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A syntrophic acetate-oxidizing bacterium, strain BST (T = type strain), was isolated from a previously 
described mesophilic triculture that was able to syntrophically oxidize acetate and form methane in stoichi- 
ometric amounts. Strain BST was isolated with substrates typically utilized by homoacetogenic bacteria. Strain 
BST was a spore-forming, gram-positive, rod-shaped organism which utilized formate, glucose, ethylene glycol, 
cysteine, betaine, and pyruvate. Acetate and sometimes formate were the main fermentation products. Small 
amounts of alanine were also produced from glucose, betaine, and cysteine. Strain BST grew optimally at 37°C 
and pH 7. The G+C content of the DNA of strain BST was 32 mol%. A 16s rRNA sequence analysis revealed 
that strain BST was a member of a new species of the genus Closfridium. We propose the name Clostridium 
ultunense for this organism; strain BS is the type strain of C. ultunense. 

Anaerobic oxidations of fatty acids to hydrogen and carbon 
dioxide by proton-reducing bacteria are, from a thermody- 
namic point of view, very unfavorable reactions (38). Under 
standard conditions, these hydrogen-producing reactions are 
all endergonic. However, standard conditions are not the con- 
ditions that occur in most natural anaerobic environments; at a 
very low partial pressure of hydrogen, like the partial pressure 
achieved in the presence of hydrogenotrophs, such as metha- 
nogenic or sulfate-reducing bacteria, the oxidation reaction 
becomes exergonic (9, 48). By consuming hydrogen, the hy- 
drogenotrophs can create conditions under which the proton- 
reducing bacteria can perform oxidations that otherwise could 
not yield energy; i.e., the latter organisms depend entirely on 
the former to fulfill their function. 

Several different species of bacteria are able to oxidize fatty 
acids (38). Syntrophomonas wolfei degrades straight-chain fatty 
acids up to octanoate, forming acetate and propionate together 
with H,, in cocultures with either a methanogen or a sulfate 
reducer (25). Propionate is degraded to acetate, carbon diox- 
ide, and H, by Syntrophobacter wolinii in cocultures with mem- 
bers of the genus Desulfovibrio (5 ) .  Clostridium blyantii oxidizes 
fatty acids with 4 to 11 carbon atoms in associations with 
several different hydrogen-utilizing bacteria (43). Acetic acid is 
associated with the lowest levels of energy released from the 
fatty acids degraded in syntrophic cooperations. Thus, the par- 
tial pressure of hydrogen has to be very low for this reaction to 
proceed, and the energy available is influenced by the electron 
acceptor used. Under standard conditions, acetate oxidation 
coupled to methane formation releases less energy than ace- 
tate oxidation coupled to sulfate reduction (AGO’ = -31.0 
kJ/mol and AGO‘ = -47.7 kJ/mol, respectively). The changes 
in free energy are also slightly greater at higher temperatures. 
Syntrophic oxidation of acetate has been observed with ther- 
mophilic and mesophilic cultures, as well as at moderate tem- 
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peratures with both methanogenic and sulfate-reducing bacte- 
ria as the hydrogen-consuming organisms (28, 31, 36, 40, 48). 

Only one syntrophically acetate-oxidizing organism has been 
described previously (19,20). This thermophilic bacterium was 
isolated from a methanogenic coculture and turned out to be a 
homoacetogen. Thus, it could also grow and obtain energy by 
reducing carbon dioxide to acetate with hydrogen (i.e., the 
reverse of acetate oxidation). Whether it produced or oxidized 
acetate depended on the hydrogen partial pressure. 

In this paper, we describe the isolation and characterization 
of a mesophilic, syntrophic, acetate-oxidizing bacterium. This 
bacterium was isolated from the syntrophic, acetate-oxidizing, 
methanogenic triculture described previously by Schnurer et 
al. (40). 

MATEIUALS AND METHODS 

Source of organisms. Strains S A R ,  TRX1, and BST (T = type strain) were 
isolated from a triculture which oxidized acetate syntrophically to methane at 
37°C and in the presence of a high ammonium chloride concentration (0.5 M) 
(40). This triculture originated from a mesophilic laboratory-scale digester fed 
with swine manure (4). The swine manure gave rise to high ammonium nitrogen 
concentrations (5.5 to 6.0 glliter) in the digester. 

Media and cultivation conditions. Three different media were used for isola- 
tion and cultivation. The bicarbonate-buffered basal medium (BM) described by 
Zehnder et al. (47) was modified as described by Schniirer et al. (40) except that 
(unless indicated otherwise) ammonium chloride was omitted. This medium was 
reduced with 3 mM Na,S and 2.8 mM cysteine-HCI. A bicarbonate-buffered 
mineral medium was prepared as described by Widdel and Pfennig (46), with the 
following modifications: the medium was supplemented with 1 ml of a solution 
containing 3 mg of Na,SeO, * 5H,O and 4 mg of Na,WO, * 2H20 in 12.5 ml of 
1 N NaOH, and trace element solution SL 10 was substituted for solution SL 7 
(45). This medium was reduced with 1 mM Na,S and 50 pM Na2S204. Modified 
reinforced clostridial medium (MRCM) was bicarbonate-buffered BM supple- 
mented with (per liter) 10 g of yeast extract, 10 g of peptone, 1 g of starch, 5 g 
of meat extract (Lab Lemco powder; Oxoid, Unipath, Ltd., Hampshire, En- 
gland), and 0.4 g of sodium acetate. The pH values of all media were adjusted to 
7.1 to 7.4. Sodium acetate was added at a concentration of 5 mM to BM and the 
mineral medium as a potential carbon source. Unless indicated otherwise, cul- 
tures were grown in 120-ml serum bottles containing 50 ml of mineral medium 
under an oxygen-free N,-CO, (80:20) atmosphere at 37°C without shaking. 

Isolation. Pure cultures were obtained by repeated application of the agar 
shake and roll tube culture methods (14, 30). The agar shake cultures and roll 
tubes were prepared with and without yeast extract (0.5 g/liter). For the roll tube 
cultures, H2-C02 was used as a substrate and 50 mM bromethanesulfonic acid 
was added to prevent growth of the methanogen present. Acetoin, betaine, 
ethylene glycol, fructose, methanol, vanillate, and formate were added from 
sterile stock solutions before inoculation into agar shake cultures. Culture purity 
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was checked microscopically after the isolates wcre grown in brain heart infusion 
medium (Becton Dickinson Microbiology Systems, Cockcysville, Md.) at 37°C 
for 2 weeks. 

Growth experiments. Strain BST was grown in 250-ml bottles (Dijkstra Ve- 
reenigde BV, Amsterdam, The Netherlands) containing 50 ml of medium. Sub- 
sampling with syringes to measure turbidity was not possible because of cell lysis. 
This problem was overcome by mounting an inverted, 10-ml glass tube through 
the butyl rubber stopper of each bottle and measuring the optical density at 600 
nm directly by turning the bottle upside down and inserting the tube into a 
spectrophotometer (Novaspec 11; Pharmacia LKB Biochrom, Ltd., Cambridge, 
England). Temperature, pH, and salt optima were determined in bicarbonate- 
buffered BM supplemented with 20 mM sodium pyruvate as the substrate. 
Cultures were incubated at 15, 20, 25, 30, 37,41,45, and 55°C to determine the 
optimum temperature. The optimum pH was determined by incubating cultures 
at 37°C at initial pH values of 4.0, 5.0, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and 10. The 
pH was adjusted by adding HCI or Na,C03. The optimum concentration of NaCl 
'or NH,Cl was determined at pH 7.4 and 37°C by testing concentrations of 0, 0.1, 
10.2, 0.3, 0.4, 0.5, 0.6, 0.8, and 1.0 M. 

Gram reaction. The Gram reaction was determined by a conventional staining 
technique, as well as by the KOH method (6). Acetobacterium woodii (gram 
,positive) and Desulfovibrio vulgaris (gram negative) were used as the reference 
iwganisms. 

Biochemical analyses. The test for formation of indole from tryptophan was 
iserformed as described by Harrigan and McCance (11). The ability to liquefy 
gelatin was assessed by adding 50 g of gelatin per liter to MRCM. Cell material 
was exposed to 10% H20, and Kovacs reagent (18) to test for the presence of 
icatalase and oxidase, respectively. 

Light microscopy. Phase-contrast microscopy was performed with a Zeiss 
kuoscope microscope equipped with a camera. Photographs were taken with 
Tmax 100 film (Kodak). The microscopic slides used for photography were 
prepared by coating them with a thin layer of agar (3%). The agar was washed 
1 hree to five times with redistilled water prior to melting. After the agar was 
,3pplied to the slides, it was allowed to dry at room temperature for at least 1 day. 
The photographs were taken immediately as the bacteria were fixed to the agar. 

Electron microscopy. Small drops of culture liquid were dried overnight on 
1Formvar-coated grids to observe whole cells. The grids were then carbon coated 
m d  observed with a Philips model CM/12 transmission electron microscope 
operated at 80 kV. Prior to thin sectioning, cells were fixed in 3% glutaralde- 
Iiyde-2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.2) for 3 h. The cells 
were washed and then incubated overnight in a buffer containing 0.01% ruthe- 
nium red to visualize extracellular polysaccharides. Then the cells were washed 
iind postfixed in 1.25% osmium tetroxide in 0.1 M sodium cacodylate buffer for 
L h. After washing, the samples were incubated overnight in water at 4°C. The 
water was then removed, and 2% (wt/vol) warm agar was added. The agar was 
cut into small pieces, dehydrated in ethanol, and embedded in London resin. The 
resin was polymerized at 60°C overnight, and selected material was then sec- 
lioned by using a Reichert ultramicrotome. Electron micrographs were taken 
with a Philips model CM/12 transmission electron microscope operated at 60 kV. 

16s rRNA analysis. A 16s rRNA homology analysis was performed at the 
Ileutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, 
Germany. The following procedure was used. Genomic DNA extraction, PCR- 
mediated amplification of the 16s ribosomal DNA (rDNA), and purification of 
I T R  products were carried out as described previously (3,32, 33). Purified PCR 
products were sequenced by using a Taq DyeDeoxy terminator cycle sequencing 
kit (Applied Biosystems, Germany). The sequence reaction mixtures were elec- 
trophoresed with an Applied Biosystems model 373A DNA sequencer. The 16s 
iDNA sequence obtained was manually aligned with representative sequences of 
members of the Clostridium-Bacillus line of descent. Painvise evolutionary dis- 
tances were computed by using the corrections of Jukes and Cantor (15). The 
least-squares method of De Soete (8) was used to construct a phylogenetic 
dendrogram from distance matrix data. 

Analytical methods. Analyses of methane and methanethiol contents were 
performed by using gas chromatography as described by Schnurer et al. (40). 
Fatty acids containing less than seven carbon atoms, alcohols, pyruvate, ethylene 
glycol, and glucose were quantified by performing a high-performance liquid 
chromatography (HPLC) analysis (40). Amino acids were analyzed by HPLC 
(Pharmacia LKB, Bromma, Sweden) by using a CI8 column (AccQ.Tag column; 
Waters, Milford, Mass.), a fluorescence detector (model RF-551; Schimadzu 
Corp., Kyuto, Japan), and AccQ.Fluor reagent (6-aminoquinolyl-N-hydroxysuc- 
tinimidylcarbamate) as the derivatization agent. A gradient system with two 
rnobile phases was used; eluent A was Accq.Tag (Waters), and eluent B was 60% 
acetonitrile. The following gradient profile was used: at time zero, 100% eluent 
A; at 0.5 min, 98% eluent A, at 15 min, 93% eluent A, at 19 min, 90% eluent A, 
at 32 min, 67% eluent A, at 33 min, 67% eluent A; and at 34 min, no eluent A. 
The flow rate was 1 ml/min, and the temperature was 37°C. The amount of 
hydrogen was determined by gas chromatography as described by Orlygsson et al. 
(27). The amount of biomass protein was determined by the method of Lowry et 
a]., as modified by Peterson (29). 

Determination of the base composition of DNA. Late-log-phase cultures were 
cooled to 4"C, harvested, and centrifuged at 12,500 X g for 30 min. Cells were 
lysed with 1% sodium dodecyl sulfate, and DNA was obtained from the lysate by 
a modification of the method of Marmur (24). The purified DNA was dissolved 

in 0.1X SSC (pH 7) (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate). 
Thermal denaturation curves were determined with a model DU 650 spectro- 
photometer (Beckman Instruments, Inc., Fullerton, Calif.). DNAs from Lacto- 
bacillus reuten' (G+C content, 41 mol%) (2) and Lactobacillus sp. strain 11739 
(G+C content, 53 mol%) (16) were used as controls. The G + C  content was 
determined by using the formula of Schildkraut and Lifson (37): G+C content = 
2.O8Tm - 106.4 (for 0.1 X SSC), where T, is the temperature at the midpoint of 
the sigmoidal curve. 

High-resolution NMR. Cells were grown in 1 liter of MRCM containing 10 
mM cysteine (optical density at 600 nm, 0.25), centrifuged at 4°C and 12,500 X 

g for 30 min, and washed with BM. The cell pellet was finally resuspended in 5 
ml of BM containing 5% D 2 0  to provide a lock signal. Precipitated FeS was 
allowed to settle as described by Houwen et al. (13) to avoid peak broadening in 
the nuclear magnetic resonance (NMR) spectra. A 2.8-ml portion of the super- 
natant was traqsferred to a 10-ml NMR tube. The tube was sealed with a butyl 
rubber stopper, and the gas phase was changed to N,-CO,. All cell transfers and 
washing procedures were performed in an anoxic glove box with an H,-N, (5:95) 
gas phase (Coy Laboratory Products, Inc.). At time zero, 0.16 ml of ~-[3-~~C]cys-  
teine (99% enriched) was added with a syringe to give a final concentration of 10 
mM. 13C-NMR spectra were obtained at 101 MHz with a Varian model VRX 
400 instrument operated at 37°C. Eleven runs were made over a period of 11 h, 
and each run contained 1,000 transients. The pulse width was adjusted to 45" (13 
p) with a repetition time of 5.6 s, and a walz modulator was used for broadband 
decoupling. 

Cocultivation experiments. Cocultivation experiments were performed with 
isolates SARl and TRXl by using BM with and without yeast extract and, in 
most cases, with and without NH,CI (0.2 M). The pH of the medium was 
adjusted to 7.5 to 8.0, and the cultures were incubated at 37°C without shaking. 
The hydrogen-consuming organisms used in the experiments were Methanococ- 
cus deltae DSM 2771, Methanogenium olentangyi DSM 2772, Methanoplanus 
limicola DSM 2279, Methanobrevibacter arboriphilus DSM 744, Desulfovibrio vul- 
garis DSM 644, Wolinella succinogenes DSM 1740, and methanogenic isolate 
MABl (41) from the triculture. All of the methanogenic strains used were 
halotolerant, and all could grow in the presence of 0.2 M ammonium chloride. 
Two types of cultivation were performed in all experiments: (i) isolates SARl 
and TRXl and the hydrogen-consuming organism were grown separately on 
medium containing cysteine (10 mM), on medium containing glucose (10 mM), 
and in the presence of H,-CO, (80:20), respectively. Either SARl or TRXl or 
both SARl and TRXl were transferred to the actively growing culture of the 
hydrogen-consuming organism once exponential growth had started. (ii) SARl 
or TRXl or both SARl and TRXl and the hydrogen-consuming organism were 
transferred to a new bottle containing fresh medium. The coculture experiments 
in which isolate BST was used were performed in BM (pH 7.4, 37°C) reduced 
with either sodium sulfide and cysteine or sodium sulfide and sodium dithionite. 
Cells growing exponentially on ethylene glycol were transferred to actively grow- 
ing cultures of methanogenic isolate MAB1. The gas phase (H2-C0,, 80:20) of 
the latter culture was replaced by N2-C02 (80:20), and sodium acetate was added 
to a final concentration of 50 mM before the nonmethanogenic isolates (SAR1, 
TRXl, BST) were transferred to the culture containing the hydrogen-consuming 
organism. 

Nucleotide sequence accession number. The nucleotide sequence of strain BST 
16s rDNA has been deposited in the EMBL Nucleotide Sequence Database 
under accession number 269293. 

RESULTS 

Isolation and cocultivation. The first attempt to isolate an 
acetate-oxidizing bacterium from the triculture was made with 
H,-CO, (80:20) as the substrate since the only syntrophically 
acetate-oxidizing bacterium described previously is a homoace- 
togenic bacterium that is able to use H,-CO, as a substrate. 
Two isolates were obtained after repeated serial dilution in roll 
tubes containing BM, H,-CO, as the substrate, and brometh- 
anesulfonic acid to inhibit the methanogen. Colony formation 
was poor in the absence of yeast extract, but when yeast extract 
was present, colonies grew readily. The bacterial cells obtained 
were morphologically similar to cells of strains SARl and 
TRX1, the two nonmethanogenic bacteria observed in the 
triculture (4). TRXl turned out to be a saccharolytic organism 
that grew on several sugars and formed mainly lactate and 
carbon dioxide. This bacterium did not grow with H,-CO, but 
was able to utilize the yeast extract added to the medium. 
Strain SARl grew with the cysteine added to the medium as a 
reducing agent and with yeast extract and probably grew on 
these components rather than H,-CO,. Pyruvate and cysteine 
were the only substrates found to be used by strain SAR1, and 
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acetate was the main product obtained with both of these 
substrates; when pyruvate was the substrate, some formate was 
also produced. Coculture experiments performed with strain 
MAB1, the methanogen isolated from the triculture (41), and 
other hydrogen-consuming organisms were used to verify the 
acetate-oxidizing capacity of strain SARl and/or TRX1. 
NH,C1 was not necessary for the growth of SARl and TRX1, 
but since the triculture was growing in the presence of a high 
concentration of ammonium chloride (0.4 M), we examined 
cocultures both with and without ammonium chloride. How- 
ever, neither strain SARl alone nor strain TRXl alone nor a 
combination of the two organisms together with isolate MABl 
or the other hydrogen-consuming organisms could degrade 
acetate. The addition of yeast extract (1 g/liter) or culture 
liquid (5%, vol/vol) from the triculture did not reestablish 
acetate oxidation. Since neither strain SARl nor strain TRXl 
could oxidize acetate in the presence of any hydrogen-consum- 
ing organism, we assumed that none of these bacteria was the 
syntrophic acetate oxidizer and that a fourth organism may be 
present in the triculture. Therefore, a new isolation attempt 
was made with substrates other than H,-CO, typically used by 
homoacetogenic bacteria. Agar shake cultures were prepared 
with the medium described by Widdel and Pfennig (46). This 
time, however, sodium dithionite was used as the reducing 
agent instead of cysteine, and yeast extract was omitted from 
the medium. After about 1 month of incubation, small, nearly 
transparent colonies appeared in the shake cultures with all 
substrates. Microscopic observation of the colonies revealed 
only one type of bacterium. After two transfers to new shake 
cultures, colonies were transferred to liquid ethylene glycol 
medium. Growth in the liquid medium occurred only if yeast 
extract (0.5 g/liter) was present. The isolated obtained, strain 
BST, was morphologically similar to strain SAR1. When strain 
BST was combined with methanogenic strain MAB1, degrada- 
tion of acetate started, and methane was formed after a lag 
period of approximately 2 months. Cocultivation succeeded 
only if the medium was supplied with cysteine as the reducing 
agent. When the acetate concentration had decreased by 15 to 
20 mM, which resulted in an approximately stoichiometric 
amount of methane, growth stopped. Transfer of the resulting 
culture to new media did not result in growth, and a new 
cocultivation experiment gave the same results. 

Morphological and cytological properties of strain BST. 
Strain BST cells were straight or slightly curved rods with 
somewhat pointed ends and were 0.5 to 7 by 0.5 to 0.7 pm (Fig. 
1). This organism had a pleomorphic growth cycle. Growth 
started with small cells (0.5 to 1 by 0.5 pm) that were almost 
coccoid. During the exponential phase, longer cells (2 to 7 by 
0.7 pm) occurred, and these cells were motile; the motion 
pattern (i.e., spinning around and dashing from place to place) 
was typical of polar flagellation. At this stage the cells usually 
occurred singly or in pairs. In the late exponential phase, mo- 
tility was lost and long cell chains were formed (Fig. 1). Typ- 
ically, one or more small, almost coccoid cells occurred be- 
tween the rods or at the end of a single cell or a cell chain (Fig. 
1). In the stationary phase some cells started to swell (Fig. 1). 
Chain formation and swelling occurred more frequently in 
MRCM than in mineral medium. Also, small single cells were 
never observed during growth in rich medium. Terminal, 
spherical spores were occasionally observed. Colonies in agar 
shake cultures were whitish, nearly transparent, disc shaped, 
and 0.5 to 1 mm in diameter. The Gram reaction as deter- 
mined by both conventional staining and the KOH test was 
negative for all stages of growth. However, electron micro- 
graphs of thin sections (Fig. 2c) revealed a cell wall architec- 
ture typical of gram-positive bacteria, including a plasma mem- 

FIG. 1. Phase-contrast micrograph of C. ultunense BST, showing single mo- 
tile rods (a), a chain of cells (b), a small cell between two rods (c), and a cell 
starting to swell (d). Bar = 5 p,m. 

brane layer, a thin peptidoglycan layer in the middle, and a 
thicker outer layer, which probably consisted of extracellular 
polysaccharides binding to the cell wall. Direct observation of 
carbon-coated samples (Fig. 2a) revealed that strain BST had a 
polar flagellum and fibril-like structures, indicating that cap- 
sular material occurred on the outside of the cell. Strain BST 
was catalase and oxidase negative. It produced indole from 
tryptophan but did not liquefy gelatin. The G+C content of the 
DNA was 32 mol%. 

Physiology. Strain BST grew at initial pH values between 5.0 
and 10, and the optimum pH was around 7, The temperature 
range for growth was 15 to 50"C, and optimal growth occurred 
at temperatures around 37°C. The highest growth rate was 
observed at NH4C1 concentrations around 0.1 M. Addition of 
NaCl up to a concentration of 0.5 M had no effect on the 
growth rate. At concentrations of more than 0.3 M NH4C1 or 
0.5 M NaCl, the growth rate was less than the growth rate 
observed in the presence of no extra salts. No growth occurred 
in the presence of 0.8 M sodium chloride or 0.8 M ammonium 
chloride. Several substrates were tested, and growth of strain 
BST was supported only by 10 mM formate, 10 mM betaine, 10 
mM glucose, 10 mM pyruvate, 5 mM ethylene glycol, and 10 
mM cysteine. In these experiments cultures were grown at pH 
7.2 to 7.4 and 37°C in BM containing substrate, 0.5 g of yeast 
extract per liter, and 5 mM sodium acetate and in MRCM 
containing substrate. The formation of products (acids and H2) 
at levels greater than the levels in the controls (which con- 
tained no substrate) was used to confirm that growth occurred. 
The following substrates did not support growth (substrates 
were added at a concentration of 10 mM unless indicated 
otherwise): CO, acetoin, trimethoxybenzoate (3 mM), vanillate 
(3 mM), mandelate (3 mM), syringate (3 mM), methanol, 
ethanol, 2-propanol, 1-butanol, 2-butanol, 1,2-propanediol, ci- 
trate, fumarate, malate, acetate (SO, SO,2-, S 2 0 3 , - ,  
NO,-, fumarate, Fe3+, glycine, and malate were used as elec- 
tron acceptors and acetate was used as the electron donor), 
lactate (SO,2p was used as the electron acceptor), ethanol- 
amine, hexamethyltetraamine, methylamine, dimethylamine, 
glycerol, fructose, glucose, mannitol, xylose, lactose, ribose, 
maltose, arabinose, galactose, mannose, sucrose, sorbitol, sali- 
cin, raffinose, cellobiose, proline, phenylalanine, methionine, 
histidine, glycine, serine, asparagine, leucine, and Casamino 
Acids (3 g/liter). In addition, H2-CO, (80:20; 0.8 atm [ca. 81 
kPa]; was used as the electron acceptor) did not support 
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FIG. 2. Electron micrographs of C. ultunense BST. (a) Negatively stained rod, showing the single polar flagellum. (b) Thin section of a cell. Bar = 0.23 pm. (c) Thin 
section showing a capsular structure, the cell wall (CW), and the cytoplasmic membrane (CM). 

growth. However, H,-CO, was converted to acetate in washed, 
dense cell suspensions of strain BST. Yeast extract (B0.1 g/li- 
ter) was necessary for growth on the substrates mentioned 
above. Growth also occurred on yeast extract or MRCM. At- 
tempts to define the medium conditions by replacing the yeast 
extract in BM with an amino acid solution that has been shown 
to stimulate the growth of Clostridium botulinum (44) were not 
successful. However, replacing the yeast extract with the same 
amount of peptone, Casitone, or tryptone resulted in a me- 
dium that supported growth. 

Acetate was the main roduct formed from all of the sub- 
strates used by strain BS', and sometimes formate was also 
formed. Formate was formed from glucose, from pyruvate, and 
sometimes also from cysteine. Cysteine, glucose, and betaine 
also gave rise to small amounts of alanine. Small amounts of 
methanethiol were also produced from cysteine. The carbon 
and electron balances for all of the substrates used except 
ethylene glycol and betaine are shown in Table 1. The levels of 
carbon recovery in the products were close to 100% with all of 
the substrates except cysteine. The electron balances for for- 
mate and pyruvate were almost complete, while 20 and 30% of 
the electrons were missing from glucose and cysteine, respec- 
tively. When ethylene glycol was used as the substrate, the only 
products detected by analytical methods were acetate and H,, 
and when betaine was used as the substrate, the only products 
detected were acetate, alanine, and H,. However, since the 
amount of betaine was not determined, the carbon and elec- 
tron balances for this substrate could not be determined. The 
degradation of ethylene glycol was incomplete, and this reac- 

tion did not give rise to sufficient amounts of products for a 
reliable determination of the carbon and electron balances. 
The smell from ethylene glycol-degrading cultures indicated 
that acetaldehyde was formed, and accumulation of this com- 

TABLE 1. Fermentation stoichiometries for C. ultunense BST 
grown on selected substrates' 

Amt formed (pmo1/100 pmol of substrate 
consumed) with the following substrates: 

Glucose Formate Cysteine Pyruvate 
End product(s) 

Acetate 197 24 88 102 
Formate 1 62b 60b 
Alanine 0.2 1.1 
co; 35 47 88 43 
H2 8.0 0.40 2.5 

d - - - - Cellular proteins 

a Preparations were incubated at 37°C in 50 ml of BM supplemented with yeast 
extract ( 2  g/liter) and sodium acetate (5 mM). Samples were removed for analysis 
in the late exponential growth phase. The levels of carbon recovery with glucose, 
formate, cysteine, and pyruvate were 98, 95, 89.1, and 102%, respectively. The 
oxidation-reduction indices with glucose, formate, cysteine, and pyruvate were 
0.80, 0.95, 0.72, and 0.94, respectively. 

In some cases formate was not produced from glucose or pyruvate and more 
acetate was produced. 

' In  all of the experiments except the formate experiment the amount of 
carbon dioxide was calculated by subtracting the amount of formate from the 
amount of acetate. In the formate experiment the amount of carbon dioxide was 
calculated by doubling the amount of acetate produced. 

-, the growth yield (1.3 mg of cellular protein) did not exceed the growth 
yield in the controls grown with only yeast extract. 
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FIG. 3. Occurrence of 13C label during incubation of a cell suspension of C. ultunense BST with [3-13C]cysteine: chemical shifts for (C-3)-cysteine (25.8 ppm) (peak 

l), (C-2)-acetate (24.1 ppm) (peak 2), and (C-3)-alanine (17.1 ppm) (peak 3). 

pound to toxic concentrations may have been the reason for 
the incomplete degradation of ethylene glycol. Small amounts 
of acetate, propionate, isobutyrate, and butyrate were formed 
during growth on yeast extract and MRCM. The amounts of 
acids produced from yeast extract were different in different 
cultures (there was a 15% difference among triplicate cul- 
tures). Exposure to l atm (101.29 kPa) of H,-CO, (80:20) did 
not influence the fermentation of cysteine, pyruvate, or glu- 
cose. Exposure to H, extended the lag phase of growth on 
glucose but had no discernable influence on the fermentation 
pattern once degradation had started. Strain BST did not use 
acetate when CO,, So, SO2-, SO,2, S2032-, NO,-, Fe3', 
fumarate, glycine, or malate was the electron acceptor. The 
doubling time in MRCM containing pyruvate at 37°C and pH 
7.2 to 7.4 was 2 days, while in BM containing yeast extract (0.5 
g/liter) the doubling time was 5 days. Growth with other sub- 
strates was equal to or slower than growth with pyruvate. 

Strains SARl and BST were examined for the presence of 
enzymes that are active in the Wood pathway used by ho- 
moacetogenic bacteria for acetate formation (39a). Strain BST 
growing with ethylene glycol exhibited activities of carbon 
monoxide dehydrogenase, the key enzyme of the Wood path- 
way, and other enzymes of this pathway. Strain SARl growing 
with cysteine did not exhibit any of these enzyme activities. 

16s rRNA analysis. Since strains SARl and BST were mor- 
phologically identical, the 16s rDNAs of these two organisms 
were sequenced. The complete sequence of the 16s rDNA of 

strain BST was determined, while a partial analysis of the strain 
SARl sequence was performed. The most variable regions 
were compared and were found to be identical in strains BST 
and SAR1. 

High-resolution NMR. The following two observations indi- 
cated that cysteine was important in the syntrophic oxidation 
of acetate: (i) cocultivation of strains BST and MABl was 
successful only when cysteine was present in the medium; and 
(ii) only one transfer of the triculture was possible in medium 
containing sodium dithionite as a substitute for cysteine. High- 
resolution NMR with [3-13C]cysteine was performed with 
strain BST to investigate the intermediates and products 
formed from cysteine. The spectra obtained (Fig. 3) confirmed 
that acetate and alanine were the main products of cysteine 
fermentation. No intermediates or sulfur-containing end prod- 
ucts were observed. The peak areas indicate that more alanine 
was produced during conversion of [3-"C]cysteine by a washed 
cell suspension than during conversion of cysteine by a growing 
culture (Table 1). In the cell suspension, the observed acetate/ 
alanine ratio was 1.7, while the ratio was 80 in the growing 
culture in the late logarithmic phase. 

DISCUSSION 

Since acetate was degraded and stoichiometric amounts of 
methane were formed during cocultivation of strain BST and 
methanogenic isolate MAB1, it seems clear that strain BST was 
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the acetate-oxidizing organism in the triculture. We cannot 
explain why acetate oxidation ceased after degradation of ca. 
20 mM acetate or why this coculture failed to continue to grow 
after it was transferred to fresh medium. Strain BST had fea- 
tures that are typical of the homoacetogenic bacteria since 
acetate was the main fermentation product formed and since 
carbon monoxide dehydrogenase activity was observed. The 
characteristic property of homoacetogenic bacteria is their 
ability to use carbon dioxide as an electron sink and reduce it 
via the Wood pathway, which involves the key enzyme carbon 
monoxide dehydrogenase, to acetate, the typical fermentation 
product. Taxonomically, the homoacetogenic bacteria consti- 
tute an extremely heterogeneous group, which includes both 
gram-positive and gram-negative bacteria, spore formers, both 
rod-shaped and coccoid bacteria, both motile and nonmotile 
organisms, and both mesophiles and thermophiles. Several 
genera are included in this group, including the genera Clos- 
tridium, Sporomusa , Acetobacterium , Acetonema, and Pep- 
tostreptococcus (39). 

Strain BST fulfills the following four criteria described by 
Prazmowslq in 1880 (1) for members of the genus Clostridium: 
these organisms (i) form endospores, (ii) exhibit only anaero- 
bic energy metabolism, (iii) cannot carry out dissimilatory re- 
duction of sulfate, and (iv) have a gram-positive type of cell 
wall. As determined by Gram staining and the KOH test, strain 
BST has a gram-negative type of cell wall. However, thin sec- 
tioning of this bacterium revealed a gram-positive type of cell 
wall. It is a well-recognized fact that bacteria belonging to the 
genus Clostridium sometimes may react gram negative (1). 

The clostridia are a very heterogeneous group of bacteria 
with respect to their metabolic capacities. The genus Clostrid- 
ium includes saccharolytic, proteolytic species, as well as non- 
saccharolytic or nonproteolytic species that metabolize one or 
a few substrates (1, 12). This genus also includes species that 
are able to carry out homoacetogenic CO, reduction (21, 22). 
Strain BST must be considered a specialist because it can 
metabolize only a limited number of compounds. The carbon 
and electron balances for formate and pyruvate are almost 
complete, while for glucose and cysteine, in particular, elec- 
trons are lacking. The missing electrons are probably in yeast 
extract fermentation products. The requirement for yeast ex- 
tract or other organic supplements is a common feature of 
most clostridia and acetogenic bacteria (12, 21). The require- 
ment for organic supplements might explain why strain BST 
grew on agar that was not supplemented with yeast extract and 
in liquid cultures only in the presence of yeast extract. The 
G+C contents of the DNAs of clostridia range from 22 to 55 
mol%. Most of the mesophilic, homoacetogenic clostridia have 
relatively low DNA G+C contents (22 to 37 mol%) (21, 39); 
the G+C content of the DNA of strain BST falls in this range. 

The results of the 16s rDNA sequence analysis also place 
strain BST in the genus Clostridium. The position of strain BST 
on a phylogenetic dendrogram is shown in Fig. 4. It is clear that 
this strain represents an individual line and probably a new 
species. Strain BST is most closely related to Clostridium has- 
tiforme and Clostridium sp. strain BNII. C, hastiforme has the 
following characteristics (23): it is moderately proteolytic, non- 
saccharolytic, mesophilic, gram positive, rod shaped, and mo- 
tile and forms subterminal oval spores. C. hastiforme also has 
been shown to form methane and methanethiol from methio- 
nine (26, 35). Strain BNII has not yet been classified but is 
known to degrade creatine (10). We concluded that strain BST 
belongs to cluster XI1 on the basis of the results of a 16s rRNA 
analysis performed with members of the genus Clostridium (7). 
This cluster is phenotypically incoherent and includes Clostrid- 
ium acidiurici, Clostridium purinolyticum, C. hastiforme, "Clos- 
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FIG. 4. Phylogenetic dendrogram showing the position of strain BST within 
the genus Clostridium and in relation to other taxa. Scale bar = 10 inferred 
nucleotide substitutions per 100 nucleotides. 

tridium jilamentosum," and Clostridium sp. strain BNII (Fig. 4). 
Of the clostridia in this group, C. acidiurici is the only aceto- 
genic bacterium. 

On the basis of the results of the 16s rRNA analysis, strains 
SARl and BST are the same organism. However, it is not 
possible to distinguish phylogenetically very similar strains by 
this method. The difference in the metabolic properties of 
strains BST and SARl (the lack of carbon monoxide dehydro- 
genase activity in strain SAR1) indicates that these strains are 
two different organisms. On the other hand, strain SARl was 
transferred in mineral media containing yeast extract and cys- 
teine for almost 6 months and could have lost the ability to 
express enzymes in the Wood pathway. A loss of one or several 
of the enzymes of the Wood pathway could explain why cocul- 
tivation of strain SARl with strain MAB1 or other hydrogen- 
consuming organisms was not successful. Clostridia have been 
shown to convert cysteine to acetate by two mechanisms that 
do not involve key enzymes of the Wood pathway. Clostridium 
propionicurn degrades cysteine to propionate and acetate 
through acrylate as an intermediate (42). Some clostridia 
deaminate cysteine to pyruvate by a cysteine desulfhydralase 
and convert pyruvate to acetate via acetyl coenzyme A (1). 
Alanine is probably formed through amination of pyruvate by 
alanine dehydrogenase or by alanine aminotransferase, as has 
been shown for Pyrococcus furiosus (17). 

In the triculture, an initial increase in the acetate concen- 
tration coincided with the degradation of cysteine. Therefore, 
it is likely that during syntrophic acetate oxidation, strain BST 
expresses both the acetyl coenzyme A pathway enzymes and 
the cysteine-degrading enzymes. There are several possible 
reasons for the importance of cysteine for the functioning of 
the coculture of the acetate oxidizer and the methanogen, 
including (i) creation of a sufficiently reduced environment, (ii) 
the ossibility that degradation of cysteine might supply strain 
BS with energy necessary for the initial utilization of acetate, 
and (iii) dependence of MABl on cysteine as a sulfur source. 

,P 
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TABLE 2. Comparison of morphological and physiological features 
of C. ultunense BST and strain AOR, two syntrophically acetate- 

oxidizing bacteria" 

Characteristic Strain BST Strain AOR 

Cell shape 
Cell size (pm) 
Spore formation 
Flagella 
Gram type 
Capsular material 
Utilization of the following 

substrates: 
HZ-CO, 
Formate 
Ethylene glycol 
Pyruvate 
Betaine 
1,2-Propanediol 
Cysteine 
Glucose 

Supplement required' 
Optimum temp ("C) 
Optimum pH 
G+C content (mol%) 
Carbon monoxide dehy- 

Genus 
drogenase 

Rod 
0.5-7 X 0.5-0.7 

+ 
+ 
+ 
+ 

- 

+ 
+ 
+ 
+ 
+ 
+ 

Yeast extract 
37 

6.5-8.0 
32 
+ 

- 

Clostridium 

Rod 
2-3 X 0.4-0.6 

- 

N D ~  
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 

ND 
ND 

Yeast extract 
60 

ND 
47 
+ 

Eubactenum 

(I Thermophilic isolate AOR was described by Lee and Zinder (19). 

' Supplement required for growth in mineral medium. 
ND, not determined. 

Although sulfide is the most common sulfur source utilized by 
methanogenic bacteria, other compounds, including cysteine 
and mercaptans, have been shown to function as sulfur sources 

Only one syntrophic acetate-oxidizing bacterium, strain 
AOR, has been described previously (19, 20, 48). The physio- 
logical and morphological features of this bacterium are com- 
pared with those of strain BST in Table 2. The most significant 
difference between these two acetate-oxidizing strains is the 
inability of strain BST to grow with H,-CO, as a substrate. 

Description of Clostridium ultunense sp. nov. Clostridium ul- 
tunense (ul.tu.nen' se. Ull, ancient Nordic god associated with 
winter sports and duels; tuna, place of worship; L. ending ense; 
M. L. adj. ultunense, referring to ultuna, the area where the 
Swedish University of Agricultural Sciences is located). 
Straight or slightly curved rod-shaped cells are 0.5 to 7 by 0.5 
to 0.7 km and occur singly, in pairs, or in chains. In the early 
exponential growth phase, cells are motile by means of a polar 
flagellum; later the cells are nonmotile. Cell chains, as well as 
swelling cells, are formed in the late exponential growth phase. 
Occasionally, terminal round spores are formed. 

Gram negative, with capsular material outside the cell wall. 
Colonies on agar are 0.5 to 1 mm in diameter, disc shaped, 

and whitish. 
Strictly anaerobic. The substrates used as carbon and energy 

sources include forma te, glucose, cys teine, pyruva t e, bet aine, 
and ethylene glycol. The substrates that are not utilized as 
carbon and energy sources include sugars other than glucose, 
H,-CO,, CO, methoxylated aromatic compounds, alcohols, 
and all amino acids except cysteine. The main fermentation 
product is usually acetate, but sometimes formate is also 
formed in roughly the same amount. Small amounts of alanine 
are formed from cysteine and betaine. Sulfate, sulfite, thiosul- 
fate, sulfur, nitrate, fumarate, malate, glycine, and ferric ion 

(34). 

are not used as electron acceptors. Acetate is oxidized in the 
presence of a hydrogen-utilizing methanogenic bacterium. 

Catalase and oxidase negative. Produces indole from tryp- 
tophan and does not liquefy gelatin. 

Moderate growth occurs in mineral medium supplemented 
with yeast extract; better growth occurs in modified IRCM 
mineral medium supplemented with yeast extract, peptone, 
starch, and Lab Lemco powder. Growth in mineral medium 
depends on the presence of yeast extract, peptone, Casitone, or 
tryptone (>0.1 g/liter). 

pH range, 5 to 10. The optimum pH is around 7.0. 
Temperature range, 15 to 50°C. The optimum temperature 

The G+C content of the DNA is 32 mol%. 
Habitat: anaerobic digester sludge. 
The type strain is strain BS, which has been deposited in the 

Deutsche Sammlung von Mikroorganismen und Zellkulturen, 
Braunschweig, Germany, as strain DSM 10521. 

is 37°C. 
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