
Transient Production of Formate During Chemolithotrophic
Growth of Anaerobic Microorganisms on Hydrogen

Verena Peters, Peter H. Janssen,* Ralf Conrad

Max-Planck-Institut fu¨r terrestrische Mikrobiologie, Karl-von-Frisch-Strasse, D-35043 Marburg, Germany

Received: 24 November 1998 / Accepted: 30 December 1998

Abstract. The homoacetogenic bacteriaAcetobacterium woodii, A. carbinolicum, Sporomusa ovata, and
Eubacterium limosum, the methanogenic archaeonMethanobacterium formicicum, and the sulfate-
reducing bacteriumDesulfotomaculum orientisall produced formate as an intermediate when they were
growing chemolithoautotrophically with H2 and CO2 as sources of energy, electrons, and carbon. The
sulfate-reducing bacteriumDesulfovibrio vulgarisgrew chemolithoheterotrophically with H2 and CO2

using acetate as carbon source, but also produced formate when growth was limited by sulfate. All these
bacteria were also able to grow on formate as energy source. Formate accumulated transiently while H2

was consumed. The maximum formate concentrations measured in cultures ofA. woodii and A.
carbinolicumwere proportional to the initial H2 partial pressure, giving a ratio of about 0.5 mM formate
per 10 kPa H2. The methanogenMethanobacterium bryantii, on the other hand, was unable to grow on
formate and did not produce formate during chemolithoautotrophic growth on H2. The results indicate that
the ability to utilize formate, that is, to possess a formate dehydrogenase, was the precondition for the
production of formate during chemolithotrophic growth on H2.

Formate is a typical product of mixed acid fermentation
in enterobacteria and is formed by the pyruvate formate
lyase [19]. Escherichia coliand related enterobacteria
possess a formate-hydrogen lyase enzyme system that
catalyzes the reversible conversion of formate to H2 plus
CO2 [4, 29]. Formate is also known to be a product when
homoacetogenic bacteria are grown on hexoses, for
example,Clostridium aceticum[16], Clostridium formi-
coaceticum, [1] and Peptostreptococcus productus[27].
Formate instead of H2 is often produced when syntrophic
bacteria grow on organic acids and alcohols, and then
replaces H2 in the so-called interspecies-formate-transfer
to methanogenic archaea [5, 13, 34]. Many methanogenic
archaea are able to utilize formate. They apparently route
the formate into the metabolism via a formate-hydrogen
lyase system consisting of formate dehydrogenase and
hydrogenase [2, 38]. Indeed, these methanogens were
shown to produce formate from H2/CO2 and, vice versa,
H2 from formate [3, 38]. In digestive tracts in which

significant activities of homoacetogenic formation of
acetate from H2 and CO2 were detected, an H2-dependent
formation of formate was also found [7, 11, 26, 28].
Elevated H2 concentrations in anoxic sediments and
paddy soil give rise to elevated formate concentrations [9,
10, 25]. There is also a rapid isotopic exchange between
formate and CO2 [10]. Hence, one may hypothesize that
anaerobic chemolithotrophic bacteria that are able to
utilize alternatively H2/CO2 or formate may be respon-
sible for the formate production from H2/CO2 observed in
anoxic environments.

Therefore, we systematically tested different anaero-
bic bacteria, that is, homoacetogens, sulfate reducers, and
methanogens, that were able to grow on formate and on
H2/CO2 to determine whether they produced formate as
an intermediate during growth on H2/CO2, and found that
all of them did.

Materials and Methods

Acetobacterium woodiiWB1 (DSM 1030),Acetobacterium carbinoli-
cum WoProp1 (DSM 2925),Sporomusa ovataH1 (DSM 2662),
Eubacterium limosum(DSM 20543),Desulfotomaculum orientisSin-
gapore1 (DSM 765),Desulfovibrio vulgarisMarburg (DSM 2119),
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Methanobacterium formicicumMF (DSM 1535), andM. bryantii
M.o.H. (DSM 863) were obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (Braunschweig, Germany). The
bacteria were grown on the bicarbonate-buffered, sulfide-reduced
medium FM described by Janssen et al. [22] at pH 7.2 and 25°C. The
medium contained trace element solution [35], vitamin solution 1 [22]
and a selenite/tungstate solution [35]. The bacteria were routinely
cultured in 125-ml serum bottles containing 50 ml mineral medium
under a gas phase of H2 1 CO2 (4:1) for chemolithoautotrophic growth
and under gas phase of N2 1 CO2 (4:1) for heterotrophic growth with 10
mM sodium formate as substrate. For growth of sulfate-reducing
bacteria, the medium was supplemented with 0.5–10 mM sodium
sulfate. For growth ofD. vulgaris, the medium was supplemented with
5 mM sodium acetate as carbon source. Formate production was
assessed after the microorganisms were inoculated into new media with
N2 1 CO2 (4:1) gas phase, followed by injection of H2 to give initial
partial pressure of 0.5–50 kPa.

Gas samples (0.2 ml) were taken from the headspace of the culture
vessel with gas-tight syringes (Dynatech, Baton Rouge, La.) and
analyzed for H2 and CH4 by gas chromatography [31]. Fatty acids were
analyzed in membrane-filtered (regenerated cellulose, 0.2 µm; Sarto-
rius, Göttingen, Germany) liquid samples (0.1 ml) by ion exclusion
high-pressure chromatography [24]. The detection limit for formate was
5 µM. Growth of bacteria was followed by measuring the optical density
at 400 nm.

The activity of formate dehydrogenase (EC 1.2.99.2) was mea-
sured in cell-free extracts ofD. vulgarisafter chemolithotrophic growth
on H2 and heterotrophic growth on formate with the assay of Janssen
and Morgan [21] with methylviologen as electron acceptor. The cells
were harvested in the early stationary phase by centrifugation, sus-
pended in 100 mM Tris-HCl (pH 7.5), chilled on ice, and broken by
ultrasonication (Branson Sonifier 250) for 2–3 min. Whole cells and
large cell debris were removed by centrifugation at 8000g for 10 min.
Protein concentration was determined as described by Bradford [6].

Results

All four homoacetogenic bacteria tested (Acetobacterium
woodii; A. carbinolicum; Sporomusa ovata; Eubacterium
limosum) produced small amounts of formate as an
intermediate when growing on H2/CO2 as energy and
carbon source. As an example, a typical experiment with
A. carbinolicumis shown in Fig. 1A. Formate started to
accumulate with the onset of H2 consumption, reached a
maximum at about 2.0 mM, and then decreased again
during the late phase of H2 consumption. Simultaneously,
acetate was produced and the turbidity of the culture
increased (Fig. 1A). Similar growth curves were obtained
with the other homoacetogens. The growth yields were in
a range of 0.5 to 1.7 gram dry weight per mol H2 and thus
similar to those reported in the literature [12, 15, 35].
Similar patterns of transient formate production were also
observed with the methanogenM. formicicum(Fig. 1B)
and the sulfate reducersD. orientis(Fig. 1C), but not with
the methanogenM. bryantii, which showed no formate
production (Fig. 1D). In contrast to the other microorgan-
isms tested,M. bryantii is able to grow only on H2/CO2,
but not on formate.

The maximum formate concentrations that were

reached in the different bacterial cultures at different
initial H2 partial pressures are summarized in Fig. 2.
Linear regression of the data obtained withA. woodiiand
A. carbinolicum resulted in a significant correlation
(r 5 0.86; P, 0.01) of the maximum formate concentra-
tions with initial H2 partial pressures at a ratio of
approximately 0.5 mM per 10 kPa H2. The data obtained
with S. ovataandM. formicicumshowed almost the same
relationship, whereasE. limosumandD. orientisshowed
a lower ratio of formate to H2.

In D. vulgaris, formate production (up to 2.6 mM)
was observed only when sulfate concentrations were
limiting for growth, that is, at 0.5 mM sulfate, but not at
10 mM sulfate.D. vulgarisexhibited activity of formate
dehydrogenase after chemolithotrophic growth on H2

(0.23 µmol min21 [mg protein]21) as well as after
heterotrophic growth on formate (0.25 µmol min21 [mg
protein]21).

Discussion

Many methanogenic, homoacetogenic and sulfate-
reducing microorganisms are able to utilize both H2/CO2

or formate as energy and carbon source. Our results
demonstrate that all of them produced formate as an
intermediate during utilization of H2/CO2. This was the
case even though formate plays different roles in the
catabolism of H2/CO2 by the different anaerobes. Formate
production byA. woodii, A. carbinolicum, S. ovata, and
M. formicicumappeared to be proportional to the initial
H2 partial pressure. However, the maximum amount of
formate found in the growth medium was less than that
expected at thermodynamic equilibrium, which would be
about 8.3 mM rather than 0.5 mM (calculated from the
tables of Thauer and colleagues [33] using 10 kPa H2, 20
kPa CO2, pH 7.2, 25°C). The maximum amounts of
formate produced by chemolithotrophically growingE.
limosumandD. orientiswere even lower. Probably, the
observed formate concentration was the result of a
dynamic equilibrium between production and consump-
tion and thus was less than expected from the thermody-
namic equilibrium. For example, formate may leak from
the cells, with a much higher intracellular concentration,
perhaps in equilibrium with the H2 partial pressure, than
is suggested by the levels measured in the medium.

In chemolithotrophic homoacetogenic bacteria with
H2/CO2 as substrate, formate is an obligatory intermedi-
ate in the energy metabolism [14, 18, 37]. Reduction of
CO2 to formate production is the first step in the
acetyl-CoA pathway. Formate is produced by formate
dehydrogenase and is then converted to N10-formyltetra-
hydrofolate by the N10-formyltetrahydrofolate synthe-
tase. Since free formate is formed by the formate
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dehydrogenase, homoacetogens should generally be able
to utilize formate as substrate, which indeed is the case
[14, 23]. Interestingly, H2 is formed as a transient
intermediate in formate catabolism inButyribacterium
methylotrophicum[23]. Here, we show that the opposite
is also true, that is, that formate is transiently formed
during catabolism of H2/CO2 in various homoacetogens.
We assume that the ATP-dependent synthesis of N10-
formyltetrahydrofolate constitutes a temporary bottle-
neck in the catabolism of H2/CO2. This conclusion is
consistent with the observation by Yang and Drake [40]
that formate was the major end-product in H2-grown
cultures ofAcetogenium kivuiimpaired in energy metabo-
lism.

Several sulfate-reducing bacteria, for example,Des-
ulfotomaculum orientis, use the acetyl-CoA pathway for
autotrophic synthesis of cell carbon [8]. Again, formate
should be an intermediate during autotrophic growth on
H2/CO2 and, indeed this was the result of our experi-
ments. Desulfovibrio vulgaris, on the other hand, is
unable to grow autotrophically and needs acetate for
biosynthesis of biomass when growing with H2/sulfate as
energy source [36]. The acetyl-CoA pathway is not used
for CO2 fixation in this bacterium, and thus formate is not
an intermediate in anabolism. However,D. vulgariswas
able to grow on formate/sulfate and exhibited formate
dehydrogenase activity. The existence of formate dehydro-
genase inD. vulgaris is known from the literature [30,

39]. The presence of this enzyme probably allowed the
production of formate during chemolithotrophic growth
on H2/sulfate in the presence of CO2. D. vulgaris is
obviously also able to produce H2 from formate, since it
can be grown on formate in a methanogenic co-culture
with Methanobacterium bryantiithat is able to utilize
only H2, but not formate [20].

In methanogens, formate is not a free intermediate in
the catabolism of H2/CO2 to CH4, but many methanogens
are able to utilize formate as an energy source instead of
H2 [17]. In Methanobacterium formicicumand Metha-
nospirillum hungatei, formate was shown to be routed
into the metabolism by a formate–hydrogen lyase system
consisting of formate dehydrogenase and hydrogenase [2,
38]. The formate–hydrogen lyase system is reversible,
and H2 was shown to be produced as an intermediate in
formate catabolism and vice versa [38]. Here, we have
shown that M. bryantii, which is unable to utilize
formate, also does not produce formate as an intermediate
during growth on H2/CO2. Similar observations were
made for other methanogens that are either able or unable
to utilize formate [3].

In conclusion, we assume that anaerobes that are
unable to utilize formate also do not produce it as an
intermediate during utilization of H2/CO2. Microorgan-
isms able to utilize formate, on the other hand, also
should produce it as an intermediate during growth on
H2/CO2. This ability may be important to account for
formate production in anoxic environments. In many
anoxic environments formate is a significant intermediate
in the carbon flow, where it is eventually converted to
CH4 by methanogens such asM. formicicum [32]. In
some environments formate instead of H2 may be pro-
duced by syntrophic acetogens that couple via interspecies-
formate-transfer to formate-utilizing methanogens [13,
34]. However, as shown in this study, formate may also
be produced in significant amounts during growth of
various anaerobic chemolithotrophic bacteria on H2/CO2.
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