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Abstract. Two strains of homoacetogenic bacteria similar 
to Acetobacterium carbinolicum were enriched and isolated 
from freshwater and marine sediment samples with triacctin 
(glycerol triacetylester) as sole carbon and energy source. 
Also the type strains of A. carbinolicum and A. woodii were 
found to be able to grow with triacetin, and to convert 
it nearly exclusively to acetate. The triacetin-hydrolyzing 
enzyme was inducible, and was localized in the cytoplasmic 
fraction of both species at an activity of 0.21-0.26 U mg 
protein -1. During fermentation of glycerol, varying 
amounts of 1,3-propranediol were produced which could be 
kept at a minimum in a glycerol-limited chemostat. Growth 
yields in batch and continuous culture experiments varied 
between 9.2 and 10.9 g mol glycerol- 1 and 6.5 and 7.6 g 
tool triacetin- a with five strains of homoacetogenic bacteria 
tested. These results indicate that excretion of acetate across 
the cytoplasmic membrane does not contribute to the energy 
conservation budget of these homoacctogenic bacteria. 
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Homoacetogenic bacteria are characterized by their ability 
to reduce CO2 to acetate using reducing equivalents derived 
from either inorganic (e.g., H2) or organic substrates 
(Ljungdahl and Wood 1982; Ljungdahl 1983). Several 
homoacetogens can synthetize acetate from Ca compounds, 
e.g., formate, methanol, methoxyl groups of aromatic 
methyl esters (Bache and Pfennig 1981) or N-methyl residues 
(Eichler and Schink 1984). The pathway of acetate synthesis 
appears to be basically similar among all homoacetogenic 
genera, namely, Clostridium (Wieringa 1940; Fontaine et al. 
1942; Andreesen et al. 1970; Wiegel et al. 1981; Schink 
1984), Acetobaeterium (Balch et al. 1977; Braun and 
Gottschalk 1981; Eichler and Schink 1984), Acetogenium 
(Leight et al. 1981) and Acetoanaerobium (Sleat et al. 1985). 
The key enzyme is CO dehydrogenase (acetyl CoA synthase) 
which catalyzes the condensation of a methyl and a carbonyl 
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residue with coenzyme A to acetyl CoA (Wood et al. 1986; 
Fuchs 1986). However, the way how energy is conserved 
during autotrophic growth is not yet understood. One ATP 
can be synthetized by acetate kinase, however, one ATP has 
also to be spent in the formyl tetrahydrofolate synthetase 
reaction (Fuchs 1986). The reduction of CO2 to CO with H2 
as electron donor requires energy as well which is provided 
by the membrane proton motive force (Diekert et al. 1986). 
It has been suggested that the methylene tetrahydrofolate 
reductase reaction is coupled to an electron transport reac- 
tion. This reaction should establish a proton motive force 
sufficient to allow an overall energy conservation of 0.5 - 1 
ATP per acetate produced (Fuchs 1986). However, evidence 
of such an electron transport-coupled energy conservation 
is lacking so far. 

A different type of energy conservation has been dis- 
covered recently. Some lactic acid bacteria appear to couple 
the efflux of lactic acid with a symport of protons thus 
establishing a proton motive force by end product excretion 
(Michels et al. 1979; Otto et al. 1980; ten Brink and Konings 
1980). It was suggested that acetate excretion could contrib- 
ute in a similar manner to energy conservation in 
homoacetogenic bacteria. 

In a study on anaerobic degradation of glycerol acyl 
esters by anaerobic bacteria, we found recently that 
homoacetogenic bacteria could be enriched and isolated 
with glycerol triacetyl ester (triacetin). Provided that the 
ester-cleaving enzyme is localized in the cytoplasmic space 
of these bacteria, comparison of growth yields with glycerol 
or triacetin as substrate should reveal whether acetate excre- 
tion can contribute to the overall energy budget of 
homoacetogenic bacteria. The results of these yield 
determinations are presented here. 

Materials and methods 

Sources of bacterial strains 

Acetobacterium woodii strain NZval6 was obtained from 
R. Bache and N. Pfennig, Konstanz. The type strains of 
Acetobacterium woodii (DSM 1030) and Acetobacterium 
carbinolicum (DSM 2925) were obtained from the Deutsche 
Sammlung yon Mikroorganismen, G6ttingen, FRG. 

The following strains were isolated in pure culture from 
enrichment cultures inoculated with mud samples: strain 
MrTacl from marine sediment taken in the Sippewissett 
marshes west of Woods Hole, MA, USA); strain OyTacl 
from sediment taken at the outlet of Oyster Pond close to 
Woods Hole, MA, USA. 

http://www.springerlink.com/content/1432-072X/
http://www.ub.uni-konstanz.de/kops/volltexte/2008/6072/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-60729
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Media and culture conditions 

Carbonate-buffered, sulfide-reduced mineral medium was 
prepared as described earlier (Widdel and Pfennig 1981; 
Schink and Pfennig 1982). The basal medium was 
autoclaved and the following components were added per 
liter medium under a N2/C02 (80%/20%) atmosphere: 2 ml 
0.5 M NazS - 9 H20; ] ml trace element solution SL 10 
(Widdel et al. 1983); 1 ml selenite-tungstate solution 
(Tschech and Pfennig 1984); 30 ml 1 M NaHCO3 solution; 
0.5 ml tenfold concentrated 7-vitamin solution (Pfennig 
1978). The pH was adjusted to 7.2-7.4.  For experiments 
in batch culture, sterile 50 ml screw-cap bottles were filled 
completely with sterile medium. For experiments in continu- 
ous culture, bottles with 10 1 medium were prepared and 
kept under a N2/C02 (80%/20%) atmosphere. 

Experiments in continuous culture were performed in an 
anaerobic chemostat. The pH was controlled by a 
Radiometer TT2 titration system (Radiometer, Copen- 
hagen, Denmark). Contamination of the reservoir was pre- 
vented by a heat trap. Growth was followed in I ml cuvettes 
in a Zeiss PL4 spectrophotometer at 578 nm. The growth 
temperature was 28 - 30 ~ C in all cases. 

Isolation 

Pure cultures were obtained by repeated application of the 
agar shake culture method (Pfennig 1978). Tubes were 
gassed with N2/C02 (80%/20%) mixture and sealed with 
butyl rubber stoppers. Purity was checked microscopically 
and also by growth tests in complex medium (AC medium, 
Difco Laboratories, Detroit, MI, USA). Gram staining was 
carried out according to Magee et al. (1975). The KOH-Test 
(Gregersen/978) was applied in addition. 

Analytical determinations 

Acetate was determined as described earlier (Schink and 
Pfennig 1982) using a Carlo Erba 6000 Vega Series 
gaschromatograph equipped with flame ionization detector 
and a SP 4290 integrator. 5 gl sample was injected directly 
on a glass column of 2.5 m length packed with Chromosorb 
WAW 6, at a temperature of 140~ /%Hydroxypropio- 
naldehyde was quantified by a colour reaction with 
dinitrophenyl hydrazine (modified after Yamada and 
Jakoby 1958). The system was calibrated with sodium pyru- 
vate and propionaldehyde; acetaldehyde and formaldehyde 
did not form stable complexes. 1,3-propanediol was deter- 
mined with alcohol dehydrogenase from yeast (Bergmeyer 
1974). 50 gl 0.5 M NAD, 10 gl alcohol dehydrogenase, 
0.9 ml buffer and 50 ~tl test solution were incubated for 
about 4 h at 37~ before evaluation. Oxidation of glycerol 
as a possible secondary alcohol dehydrogenase-catalyzed 
reaction could not be detected in control experiments after 
4 h of incubation. The test yielded reproducible results with 
propanediol concentrations ~> 0A mM. Glycerol was deter- 
mined by a standard method (Bergmeyer 1974). Protein was 
determined in crude cell extracts after Lowry et al. (1951). 

Enzyme assays 

The assay of the triacetin-cleaving enzyme was carried out 
titrimetrically similar to that of pancreas lipase (Bergrneyer 
et al. 1983) with cell suspensions, crude French press cell 

Fig. I a,b. Phase contrast photomicrographs of triacetin-fermenting 
bacterial isolates grown with glycerol. Bar equals 10 gm in both 
panels, a Strain MrTacl, b strain OyTacl 

extracts, and protoplast suspensions. I ml of e.g. cell 
suspension was added to 9 ml of 1 mM potassium phosphate 
buffer, and the pH was adjusted to 7.0. The reaction was 
started by adding triacetin to a final concentration of 
10 raM. The pH was readjusted continuously with 10 mM 
NaOH by a registrating titration system (TT2, Radiometer, 
Copenhagen, Denmark). Pyruvate kinase was measured by 
a standard method (Bergmeyer et al. 1983). Protoplasts were 
prepared by the method of Kaback (1971). Cells were 
harvested by centrifugation and were resuspended to 1.5 mg 
dry weight per ml in 10 mM Tris/HC1 buffer, pH 8.0 with 
10 mM EDTA and 20% (w/v) sucrose. The suspension was 
incubated for 4 h at 25 ~ C. Protoplast formation was checked 
microscopically. 

Growth yield determinations 

Determinations of cell yields and of metabolic end products 
in batch culture were carried out in 50 ml screw-cap bottles. 
The substrate concentrations were chosen within the range 
of proportionality between substrate concentration and cell 
yield. Substrates were added from freshly prepared stock 
solutions. Growth yields were calculated via optical 
densities. Optical densities of outgrown cultures were 
compared with inoculated blanks without substrate. The 
relationship between optical density and cell dry weight was 
determined in growth experiments using 500 ml bottle 
cultures with growth-limiting concentrations of glycerol. 
Cell material was harvested by centrifugation, and washed 
once with 10 mM phosphate buffer, pH 7.0. The pellet was 
dried to constant weight at 80~ An optical density of 
AE578 = 0.] corresponded to 27.0 + 3.0 mg dry weight per 
liter. For growth yield determinations in continuous culture, 
samples were taken with a sterile syringe directly out of the 
culture vessel. After every change of the dilution rate, an 
adaptation time of 5 �9 ta was allowed to the culture. 
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Table 1. Substrates tester for growth of the new triacetin-fermenting strains MrTacl and OyTact and of other homoacetogenic bacteria 

Substrate degraded MrTacl OyTacl NZVal6 a Acetobacterium A. carbinolicum ~ 
woodii b 

Glycerol + + + + ~ + 
Triacetin + + + d + d + d 
Hz/CO2 + + + + + 
Formate + + + + + 
Methanol + + + + a + 
3,4,5-Trimethoxybenzoic acid + + + +" + 
Ethylene glycol + + _ d + + 
Ethanol + + - - + 
Fructose + + + + + 
Glucose + + _ _ c + 
Lactate + + _ + d + 
2,3-Butanediol + + _ d + c + 
Butanol + + - - + 

a Data from Bache and Pfennig 1981 
b Data from Balch et al. 1977 
c Data from Eichler and Schink 1984 
d Results of the present study 

Chemicals 

All chemicals were of reagent grade quality and obtained 
from Merck, Darmstadt, Fluka, Neu-Ulm, and Sigma, 
Mfinchen, FRG. Enzymes were purchased from Boehringer, 
Mannheim, FRG. 

Results 

Enrichment, &olation and character&ation 

Enrichment cultures with freshwater and saltwater medium 
containing 50 Ixl triacetin per 50 ml medium under a N2/ 
CO2 atmosphere were inoculated with sediment samples 
from brackish and marine origin. In all cultures, vivid gas 
formation started after 2 - 4  days of incubation. Transfers 
were made after 1 - 2 weeks on the same medium. After 2 -  
3 transfers, rod-shaped bacteria with pointed ends 
dominated in both enrichment cultures, and methane forma- 
tion ceased. The predominant bacteria were purified by re- 
peated agar shake dilutions with 10 mM glycerol as sub- 
strate. The developing colonies were disc-shaped and 
pinkish-yellowish in colour. They were transferred into 
liquid medium and checked for growth with triacetin. 

Cells of strain MrTacl isolated from marine sediment 
were 1.5-2.7 �9 0 .8-1 .0  ~tm in size. Cells of strain OyTacl 
were 1.3-2.5 �9 0 .8-1 .0  ~tm in size. Both had pointed ends 
and tended to form pairs and short chains similar to 
Acetobacterium sp. (Fig. 1). During the early stage of cultiva- 
tion, cells of strain MrTacl also formed star-like aggregates 
of cells which sticked together with one cell pole. Spores 
were not formed. Both strains stained weakly Gram-positive 
and also behaved Gram-positive in the KOH-Test. They 
grew with a broad variety of substrates typically also used 
by homoacetogenic bacteria (Table 1). It appeared justified, 
therefore, to attribute the new isolates to the genus 
Acetobacterium, most probably to the species A. carbino- 
l/cure. 

Utilization of triacetin and glycerol 
by other homoacetogenic bacteria 

For comparison with the new isolates, also A. carbinolicum 
and two strains of A. woodii, strain NZva16 and the type 

strain DSM 1030, were tested for growth with triacetin. In 
all cases, growth was observed in batch cultures after an 
incubation time of 7 days. With A. earbinolicum and strain 
DSM 1030, the growth rates were 0.025 _ 0.002 h-  1 and the 
doubling times 28 + 2.5 h. These growth rates were by far 
lower than those obtained for growth with glycerol, namely, 
0.14 __+ 0.015 h -1. As shown in Table 2, acetate was the 
major fermentation product, but also 1,3-propanediol and 
low amounts of an aldehyde, probably fl-hydroxypro- 
pionaldehyde, were found. The determined growth yields 
were 2 0 - 4 0 %  higher with glycerol than with triacetin. Due 
to the high amounts of acetate produced during growth with 
triacetin, the pH of these cultures dropped considerably 
(< pH 6.0). The acetate concentration had no significant 
influence on the measured growth yields as proven by 
control experiments with 5 mM glycerol and background 
additions of acetate between 10 and 100 mM (results not 
shown). 

Production of  1,3-propanediol 

Although the major end product of glycerol and triacetin 
fermentation was acetate in all cultures always small 
amounts of 1,3-propanediol were formed as well. The 
amount of propanediol produced depended on the culture 
conditions. It could make up 1 0 -  20% of the total fermenta- 
tion products in glycerol-grown cultures after an unusually 
long lag phase or weak growth. In rapidly grown cultures 
and in most of the cultures grown with triacetin as carbon 
source, 1,3-propanediol amounted only to about 5 % of total 
products. Some of the propanediol produced was occa- 
sionally converted back to fl-hydroxypropionaldehyde, 
probably with concomitant CO2 reduction (Fig. 2). In 
glycerol-limited continuous cultures, the amount of pro- 
panediol produced depended on the pH of the medium in 
the culture vessel. The production of propanediol was low 
if the pH was 7.2 or higher, but rose with lower pH values 
(Fig. 3). 

Localization and characterization of esterase activity 

For localization of the triacetin-cleaving esterase enzyme, 
different fractions of cell suspensions, cell homogenates and 
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Table 2. Stoichiometry of fermentation and growth yields of the new isolates strain MrTacl and strain OyTacl and other homoacetogenic 
bacteria grown with 5 mM glycerol or 5 mM triacetin in batch culture 

Change in A OD Cell dry Products formed (raM) Growth 
pH value (A EsTs) weight yield 

formed Propanediol Aldehyde Acetate (g - tool- 1) 
(mg. 1 1) 

5 mM glycerol 
Strain MrTacl 
Strain OyTacl 
Strain NZVa16 
A. woodii 
A. carbinolicum 

5 mM triacetin 
Strain MrTacl 
Strain OyTacl 
Strain NZVal6 
A. woodii 
A. carbinolicum 

7.25 - 6.80 0.170 45.9 0.70 0.085 7.54 9.18 
7.20-  6.70 0.180 48.6 0.55 < 0.05 7.92 9,72 
7.20- 6.60 0.190 51.3 0.30 < 0.05 8.54 10.2 
7.00 - 6.60 0.180 48.6 0.40 0.055 8.41 9.72 
7.37-6.78 0.190 51.3 0.25 <0.05 8.34 10.2 

7.25-  5.70 0.140 37.8 0.20 < 0.05 22.8 7.56 
7.20-5.80 0.135 35.1 0.25 <0.05 22.5 7.29 
7.20-5.90 0.120 32.4 0.45 0.055 20.4 6.48 
7.25 -- 5.80 0.130 35.1 0.15 < 0.05 23.1 7.02 
7.30-  5.90 0.135 36.4 0.30 < 0.05 22.0 7.29 
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Fig. 2. Growth ofAcetobacterium carbinolicum with 10 mM glycerol 
in batch culture. Optical density, product and substrate concentra- 
tions are plotted on a logarithmic scale, the pH on a linear scale. (O) 
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Fig. 3. Dependence of cell density, propanediol and acetate concen- 
tration on the medium pH in continuous culture during growth with 
10 mM glycerol. The dilution rate was 0.056 h -1 in all cases. (O) 
Optical density, ( � 9  propanediol, ( � 9  acetate 

p ro top las t  suspensions were prepared  (Table 3). No  esterase 
activity was found in the spent growth medium. The enzyme 
activity was associated with protoplas ts  prepared  in the pres- 
ence and absence o f  3 M KC1. After  sonicat ion and ultracen- 
trifugation, the whole activity was found in the cytoplasmic 
supernatant .  Compar i son  with the dis t r ibut ion o f  pyruvate  
kinase and total  prote in  content  in the various fractions 
revealed that  the esterase is either dissolved in the cytoplasm 
or is loosely at tached to the internal  side of  the membrane.  
The measured enzyme activity was 0.21 - 0 . 2 6  U per  mg cell 
protein. 

The esterase enzyme reacted only with triacetin, not  with 
tr ibutyrin,  ethylvalerate,  t r i laurin or diolein. Triacetin 

esterase activity was detected only after growth with 
triacetin, not  in glycerol-grown cells. 

G r o w t h  y ie lds  in cont inuous  culture 

Local izat ion of  the esterase inside the cytoplasmic mem- 
brane opened the way to check for acetate efflux-dependeut 
energy conservation by possible differences in yields after 
growth with triacetin or  glycerol. To minimize effects of  
propanedio l  product ion  and p H  changes, growth yields were 
measured in pH-eont ro l led  continuous culture limited by 
triacetin or  glycerol as substrate. Growth  yields were deter- 
mined at di lut ion rates of  0.4 and 0.6 #max to allow 
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Table 3, Distribution of triacetin-cleaving enzyme (esterase), pyruvate kinase, and protein content in various cell fractions of A. woodii 
grown with triacetin. All figures refer to the same initial cell suspension volume, n.d. means not determined 

Esterase activity Pyrnvate kinase activity Protein content 
(U �9 ml- 1) (U- ml- 1) (mg- ml- 1) 

Culture supernatant 
Cell suspension 
Cell suspension + 1 mM KCN 
French press cell-free extract 
French press cell-free extract + 3 M KC1 
Cytoplasmic fraction 
Membrane fraction 
Protoplasts 
Supernatant of protoplasts 
Protoplasts + 3 M KC1 
Supernatant of protoplasts + 3 M KC1 

<0.0l n.d. n.d. 
0.33 -0.39 n.d. n.d. 
0.345 n.d. n.d. 
0.33 n.d. n.d. 
0.345 n.d. n.d. 
0.315 n.d. n.d. 
0.003 n.d. n.d. 
0.315 0.24 1.30 
0.03 0.03 0.15 
0.24 0.18 0.97 
0.09 0.094 0.41 
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Fig. 4. Cell density and remnant glycerol concentrations during 
growth of A. woodii and A. carbinolieum with glycerol at various 
dilution rates in continuous culture. The pH was 7.2. ( � 9  A. woodii, 
(0) A. carbinolicum, (11) remnant glycerol 

comparison of relative growth rates. As shown in Fig. 4, the 
highest cell densities were reached with these dilution rates. 
At higher dilution rates, non-utilized substrate was washed 
out of the culture vessel. At lower dilution rates, the cell 
densities decreased as well, probably due to higher relative 
maintenance energy requirements. The determined growth 
yields of A. woodii and A. carbinolicum (Table 4) were 
10.5 +__ 1.0 g per tool for growth with 10 mM glycerol, and 
7.0 +_ 1.0 g per mol for growth with 10 mM triacetin. In 
experiments with glycerol at a dilution rate of 0.01 h -  1 (cor- 
responding to 0.4 #max with triacetin) the growth yield with 
glycerol decreased to 8.1 g per mol. The maximum growth 
rates of A. earbinolicum and A. woodii in continuous culture 
(0.152 h-1 with glycerol, and 0.023 h -  1 with triacetin) were 
determined in washout experiments, and were nearly identi- 
cal with those determined in batch cultures. By plotting Y- a 
against D-1 (Pirt 1965) with the data on glycerol utilization 
in Fig. 4 and Table 4, the maintenance energy could be 
calculated to 0.38 mmol per gram and hour. 

Discussion 

Fermentation of  glycerol and triacetin 

The homoacetogenic bacteria described in this paper cleaved 
the ester bonds of triacetin and fermented the glycerol resi- 
due. Most of the glycerol was oxidized to acetate, and the 
electrons released could be used for reduction of dissolved 
COz. According to Eichler and Schink (1984): 

4 C3H803 + 2 HCO~- --> 7 CH3COO- + 5 H + + 4 HzO 
AG~ = -151.7  k J m o l - 1  . 

However, significant amounts of 1,3-propanediol and traces 
of/%hydroxypropionaldehyde were formed indicating that 
part of the glycerol provided was reduced via glycerol 
dehydratase and propanediol dehydrogenase (Lin 1976). 
This reaction sequence is used by several fermenting bac- 
teria, e.g. Lactobacillus, Klebsiella, and Citrobacter as re- 
ductive branch of glycerol fermentation (Braak 1928; Abeles 
et al. 1960; SchLitz and Radler 1983). For a homoacetogenic 
bacterium, propanediol formation appears to be a waste 
of fermentation substrate and of energetically valuable 
electrons. 

Homoacetogenic bacteria were only recently found to 
have unusual degradative capacities, such as cleavage of 
phenyl methyl linkages (Bache and Pfennig 1981) or N- 
methyl bonds (Eichler and Schink 1984). The present study 
provides evidence that these versatile anaerobes are also able 
to hydrolyze glycerol acetylesters. The enzyme catalyzing 
this reaction was found to be localized inside the cytoplasm. 
In this point it differs basically from lipases, e.g. the lipase 
of Anaerovibrio lipolytica which is excreted into the extra- 
cellular medium (Henderson 1968, 1971). 

The specific activity was low (0 .21-0 .26U mg 
protein-1), and just sufficient to allow growth with this 
substrate at the observed low growth rates (0.025 h -  1 versus 
0.14 h-1 with glycerol). The observation that enzyme activ- 
ity was found only in cultures grown with triacetin and not 
in cultures grown with glycerol leads to the conclusion that 
this enzyme is inducible. However, it remains unclear at the 
moment what the physiological function of this enzyme is 
in nature. 

Contrary to the lipase of Anaerovibrio lipolytica, no long 
chain fatty acid esters such as trilaurin or diolein were 
cleaved. This suggests that the enzyme is not a lipase but 
belongs to the group of carboxylesterases. Some members 
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Table 4. Stoichiometry of fermentation and growth yields of A. woodii and A. carbinolieum during growth with 10 mM glycerol or 10 mM 
triacetin in continuous culture at various dilution rates. The pH in the culture vessel was 7.2. The concentration of/%hydroxypropionaldehyde 
was always lower than 0.05 mM 

Dilution Optical Cell dry Glycerol Triacetin Products formed (raM) Growth 
rate density w e i g h t  concentration concentration yield 
(h- 1) (A E578) formed provided provided Propanediol Acetate (g - mol- 1) 

(mg- 1- ~) (mM) (mM) 

A. woodii 
0.084 0.405 109 10 
0.056 0.385 103 10 
0.010 0.300 81.0 10 
0.015 0.255 68.8 
0.010 0.270 72.9 

A. carbinolicum 
0.084 0.395 106 10 
0.056 0.405 109 10 
0.015 0.260 70.2 
0.010 0.275 74.2 
0.005 0.230 62.1 

O.35 16.0 10.9 
0.30 14.4 10.3 
0.30 15.6 8.10 

10 0.35 46.1 6.88 
10 0.20 47.2 7.29 

0.45 15.6 10.6 
0.35 16.1 10.9 

10 0.35 47.1 7.02 
10 0.10 47.5 7.42 
10 0.65 44.5 6.21 

of this group such as acetylesterase cleave triacetin and 
exhibit their highest activity generally with acetic acid esters. 
It has to be assumed that the triacetin-hydrolyzing enzyme 
described here is an acetylesterase of this kind (Bergmann 
et al. 1957; Bergmann and Rimon 1960). 

Comparison of growth yields during growth with glycerol 
and with triacetin 

The fermentation of glycerol and CO2 to acetate as sole 
product is an exergonic process with a free energy change 
of -151.7 kJ per tool. If  one assumes that about 7 0 - 8 0  kJ 
are necessary to irreversibly synthetize 1 mol ATP (Thauer 
et al. 1977), glycerol conversion to acetate could allow syn- 
thesis of about 2 tool ATP per tool glycerol. 2 ATP can 
be synthetized via substrate-linked phosphorylation in the 
Embden-Meyerhof pathway and the subsequent acetate 
kinase reaction, and a further fraction of an ATP could be 
formed during CO2 reduction to acetate. The growth yield 
values determined in the present study in batch and continu- 
ous culture experiments were in the range of 9.2 to 10.9 g 
per tool glycerol. Correcting for the maintenance energy 
losses (Pirt 1975, 1982) a theoretical maximum growth yield 
of 11.4 g per mol glycerol can be calculated. 

From the above assumptions, a YAxP value of about 5 g 
can be calculated which is at the lowermost rank of YAXP 
values reported for other bacteria (Stouthamer 1979) but 
agrees with those values measured with homoacetogenic 
bacteria on other substrates (Tschech and Pfennig 1984; 
Eichler and Schink 1984). 

The growth yields with triacetin as substrate were 
generally lower than with glycerol, namely, 6 .5-7 .6  g per 
mol. Since growth with this substrate was considerably 
slower than with glycerol, correction for maintenance energy 
losses according to the Pirt equation leads to a theoretical 
maximum growth yield of 10.2 g per mol triacetin which is 
about the same as the value calculated for glycerol above. 
If  Acetobacterium was grown with glycerol at the same low 
growth rate as with triacetin, the growth yield (8.1 g per 
tool) approached that obtained with triacetin as well. Thus, 
it appears evident that growth yields with triacetin never 
exceeded those obtained with glycerol, but that both were 

nearly identical if compared under similar growth condi- 
tions. To mention this appears necessary because the reliabil- 
ity of the Pirt equation has been questioned repeatedly (e. g. 
van Verseveld et al. 1984). 

Since the triacetin-cleaving enzyme was found in the 
cytoplasmic space of the cell the results of the present growth 
yield determinations provide evidence that the Acetobac- 
terium strains studied do not conserve energy by ATP syn- 
thesis via a transport-coupled phosphorylation system. This 
differs from lactate export in lactic acid bacteria for which 
a transport-coupled phosphorylation system appears to be 
well established (Michels et al. 1979; Otto et al. 1980; ten 
Brink and Konings 1980). It can be argued that due to the 
different pK values of acetate and lactate (4.8 versus 3.8) the 
ratio of nondissociated over deprotonated acid molecules is 
at a given pH about 10 times higher with acetate than with 
lactate. Back diffusion of uncharged acetic acid molecules 
would have an uncoupling (Baronofsky et al. 1984) rather 
than an energy-conserving effect in such a system if a proton 
symport-coupled acetate export system analogous to the 
lactate export system would be operating in homoacetogenic 
and other acetate-producing bacteria. 
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