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Abstract. Pure cultures of H,/CO,- and formate-uti-
lizing methanogens or mixed consortia of sewage
sludge generated some formate from H,/CO, at H,
partial pressure in the gas phase above 200 kPa. At de-
creasing H, partial pressure the formate was taken up
again and converted to methane. If methanogenesis
was inhibited by bromoethanesulphonic acid (BESA)
or a high redox potential (—180 to —200mV), for-
mate-utilizing methanogens produced high amounts of
formate from H,/CO,. No formate was excreted by the
species, which could only utilize H,/CO, for methano-
genesis. In contrast, H, formation from formate was
observed in cultures of Methanobacterium thermofor-
micicum and M. formicicum. Measurable amounts
were, however, only formed if its immediate utilization
for methane production was inhibited by BESA. In the
light of the data on formate formation from H,/CO,
and its re-utilization by all formate-utilizing methanog-
ens, the concept of interspecies formate transfer of
Thiele and Zeikus should be reconsidered. In pure cul-
tures of methanogens or complex ecosystems with ex-
cess H,, formate formation seemed to serve more as a
means of disposal of surplus reducing power than for
H, transfer.

Introduction

The H, partial pressure seemed to be a key parameter
of the anaerobic metabolism of carbohydrates, alco-
hols, fatty acids and xenobiotics in pure and defined
mixed cultures and complex ecosystems (Bleicher and
Winter 1991; Bleicher et al. 1989; Bryant et al. 1967,
1977; Boone and Bryant 1980; Chen and Wolin 1977;
Ferry and Wolfe 1976; Mclnerney et al. 1979; Miller
and Wolin 1973; Wolin and Miller 1982; Winter and
Wolfe 1979, 1980; Winter 1980, 1984). Interspecies hy-
drogen transfer from the H,-producing, fermentative
or acetogenic bacteria to the Hy-consuming, sulphate-
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reducing or methanogenic bacteria was a prerequisite
for quantitative substrate conversion to methane and
CO,. Only sulphate reducers outcompeted methanog-
ens for reducing power in sulphate-containing sedi-
ments, due to their higher affinity for H, (Winfrey and
Zeikus 1977).

The exclusive importance of interspecies hydrogen
transfer for substrate conversion to methane and CO,
was doubted by Thiele and Zeikus (1988), on the basis
of their observation that in anaerobic micro-niches
with floc formation formate concentrations ranging
from <30pM (methanogenesis not inhibited) to
300 pM (methanogenesis inhibited with 0.04% chloro-
form) were detected. The formate was, however, sup-
posed to be generated from CO, by exclusively fer-
mentative and acetogenic bacteria with reducing equi-
valents coming from ethanol oxidation or lactate de-
carboxylation. This conclusion was drawn from the fact
that formate formation continued under conditions of
a methanogenesis inhibited by chloroform (Thiele and
Zeikus 1988).

In this paper we present data on the formation of
formate from H,/CO, by pure cultures of methanogens
or a complex methanogenic consortium. The metha-
nogens excreted even higher concentrations of formate
if H, utilization for methane production was inhibited
with chloroform, ethanol or bromoethanesulphonic
acid (BESA).

Materials and methods

Organisms and growth conditions. The methanogens mentioned
in Table 1 were obtained either from the Deutsche Sammlung fiir
Mikroorganismen und Zellkulturen (Braunschweig, Germany) or
isolated and cultivated in our laboratory. Sewage sludge was tak-
en from the anaerobic reactors of the Klirwerk Regensburg by
preventing heavy oxygenation and was stored under anaerobic
conditions.

The basic medium for growth of the methanogens contained
per litre: mineral solutions 1 and 2 (Balch et al. 1979), 38 ml of
each; yeast extract (Merck no. 3753), 2 g; peptone (Merck no.
7213), 2g sodium acetate, 5g FeSO, 7THO, 2mg;
Ni(NH,)2(SO4)2, 2 mg; NaHCO;, 6 g; resazurin, 1mg; vitamins



and trace minerals (Wolin et al. 1963), 10 ml of each; reducing
agent (Balch et al. 1979), double concentrated, 40 ml. In the pres-
ence of an H,/CO, or N,/CO, gas phase (80:20%, v/v; 300 kPa)
the pH was 7.0. For growth of Methanogenium cariaci and M.
marisnigri 3% (wiv) NaCl was added to the basic medium. For
growth of all strains on formate, 50 mmol/l of sodium formate
was supplied and N»/CO, (80:20%, v/v; 300 kPa) served as the
gas phase.

Media were prepared and cultures grown anaerobically as de-
scribed by Balch et al. (1979). Methane production was inhibited
by addition of BESA from a 50 mM sterile, anaerobic stock solu-
tion to reach a final concentration of 2.5 mM. For other inhibition
experiments the medium was supplemented with 0.05% CHCl;
(v/v) or 8-20 mMm ethanol. Sulphate reduction was prevented by
addition of a sodium molybdate solution (40 mm) to give a final
concentration of 2 mmol/l

Analyses. Formate was analysed with a formate dehydrogenase
test kit of Boehringer (Mannheim, Germany). The detection limit
was 0.1 mmol/l. H, and methane were analysed by gas chromato-
graphy (Winter et al. 1984). The optical density of cultures was
measured in an Ultrospec II LKB spectrophotometer (Pharma-
cia, Heidelberg, Germany) at 578 nm (Esys).

Chemicals. Chemicals were purchased from Merck (Darmstadt,
Germany) or Sigma (Munich, Germany), and gases from Linde
(Hollriegelskreuth, Germany).

Results

Formate generation from Hy/CO, by pure cultures of
methanogens

When the H,/CO, gas phase in cultures of Methano-
bacterium formicicum DSM 3636 at an Es;5 of 0.8 was
renewed, 2.5 mM formate was excreted within the next
2 h. With decreasing H, concentration, most of the for-
mate was utilized again for methane production (Fig.
1). Little formate (0.1-0.3 mM) remained in the me-
dium until the H, was completely used up. If methane
formation from H,/CO, was inhibited by BESA, for-
mate accumulated up to 17 mm (Fig. 1). The formate
concentration remained at this high level even after
prolonged incubation (not shown). Measurable
amounts of formate (1-2 mMm) were also formed from
H,/CO, if methanogenesis by the cultures was inhi-
bited by 8-20 mm ethanol (data not shown).

When in grown-up cultures of M. palustre DSM
3108 (Es7;3=0.9) the methane was replaced by Hy/CO,
(80:20%, v/v, 300 kPa), within the next 6 h of metha-
nogenesis 10 mM formate was excreted into the me-
dium. With decreasing H, concentration (<350% H, in
the gas phase) the formate was re-utilized for metha-
nogenesis (Fig. 2a). If methane formation from H,/CO,
by cultures of M. palustre was inhibited with BESA,
20-23 mM formate was formed from H,/CO, within 8-
19 h, respectively (Fig. 2b). Formate formation from
H,/CO, by M. palustre was also observed when me-
thane formation was prevented by an unsuitable redox
potential of —180 to —200 mV, which could be main-
tained in a mixed culture of M. palustre with a nitrate
reducer (Fig. 2b).

Formate formation from H,/CO, by pure cultures of
methanogens was observed in almost all of the species
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Fig. 1. Formate production from H,/CO, by Methanobacterium
formicicum in the absence or presence of 2.5 mM bromoethane-
sulphonic acid (BESA). M. formicicum was inoculated into 20 ml
basic medium in serum bottles of 120-ml total volume, containing
a H,/CO, gas atmosphere (80:20%, v/v, 300 kPa) and grown to
reach an optical density of Es;s=0.8. Then the gas phase was re-
newed and methanogenesis in two of four parallel cultures was
inhibited by addition of 2.5 mMm BESA. H,, methane and formate
were analysed. The optical density of the inhibited cultures re-
mained at 0.8, that of the non-inhibited cultures increased to 1.1
within the following 60 h of incubation: open symbols, no BESA
added; closed symbols, 2.5 mMm BESA added; O-O, @-@, Hy; A~
A, A—A, formate; -0, M-B methane

tested that were known to grow on either H,/CO, or
formate (Table 1). Its concentration ranged from <0.1
(not detectable) to 13 mm, generated after 24 h of incu-
bation. All formate-utilizing cultures excreted more
formate (range 1.2-24 mm) if methane formation from
H,/CO, was prevented by BESA (Table 1), whereas
methanogens that could not utilize formate for growth
were not able to form formate from H,/CO,.

Dependence of formate formation from HyCO, by M.
palustre on the incubation temperature

If parallel cultures of M. palustre were incubated at
temperatures ranging from 22 to 45° C, formate forma-
tion proceeded most rapidly at 45°C, to reach a con-
centration of 4 mMm after only 1 h. At lower tempera-
tures less formate was produced within the first hour,
with decreasing rates at decreasing temperature, re-
spectively (Fig. 3). After 8 h, H, consumption for me-
thane production was highest at the optimal growth
temperature (30° C) and was considerably lower at 37,
45 and 22° C (Fig. 3).

H, production from formate by pure cultures of
methanogens and by complex consortia from sewage
sludge

For testing the ability of methanogens to generate H,
from formate, the residual H, in cultures of M. thermo-
formicicum and M. formicicum that had reached
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Fig. 2a,b. Formate production from H,/CO, by cultures of M. pa-
lustre in the absence (a) or presence of 2.5 mm BESA (b) and in
the presence of a nitrate reducer (b). The incubation conditions
were as for Fig. 1. The optical density of BESA-inhibited cultures
remained at Es;3=0.8 and increased to Es;3=1.2 in the non-inhi-
bited cultures. Two cultures of M. palustre were supplemented
with 3 ml of a log-phase culture of a nitrate reducer (strain LA
B3, Bambauer 1992) grown on n-butyrate/nitrate. The redox po-
tential in the mixed cultures remained constantly between — 180
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and —200 mV, and in the pure methanogenic cultures between
—420 mV and —440 mV. The pure culture of strain LA B3 could
not produce formate. H, utilization and methane production in
the mixed culture was too little to be measurable, if it occurred at
all: open symbols, no BESA added; closed symbols (except ¥—
V), 2.5 mMm BESA added; O-O, ©-@, H,; (-, MM, methane;
A=A, A—A formate; V-V, formate in mixed cultures of M. pa-
lustre and strain LA B3

Table 1. Formate production by metha-

nogens from H,/CO, with and without Organisms DSM- Growth Fo.r.m ate  Formate .
bromoethanesulphonic acid (BESA) 1o Efgl)p utilizer  concentration (mm)
No BESA  BESA
(2.5 mm)
Methanobacterium spp.
M. palustre 3108 37 Yes 13.0 24.0
M. formicicum 3636 37 Yes 0.3 13.0
M. thermoformicicum 3720 60 Yes 0.0 15.0
M. thermoautotrophicum 1053 60 No 0.0 0.0
M. wolfei 2970 60 No 0.0 : 0.0
M. ivanovii 2611 37 No 0.0 0.0
M. espaniolae 37 No 0.0 0.0
M. bryantii M.o. H. 863 37 No 0.0 n.d
Methanogenium spp.
M. tationis 2702 37 Yes 0.0 12.0
M. liminatans 4140 37 Yes 0.0 3.0
M. cariaci 1497 30 Yes 3.0 8.0
M. marisnigri 1498 30 Yes 0.0 2.0
Methanocorpusculum spp.
M. parvum 3823 37 Yes 0.0 2.0
M. bavaricum 4179 37 Yes 0.0 35
M. sinense 4274 37 Yes 0.8 1.2
M. aggregans 3027 37 Yes 1.3 2.0
M. labreanum 4855 37 Yes 2.5 25
Methanosphaera spp.
M. stadtmanae 3091 37 No 0.0 0.0

Cultures were grown in serum bottles in basic medium with an H»/CO, gas phase
(80:20%, v/v; 300 kPa). The medium for Methanogenium marisnigri and M. cariaci was
supplemented with 0.5 ml of a 3 M NaCl/1 M MgSO, solution. Twenty millilitres of me-
dium was inoculated with 2 ml of a fresh culture and incubated for 24 h. Methanogenesis
in two of four cultures was inhibited by 2.5 mM BESA; n.d., not determined
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Fig. 3. Dependence of H, utilization and formate production by
M. palustre on the incubation temperature. Parallel cultures of M.
palustre (20 ml basic medium in 120-ml serum bottles; 300 kPa
H,/CO,, 80:20% v/v) were grown to an optical density of
Es;5=1.0. The gas phase was renewed and hydrogen utilization
as well as formate production were measured: open symbols, Hy;
closed symbols, formate; O-O, @-@, 45°C; &<, -, 37°C;
A=A, A-A,30°C; O-0O0, M-A, 22°C

Es75=0.8 was replaced by N,/CO,. The medium was
supplemented with 100 mMm formate (2 mmol absolute-
ly) and with inhibitors of methanogenesis. If the imme-
diate utilization of H, from formate cleavage for me-
thanogenesis was prevented by the addition of 5 mMm
BESA, M. thermoformicicum formed 0.3 mol H, and
some methane within 2 days of incubation. If all for-
mate were converted to H, + CO, without methane be-
ing produced, maximally 2 mmol H, could have been
released into the gas phase. In cultures of M. formici-
cum in which methanogenesis was inhibited totally by
0.04% chloroform, 0.26 mmol H, was released from
0.25 mmol formate, which was cleaved within 6 days
(Table 2).
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In sewage sludge that had been incubated with Hy/
CO, (80:20%, 300 kPa) for 2 days to restore methano-
genesis after sludge transfer into the serum bottles and
that was supplemented with formate and a N,/CO, gas
phase, formate was converted to H, and presumably
CO; if methanogenesis was inhibited by either 5 mm
BESA or 0.05% chloroform (Table 2).

Dependence of formate production in sewage sludge
on temperature and substrate supply

Formation of methane and formate from H,/CO, in se-
wage sludge was compared for different incubation
conditions (Table 3). If digested sewage sludge was in-
cubated under an N,/CO, gas atmosphere, only little
methane was produced and formate could not be de-
tected (<0.1 mM), indicating substrate depletion.

If the sewage sludge was supplied with H,/CO, and
incubated at 37° C, little formate was formed, as long as
H, was not depleted by methanogenesis. Much more
formate was formed at 22 and 60° C (at a reduced me-
thane productivity compared to 37° C) or when metha-
nogenesis of the sludge cultures was almost completely
inhibited by BESA. No significantly increased formate
levels were detected in sludge cultures in which sul-
phate reduction was prevented by molybdate, indicat-
ing that sulphate reducers were apparently not in-
volved in formate metabolism. If both methanogenesis
and sulphate reduction were inhibited by BESA and
molybdate, some formate was excreted.

Discussion

Interspecies H, transfer was required for a complete
methanogenic degradation of sugars, fatty acids and
aromatic compounds. With mixed cultures of Bifido-
bacterium bifidum and methanogens a hydrid transfer
was excluded (Winter 1984). As an alternative, inter-
species formate transfer was proposed by Thiele and
Zeikus (1988) to contribute a large portion of electron
transfer during methanogenesis in complex ecosys-

Table 2. Hydrogen production from for-
mate by two Methanobacterium spp. and
by sewage sludge consortia

Organisms/inhibitor/substrate

H, (mM) produced from formate after:

2 days 4 days 6 days
M. thermoformicicum/BESA/none 0.0 0.0 0.0
M. thermoformicicum/BESA/formate 0.3 n.d. n.d.
M. formicicum/CHCls/none 0.0 0.0 0.0
M. formicicum/CHCLy/formate 0.14 0.18 0.3
Sewage sludge/CHCls/none 0.0 0.0 0.0
Sewage sludge/CHCly/formate 05 0.6 0.7
Sewage sludge/BESA/formate 03 1.0 1.5

Serum bottles of 120-ml total volume, containing 20 ml cultures of M. thermoformicicum,
M. formicicum (Es;5=0.8) or sewage sludge plus either 0.05% CHCI; or 2.5 mm BESA
with or without 2 mmol formate (totally), gas phase N,/CO, (300 kPa, 80:20% ) were in-
cubated at 37° C for the indicated times
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Table 3. Methane and formate production

: : Incubation Methane production Format duction
d p ate productio
by a mixed population of sewage sludge conditions (ml/culture) (mmol/ml)
after (h) after (h)
24 48 96 24 48 96
22°C, Hy/CO, 4.0 7.5 42.0 4.5 23 0.0
37°C, Hy/CO, 164 27.0 54.0 0.5 0.4 0.0
60°C, Hy/CO, 0.8 1.5 420 42 0.5 0.0
37°C, Hy/CO,, MoO5~ 11.5 21.0 51.0 0.9 0.3 0.0

37°C, Hy/CO,, BESA

4.0 5.6 9.0 8.1 10.3 13.5

37°C, Hy/CO,, MoO3 ™, BESA 2.7 4“0 5.5 25 41 0.5

37°C, No/CO,

16 42 80 0.0 0.0 0.0

Sewage sludge (10 ml) was inoculated into serum bottles of 120-ml volume, containing
10 m] basic medium (without yeast extract and peptone) and incubated at the stated tem-
perature. The gas phase was either Ho/CO, or N,/CO, (80:20%, v/v) at 300 kPa pressure.
BESA was supplemented at 2.5 mmol/l, sodium molybdate at 2.0 mmol/l and sodium
formate at 50 mmol/l final concentration

tems. It was argued that the characterization of mainly
H,/CO,- and formate-utilizing methanogens from
these ecosystems would corroborate this assumption.
However, only weak indirect evidence was presented
to show that formate was not a product of CO, reduc-
tion by H, gas, either by fermentative or methanogenic
bacteria.

As shown in this paper for many pure cultures of
methanogens and for a complex sewage sludge culture,
some formate was formed intermediately during non-
inhibited growth on H,/CO,. High concentrations of
formate were formed from H,/CO, when conditions
for methanogenesis were not optimal, e.g. through in-
hibition by BESA, chloroform and ethanol or an ele-
vated redox potential in co-cultures with nitrate reduc-
ers. Since nitrate was a frequent component of, for ex-
ample, dairy waste-water, the formate in anaerobic
reactors of dairy companies may not only be produced
by the fermentative or acetogenic population, but also
by the methanogenic bacteria. Under conditions of
varying H, partial pressure, formate and H,/CO, might
be interconvertible by a reversible enzyme-catalysed
reaction.

Interspecies formate transfer was deduced from for-
mate formation by a complex population in a whey
anaerobic reactor, in which methane production was
completely inhibited with chloroform (Thiele and Zei-
kus 1988). However, as shown in this paper, many me-
thanogens were able to form formate from H,/CO; un-
der conditions of completely inhibited methanogene-
sis, either by BESA, chloroform or ethanol. Therefore,
methanogens may not only benefit from formate as a
methanogenic substrate, supplied by other bacteria in a
complex ecosystem, but also contribute to its forma-
tion during growth on surplus Hy/CO,. Vice versa, mo-
lecular H, was formed from formate as the only carbon
source if its immediate utilization for methanogenesis
was inhibited by BESA.

One might argue that the concentration of H in the
gas phase of methanogenic pure and mixed cultures,
used for our experiments to demonstrate formate for-
mation, was higher than the maximal H, concentration

that occurred in ecosystems such as waste-water diges-
tors. However, not the H, concentration in the gas
phase, but that in the close vicinity of the micro-organ-
isms was crucial for formate generation. In methanog-
enic cultures, formate was excreted at PH,>200 kPa
(M. formicicum) or PH,>220 kPa (M. palustre). Since
the H, solubility at 37°C and 100 kPa was approxi-
mately 19 ml/1 of water (Weast 1979) or medium, for-
mate production started in the cultures of M. formici-
cum when more than 38ml H, (=200 kPa in gas
phase) and in the cultures of M. palustre when more
than 42 ml H, (=220 kPa in gas phase) were solubil-
ized per litre of culture suspension.

In log-phase cultures of M. palustre, M. formicicum
or M. bryantii strain M.o.H., the H, utilization rate was
14.9,22.4 and 22.4 ml/] per minute, calculated from me-
thane data of Zellner et al. (1989) with H, consump-
tion estimated by Eq. 1:

4 mol H, +1 mol CO, 1 mol CH,+2 mol H,O €]

At this H, utilization rate and at 200 kPa pressure, re-
saturation of the medium with H, would be necessary
roughly once per 2 min. For resaturation at 58°C, a
shaking frequency of >40 strokes/min was sufficient
(Zabel et al. 1985) to meet this requirement.

For estimation of the average H, concentration in
highly loaded waste-water fermentors with floc or bio-
film formation, H, transport from the gas phase via the
aqueous phase to the micro-organisms was not essen-
tial. The H, was produced by the bacteria of the fer-
mentative phase, e.g. by conversion of carbohydrates
according to the following simplified Eq. 2:

1 mol glucose — 2 mol acetate
+2 mol CO,+4 mol H, (2)

Thus, in a whey fermentor with a chemical oxygen
demand (COD) load (mainly lactose) of 15 g per day,
that was completely degraded (Wildenauer and Winter
1985), 332 mmol/l per day of H, (=5.2 ml/l per minute)
must have been formed according to Eq. 2. This
amount of H, was released by the fermentative bacte-
ria. Since fermentative, acetogenic and methanogenic



bacteria in the flocs or in a biofilm were closely asso-
ciated, an H, gradient was marginal, if it occurred at
all. If the active sludge volume in a whey reactor re-
sponsible for methane production was assumed to be
restricted to approximately 20% of the total waste-wa-
ter volume (de facto it may be even less), then the H,
production rate of the fermentative bacteria in the
flocs or biofilm was in the order of 26 ml/l per minute.
The production rate of H, by fermentative bacteria in
whey was thus almost exactly identical with the H,
consumption rate of densely grown pure cultures of M.
palustre or M. formicicum. Under these conditions in
both log-phase cultures of methanogens growing on
H,/CO, and complex consortia in waste-water growing
by fermentative COD removal, formate would be pro-
duced by the respective methanogens.

Acknowledgements. We thank the Deutsche Forschungsgemein-
schaft and the Bundesministerium fiir Forschung und Technolo-
gie for financial support and Mr. Th. Mayer for skilful technical
assistance.

References

Balch WE, Fox GE, Magrum LJ, Woese CR, Wolfe RS (1979)
Methanogens: reevaluation of a unique biological group. Mi-
crobiol Rev 43:260-296

Bambauer A (1992) Anaerober Benzoatabbau mit einem neuen
Nitratreduzierer. Diplomarbeit, Universitdt Regensburg

Bleicher K, Winter J (1991) Purification and properties of Fuzo-
and NADP *-dependent alcohol dehydrogenases of Methano-
genium liminatans and Methanobacterium palustre, specific
for secondary alcohols. Eur J Biochem 200:43-51

Bleicher K, Zellner G, Winter J (1989) Growth of methanogens
on cyclopentanol/CO, and specificity of alcohol dehydrogen-
ase. FEMS Microbiol Lett 59:307-312

Boone DR, Bryant MP (1980) Propionate-degrading bacterium,
Syntrophobacter wolinii sp. nov., gen. nov. from methanogen-
ic ecosystems. Appl Environ Microbiol 40:626-632

Bryant MP, Wolin EA, Wolin MJ, Wolfe RS (1967) “Methanoba-
cillus omelianskii”, a symbiotic association of two species of
bacteria. Arch Microbiol 59:20-31

Bryant MP, Campell LL, Reddy CA, Crabill MA (1977) Growth
of Desulfovibrio in lactate or ethanol media low in sulfate in
association with Hy-utilizing methanogenic bacteria. Appl En-
viron Microbiol 33:1162-1169

Chen M, Wolin MJ (1977) Influence of CHy-production by Me-

915

thanobacterium ruminantium on the fermentation of glucose
and lactate by Selenomonas ruminantium. Appl Environ Mi-
crobiol 34:756-759

Ferry JG, Wolfe RS (1976) Anaerobic degradation of benzoate
to methane by a syntrophic consortium. Arch Microbiol
107:33-40

Mclnerney MJ, Bryant MP, Pfennig N (1979) Anaerobic bacteri-
um that degrades fatty acids in syntrophic association with
methanogens. Arch Microbiol 132:129-135

Miller TL, Wolin MJ (1973) Formation of hydrogen and formate
by Ruminococcus albus. J Bacteriol 116:836-846

Thiele JH, Zeikus JG (1988) Control of interspecies electron flow
during anaerobic digestion: the role of formate versus hydrog-
en transfer during syntrophic methanogenesis in flocs. Appl
Environ Microbiol 54:20-29

Weast RC (ed) (1979) Handbook of chemistry and physics, 60th
edn. CRC Press, Boca Raton, Fla

Wildenauer FX, Winter J (1985) Anaerobic digestion of high-
strength acidic whey in a pH-controlled up-flow fixed film
loop reactor. Appl Microbiol Biotechnol 22:367-372

Winfrey MR, Zeikus JG (1977) Effect of sulfate on carbon and
electron flow during microbial methanogenesis in fresh water
sediments. Appl Environ Microbiol 33:275-281

Winter J (1980) Glucose fermentation to methane and CO, by
defined mixed cultures. Zentralbl Bakteriol Hyg I Abt Orig
C1:201-214

Winter J (1984) Anaerobic waste stabilization. Biotechnol Adv
2:75-99

Winter J, Wolfe RS (1979) Complete degradation of carbohy-
drates to carbon dioxide and methane by syntrophic cultures
of Acetobacterium woodii and Methanosarcina barkeri. Arch
Microbiol 121:97-102

Winter J, Wolfe RS (1980) Methane formation from fructose by
syntrophic associations of Acetobacterium woodii and differ-
ent strains of methanogens. Arch Microbiol 124:73-79

Winter J, Lerp C, Zabel HP, Wildenauer FX, Konig H, Schindler
F (1984) Methanobacterium wolfei sp. nov., a new tungsten-
requiring, thermophilic, autotrophic methanogen. Syst Appl
Microbiol 5:457-466

Wolin MJ, Miller TL (1982) Interspecies H, transfer: 15 years lat-
er. ASM News (Am Soc Microbiol) 48:561-565

Wolin EA, Wolin MJ, Wolfe RS (1963) Formation of methane by
bacterial extracts. J Biol Chem 238:2882-2886

Zabel HP, Konig H, Winter J (1985) Emended description of Me-
thanogenium thermophilicum, Rivard and Smith, and assign-
ment of new isolates to this species. Syst Appl Microbiol
6:72-78

Zellner G, Bleicher K, Braun E, Kneifel H, Tindall BJ, Conway
de Macario E, Winter J (1989) Characterization of a new me-
sophilic, secondary alcohol-utilizing methanogen, Methano-
bacterium palustre spec. nov. from a peat bog. Arch Microbiol
151:1-9



