
not  contain carbon monoxide:methylviologen oxido- 
reductase (Stams et al. 1984; Schauder et al. 1986), and 
the guanosine-plus-cytosine content of  strain KMRActS 
does not allow an affiliation with Desulfobacterium either. 

Many properties of  strain KMRActS  are shared with 
Desulfococcus multivorans (Widdel 1980, 1988; Stieb and 
Schink 1989). It contains desulfoviridin, at least one c 
type cytochrome, and a slime capsule, and it has a 
comparably broad substrate spectrum. Strain KMRActS  
differs from the type strain by failure of  growth with 
benzoate as substrate; on the other hand, the D. 
multivorans strains 1be1 (Widdel 1980) and GraIbul  
(Stieb and Schink 1989) do not grow with acetone (un- 
published). Further differences concern optimum NaC1 
concentrations and growth temperature limits. Although 
the cells are not entirely spherical as typical of  a coccus, 
strain KMRActS  should be considered due to its physio- 
logical characters as a new species of  this genus, Desulfo- 
coccus biacutus. 

Physiology 

Strain KMRActS oxidized acetone completely to COz. 
The sevenfold higher incorporation of  14COz into cell 

lipids during acetone degradation in comparison with 3- 
hydroxybutyrate degradation indicated that carbon diox- 
ide is needed for acetone degradation as this was found 
also for other anaerobic acetone degraders (Siegel 1950; 
Platen and Schink 1987; Bonnet-Smits et al. 1988; Platen 
and Schink 1989). If  acetoacetyl-CoA, which plays a cen- 
tral role in the metabolism of strain KMRActS  (see be- 
low), is formed after condensation of  acetone with carbon 
dioxide, PHB and also membrane lipids become radioac- 
tively labelled. 

Further, acetoacetate was a growth substrate for 
strain KMRActS;  although acetoacetate decarboxylates 
slowly to acetone and CO2, it is obvious that it was used 
as a substrate itself because growth yields were higher 
than with acetone. 

A carboxylation reaction seems to be the most plaus- 
ible mechanism for introduction of  acetone into the 
metabolism. However, all attempts to detect such an en- 
zyme described recently for a denitrifying bacterium 
(Platen and Schink 1990), failed so far. Enzymes that 
could activate acetoacetate to its CoA-ester (aceto- 
acetate:CoA ligase, acetoacetate kinase or acetyl- 
CoA:acetoacetate CoA transferase) could not  be detect- 
ed either. However, the presence of thiolase and 3- 
hydroxyacyl-CoA dehydrogenase at high activities indi- 
cate that acetone degradation occurs via Ca-compounds 
(Fig. 3). The acetyl moiety of  acetyl-CoA is oxidized to 
CO2 via the carbon monoxide dehydrogenase pathway 
as shown for many other "completely oxidizing" sulfate 
reducers (Schauder et al. 1986; Spormann and Thauer 
1988; Stieb and Schink 1989). 

Energetical considerations 

With 70 kJ needed for irreversible synthesis of 1 tool ATP 
under physiological conditions (Thauer et al. 1977), the 
complete oxidation of  acetone by a sulfate reducer could 
allow a net synthesis of  slightly less than 2 ATP: 

H3C - CO - CH3 q- 2 SO ] -  + 4 H + 
3 CO/~.q) + 2 H2S(aq) --}- 3 H 2 0  

AG ~ = - 1 1 5 . 3 k J  �9 mo1-1 
(1) 

Sulfate-dependent acetate oxidation ( A G ~  kJ . 
mol -1 ;  corresponding to _< 2/3 ATP - t o o l - i )  by strain 
KMRActS  yielded 1.8 (_+ 0.3) g cell matter  per mol with 
very slow growth; other, faster growing strains using 
the carbon monoxide dehydrogenase pathway, such as 
Desulfotomaculum acetoxidans, form 4.0 +_ 0.8 g dry mat- 
ter per mol (Widdel 1980; Spormann and Thauer 1988). 
Acetoacetate degradation is much faster and yielded 
17.4 g cell matter per mol and involves, besides oxidation 
of  two acetate residues, conservation of  one ATP 
equivalent in thiolytic acetoacetyl-CoA cleavage. From 
these comparisons and the implied growth rates, a YAa'P 
values for our strain in the range of  about 7 to 8 g per 
tool ATP can be estimated. Acetone oxidation yielded 
12.0 g dry matter  per tool. The free energy change of  the 
total reaction, and comparison with the yield on 
acetoacetate suggest that acetone carboxylation to a 
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Fig. 3. Proposed pathway of acetone degradation by the sulfate- 
reducing strain KMRActS. Numbers at the arrows refer to the enzymes 
listed in Table 4. The reaction(s) leading from acetone, CO2, and 
coenzyme A to acetoacetyl-CoA are not yet known 

acetoacetate residue [Eq. (2)] is accomplished by a reac- 
tion mechanism consuming less than a full ATP 
equivalent. 

H a C - C O - C H 3  + CO2(aq) 
H 3 C - C O - C H z - C O O -  + H + (2) 

AG ~ = + 13.6kJ �9 tool -1 

So far, carboxylation reactions driven by only a fraction 
of  an ATP have been observed only in vitro with mem- 
brane-bound enzymes energized by a sodium ion gradient 
(Dimroth and Hilpert 1984; Hilpert et al. 1984). Nitrate- 
reducing acetone oxidizers carboxylate acetone to free 
acetoacetate at the expense of  a full ATP (Platen and 
Schink 1990). It remains an open question how this car- 
boxylation is energized in strain KMRActS;  all our at- 
tempts to detect any of  the known carboxylation reac- 
tions have failed so far. 

Species description 

Desulfococeus biacutus sp. nov., bi.a.cu'tus, L. adj. bi- 
acutus twice pointed, referring to atypical cell shape. 

Non-sporulating, short rods with pointed ends, 
1.4 x 2.3 gm in size, gram-negative, non-motile, big slime 
capsule, storage material polyhydroxybutyric acid. 

Strictly anaerobic chemoorganoheterotroph.  Sulfate 
or sulfite reduced to H2S with the following substrates: 
acetone, butanone, ethanol, propanol-1, butanol- l ,  pro- 
panol-2 (slow growth), butanol-2, acetate, propionate,  
butyrate, valerate, caproate, heptanoate, 2-methyl- 
butyrate, 3-methylbutyrate, crotonate, 3-methylcroto- 
hate, D,L-/%hydroxybutyrate, pyruvate, or acetoacetate. 
No growth with pentanone-2, pentanone-3, L(+)-lactate, 
fumarate, succinate, malate, citrate, 1,2-propanediol, 
hydroxyacetone,  benzoate, D(+)-glucose, D(+)-galac- 
rose, D(--)-fructose, and L(+)-arabinose. No fermen- 
tation in the absence of  inorganic electron acceptors. 

Growth optimal in freshwater medium. Growth in- 
hibited by NaC1 (>  68 mM), phosphate salts (12 raM), 
or yeast extract (0.1%). Mesophilic; temperature range 
2 0 - 3 0 ~  no growth at 37~ pH range 6 .8 -7 .8 ,  opti- 
mum at 7.3; cytochrome b and/or  c; desulfoviridin; car- 
bon monoxide dehydrogenase. 

D N A  base composition: 56.5_+ 0.3 tool% G + C 
(thermal denaturation). Habitat:  anaerobic sludge of  a 
waste water plant. Type strain KMRActS,  DSM 5651, 
deposited with the Deutsche Sammlung von Mikroorga- 
nismen (DSM), Braunschweig. 

Acknowledgement. The authors are greatly indebted to Dr. F. 
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affiliation of strain KMRActS. 
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