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Abstract Syntrophic cocultures of Geobacter sulfurre-
ducens and Wolinella succinogenes oxidize acetate with
nitrate as termina electron acceptor. It has been postu-
lated earlier that electrons are transferred in these cocul-
tures not via hydrogen, but via a different carrier, e.g.,
a small c-type cytochrome that is detected in the super-
natant of growing cultures. In the present study, L-cys
teine, which was provided as a reducing agent, was found
to mediate the electron transfer between the two partners.
Low concentrations of L-cysteine or L-cystine (10-100 uM)
supported syntrophic growth, and no acetate oxidation
was observed in the absence of cysteine or cystine. Cell
suspensions of G. sulfurreducens or coculture cell suspen-
sions reduced cystine to cysteine, and suspensions of
W. succinogenes or coculture suspensions oxidized cys-
teine with nitrate, as measured by the formation or deple-
tion of free thiol groups. Added cysteine was rapidly oxi-
dized by the coculture during growth, but the formed cys-
tine was not entirely rereduced even under acceptor-lim-
ited conditions. The redox potential prevailing in acetate-
oxidizing cocultures was —160 to —230 mV. Sulfide at low
concentrations supported syntrophic growth as well and
could replace cysteine. Neither growth nor acetate degra-
dation was found with p-cysteine, homocysteine, cys
teamine, 3-mercaptopropionate, dithiothreithol, thioglyco-
late, glutathione, coenzyme M, dimethylsulfoxide, trimeth-
ylamine-N-oxide, anthraquinone-2,6-disulfonate, or ascor-
bate.
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Introduction

Geobacter sulfurreducens oxidizes acetate to CO, with
fumarate, iron(l11), elemental sulfur, or malate as terminal
electron acceptor, while nitrate, sulfate, or thiosulfate are
not reduced (Caccavo et a. 1994). In the absence of these
electron acceptors, electrons can be transferred also to an
anaerobic partner bacterium, e.g., Wolinella succinogenes
(Cord-Ruwisch et a. 1998). This coculture oxidizes ac-
etate to CO, with concomitant reduction of nitrate to am-
monia

Several observations indicated that in this coculture,
different from other syntrophic cocultures (Schink 1997),
electron transfer did not proceed via hydrogen as carrier.
The cell mass produced was approximately 18 g per mol
acetate oxidized, and only 20% of this cell mass was pro-
duced by W. succinogenes (Cord-Ruwisch et al. 1998). If
electrons were transferred via interspecies hydrogen trans-
fer, W. succinogenes should form 14-18 g dry mass per
mol acetate [3-4 g per mol hydrogen, (Cord-Ruwisch et
al. 1998)]. On the other hand, G. sulfurreducens should ob-
tain —53 kJ per mol acetate oxidized with the observed hy-
drogen pressure of 0.02—0.04 Pa, enough to form 2/3 mol
ATP. Even under optimal conditions, only 6.6 g dry cell
mass could be formed with this amount of energy (Cord-
Ruwisch et al. 1998). Moreover, the electron flux through
the hydrogen pool at the observed low pressure could ac-
count for less than 0.01% of the total electron flux re-
leased in acetate oxidation (Cord-Ruwisch et al. 1998). Fur-
thermore, hydrogenase activities, which were high in
G. sulfurreducens pure cultures grown with acetate plus fu-
marate [450 nmolxmin—x(mg protein)-1], were not detect-
able in cocultures of G. sulfurreducens with W. succino-
genes (Galushko and Schink 2000).

A small periplasmic cytochrome with a standard redox
potential of —167 mV was reported to be released by
G. sulfurreducens into the medium during growth, and has
been discussed as a candidate to act as electron carrier in
syntrophic growth (Seeliger et a. 1998). The purified cy-
tochrome reduces ferrihydrite and is reduced by G. sul-
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furreducens and reoxidized by W. succinogenes with ni-
trate as electron acceptor.

Whether this cytochrome really is the only electron
carrier in this coculture has been a matter of discussion
ever after. First, the cytochrome is released into the me-
dium aso in pure cultures growing on acetate and fu-
marate when no electron transfer is necessary, and high
concentrations of the cytochrome in the supernatant ap-
pear only towards the end of the exponential phase. Sec-
ond, release of the cytochrome depends to a large extent
on the growth conditions and is artificialy stimulated,
e.g., by increasing the ionic strength of the medium or by
adding sulfate or nitrate (K.L. Straub, Konstanz, Ger-
many, unpublished), neither of which is reduced by
G. sulfurreducens. Third, there are at least two further cyto-
chromes present in the culture supernatant as detected by
SDS-PAGE and heme staining of concentrated super-
natant (Lloyd et al. 1999; J. Kaden unpublished). Last, it
was calculated that the shuttling activity of the small cyto-
chrome can contribute to the overall electron-flow to in-
solubleiron(l11) (ferrihydrite) only to a minor extent (Ll1oyd
et al. 1999; K.L. Straub, Konstanz, Germany unpublished).

In the present study we show that . -cysteine, supplied
in the cultures as reducing agent, acts as electron carrier in
acetate-oxidizing syntrophic cocultures of G. sulfurre-
ducens and W. succinogenes.

Materials and methods
Cultivation and growth conditions

Geobacter sulfurreducens strain PCA (DSM 12127, ATCC 51573)
was obtained from R. Cord-Ruwisch (Perth, Australia), and Wo-
linella succinogenes (DSM 1740) was provided by A. Kroger
(Frankfurt, Germany).

Bacteria were cultivated in a bicarbonate-buffered, cysteine-re-
duced anoxic freshwater medium (Cord-Ruwisch et al. 1998; See-
liger et a. 1998) under N.,/CO, (80/20 v/v) atmosphere. Medium
for G. sulfurreducens did not contain vitamins, medium for W.
succinogenes was free of ammonia, and the coculture medium
contained neither vitamins nor ammonia. G. sulfurreducens was
grown with 20 mM acetate plus 40 mM fumarate, W. succinogenes
with 10 mM formate plus 10 mM nitrate and 5 mM acetate. Co-
cultures of the partners were cultivated with 20 mM acetate plus
10 mM nitrate.

Preparation of cell suspensions and growth experiments

For cell suspension experiments, bacteria were cultured in 1 | me-
dium (1.2-1 infusion bottles), harvested in the mid-exponential
phase by centrifugation at 1,500xg for 20 min under anoxic condi-
tions, and washed once with 50 mM potassium phosphate buffer,
pH 7.0.

Cell suspension experiments were carried out in 15-ml tubes
filled with 10 ml bicarbonate-buffered growth medium (Cord-
Ruwisch et al. 1998; Sedliger et al. 1998). Substrates and carrier
substances were added to the tubes from sterile, anoxic stock solu-
tions by syringes. Experiments were started by adding the cells.
The ODgg, Was adjusted to 1.5. Tubes were incubated at 30°C in
the dark. Samples were taken with syringes, centrifuged for 10 min
at 20,000xg, and analyzed immediately for thiol group determina-
tion, or stored at —20°C for acetate determination.

Cultures for growth experiments were grown in 100 ml me-
dium in 120-ml infusion bottles to the late-exponential growth

phase, and centrifuged at 1,500xg for 20 min. The supernatant was
replaced under sterile, anoxic conditions by the same volume of
fresh medium. Experiments were performed in 15-ml tubes as de-
scribed above with 10 mM acetate and 10 mM nitrate as substrates.
OD was measured at 660 nm wavelength directly in a tube pho-
tometer (Bausch and Lomb).

All growth and cell suspension experiments were carried out as
sets of at least two parallels. Control experiments were conducted
with pasteurized cell suspensions.

Analytical procedures

Acetate was determined by HPLC on a Biorad Aminex HPX-87H
column, 300x7.8 mm. Samples were eluted with 5 mM sulfuric
acid at 0.6 mlxmin~ flow rate and 40 °C. Compounds were detect-
ed by an ERC-7512 refraction index detector (Erma).

Thiol groups were quantified using a photometric test system
based on Ellmann’s reagent (Lange and Vejdelek 1980). Reaction
of 5.5'-dithiobis(2-nitrobenzoic acid) with free thiols forms alight-
absorbing component (€=13,600 M-txcm) which was measured
in 1-ml cuvettes at 412 nm wavelength in a Uvikon spectrophoto-
meter. Concentrations were calculated with L-cysteine as standard;
the detection limit was at 10 UM cysteine.

Protein content was determined in cell suspensions using bicin-
choninic acid according to the enhanced protocol of the BCA pro-
tein assay kit (Pierce), with bovine serum abumin fraction V
(Pierce) as calibration standard.

Redox potentials were measured in an anoxic 3-electrode sys-
tem (Emde et a. 1989) using an Ag/AgCl reference electrode and
a platinum mesh working electrode, with a potentiostat (type LB
81 M, Bank Elektronik) used as a potentiometer. Calculations re-
fer to a redox potential of the Ag/AgCI electrode related to the
standard hydrogen electrode of +203.5 mV (30°C) (Kdlling 2000).
The reference electrode was calibrated with a 3 mM K;Fe(CN)/
3 mM K, Fe(CN)g mixture in 100 mM KCI, with a known redox
potential of +213.5 mV (30°C, Ag/AgCl), corresponding to a re-
dox potential of +417 mV compared to the standard hydrogen
electrode at pH 7.0 (Kolling 2000).

Chemicals and gases

All chemicals were of anaytical grade quality and were obtained
from Sigma, Fluka, Aldrich, Pierce, or Riedel de Haen. Gases were
purchased from Messer-Griesheim (Darmstadt, Germany), and
Sauerstoffwerke Friedrichshafen (Friedrichshafen, Germany).

Results
Syntrophic acetate oxidation with cysteine as carrier

Geobacter sulfurreducens strain PCA grew in pure cul-
tures with 20 mM acetate plus 40 mM fumarate at a dou-
bling time of 7.7 h. Cysteine, ascorbate or dithiothreitol
could serve as reducing agent. W. succinogenes grew in
pure culture with 30 mM formate plus 10 mM nitrate and
5 mM acetate at 10 h doubling time, with cysteine or as-
corbate as reducing agent. Growth data were similar to
data described earlier (Cord-Ruwisch et al. 1998). Cocul -
tures grew with 20 mM acetate plus 10 mM nitrate (dou-
bling time 6.5 h) and were established as described (Cord-
Ruwisch et al. 1998), with cysteine as reducing agent. Af-
ter inoculation with 5% preculture, stationary phase was
reached after 30 h. The ratio of G. sulfurreducens over
W. succinogenes cells was in the range of 2:1 to 4.5:1 as
described earlier (Cord-Ruwisch et al. 1998).
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Fig.1A, B Growth of a coculture of Geobacter sulfurreducens
plus Wolinella succinogenes in the presence of L-cysteine or
L-cystine at different concentrations. A Growth without addition
of cysteine or cystine (1), with 100 uM cysteine (A), with 10 pM
cysteine (A). B Growth with 100 uM cystine (m), with 10 uM cys-
tine (00). All values are means of two parallels. Cultures were in-
oculated with 5% washed preculture in a medium with 10 mM ac-
etate plus 10 mM nitrate
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Fig.2A, B Acetate oxidation in washed dense cell suspensions
(OD g5p=1.5) of Geobacter sulfurreducens plus Wolinella succino-
genes cocultures. The experiment was carried out in bicarbonate-
buffered mineral medium with 10 mM acetate plus 10 mM nitrate.
A Acetate oxidation in the presence of cysteine at different con-
centrations; control without cysteine (OJ), with 500 uM cysteine
(®), with 100 uM cysteine (A ), with 10 uM cysteine (A). B Com-
parison of acetate oxidation in the presence of 500 UM cystine (1)
or 500 UM cysteine (o)

The dependence of growth of the coculture on cysteine
addition was further elucidated. As shown in Fig.1, the
coculture grew well with cysteine at 100 UM concentra-
tion, and the growth rate did not increase with higher cys-
teine concentrations. With 10 uM cysteine, growth ceased
after 38 h, and only arather low final ODgg, Was reached.
No growth was observed in the absence of cysteine within
the total experiment time (52 h). Also L-cystine supported
growth of the coculture, and the growth rate with 100 uM
cystine was equal to that with 100 uM cysteine (Fig. 1).
With 10 uM cystine, the culture grew to the same find
OD as with higher concentrations of cysteine or cystine,
but slightly slower. These cocultures did not receive an
additional reducing agent. The OD decrease of the cys-
tine-containing culture in the stationary phase was due to
aggregation and sedimentation.

As shown in Fig.2A, cysteine stimulated acetate oxi-
dation also in washed cell suspensions. In the presence of
100 uM cysteine, coculture suspensions degraded acetate
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to the detection limit within 150-180 min [0.16 pmolx
min-x(mg protein)~!]; only very slow degradation was
observed in the absence of cysteine [0.002 pmolxmin=tx
(mg protein)-1]. Higher concentrations of cysteine did not
increase the acetate oxidation rate [0.13-0.15 pmol xmin—x
(mg protein)~1]. With 10 uM cysteine, acetate degradation
ceased after about 5 MM acetate was oxidized, but the ini-
tial oxidation rate was nearly the same [0.12 pmolxmin-1x
(mg protein)~1] as with 100 uM cysteine. No acetate oxi-
dation was observed in pasteurized controls. In Fig. 2B,
the effect of cysteine addition was compared to that of
cystine addition. Cysteine and cystine at 500 uM concen-
trations both caused the same acetate oxidation rate in co-
culture suspensions [0.13 and 0.10 pmolxmin-tx(mg pro-
tein)~, respectively].

Cysteine oxidation and cystine reduction rates

In order to examine whether the cysteine/cystine pair re-
aly acted as electron shuttle, cell suspensions of pure cul-
tures of G. sulfurreducens and W. succinogenes as well as
coculture cell suspensions were tested for their ability to
reduce cystine or to oxidize cysteine, as measured via
changes in the free thiol group content. G. sulfurreducens
reduced cystine in pure culture at rates of 6.0-22 nmolx
min—tx(mg protein)~t. With cells harvested in the expo-
nential phase and tested directly, no difference in thiol
formation rates in the presence or absence of acetate was
observed (data not shown). If G. sulfurreducens cellswere
used from the stationary phase of pure culture, a clear
difference in the cystine reduction rate with acetate
(12.5 nmolxminx(mg protein)™) vs without acetate
(3.4 nmolxmin-x(mg protein)?) was found (Fig.3A).
W. succinogenes, oxidized cysteine with nitrate in pure
culture at a rate of 2.6 nmolxmin-1x(mg protein)~ (Fig.
3B). Coculture suspensions reduced cysteine at a rate of
1.3 nmolxmin~x(mg protein)™* and oxidized cysteine
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Fig.3A, B Cystine reduction and cysteine oxidation by pure cul-
tures of G. sulfurreducens or Wolinella succinogenes in dense cell
suspensions (ODgg=1.5). A Formation of thiol groups from L-cys-
tine in a cell suspension of G. sulfurreducens (from stationary
phase) with 6 mM cystine as electron acceptor; with 2 mM acetate
as electron donor (m), control without acetate (¢). B Oxidation of
cysteine in a cell suspension of W. succinogenes with 10 mM ni-
trate as electron acceptor; with 1 mM cysteine (A), control without
cysteine (©), control with 1 mM cysteine but without nitrate ((1)
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Fig.4 Cystine reduction and cysteine oxidation in dense cell sus-
pensions (ODgg=1.5) of G. sulfurreducens plus W. succinogenes
cocultures. Cystine reduction (m) was performed with 4 mM ac-
etate as electron donor and 1 mM cystine as electron acceptor. The
arrow indicates the addition of 4 mM nitrate to one of the parallels.
Cysteine oxidation ( A) was performed with 4 mM nitrate as elec-
tron acceptor and 2 mM cysteine as electron donor. The arrow in-
dicates the addition of 4 mM acetate to one of the two parallels

with nitrate at a rate of 3.5 nmolxmin—x(mg protein)-,
respectively (Fig.4). Addition of nitrate to a suspension
oxidizing acetate with cystine and generating free thiols
resulted in an immediate decrease of free thiol groups
(Fig.4). Addition of acetate to a coculture suspension that
had been oxidizing cysteine with nitrate before again
caused formation of free thiol groups.

Steady-state conditions in the coculture

The concentration of thiol groups in the coculture during
growth with 10 mM acetate plus 10 mM nitrate was de-
termined after addition of cysteine or cystine to various
concentrations (100400 uM cysteine, 50200 uM cys-
tine). Free thiol groups were formed in the cystine-treated
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Fig.5A, B Redox potential measurements in growing cocultures.
A Growth with limiting acetate; (m) ODgg, ([J) redox potential in
the culture related to the standard hydrogen electrode. B Growth
with [imiting nitrate; ( A) ODgg, (A) redox potential in the culture
related to the standard hydrogen electrode

assays up to 2565 pM during growth, proportional to the
concentration of added cystine. In the cysteine-treated as-
says the thiol concentration decreased at rates of 4 pMxh!
(100 puM cysteine) to 9.1 uMxh1 (400 uM cysteine) dur-
ing growth. Independent of the cysteine or cystine concen-
trations supplied, the thiol group concentration decreased
to <10 uM at the end of the growth phase, and the res-
azurin in the medium turned pink.

The apparent redox potential during acetate oxidation
was measured in the growing coculture with a redox elec-
trode. At steady state during exponential growth, the re-
dox potential was—169 mV to —235 mV. With limiting ni-
trate, the value shifted to —315 mV at the end of growth;
with limiting acetate, it shifted to —130 mV at the end of
growth (Fig.5).

Alternative carriers

The coculture was found to be rather sensitive towards
sulfide as reducing agent; no growth was observed in the
presence of 1 mM sulfide. With 200 uM or less sulfide,
the culture grew even without cysteine or cystine addi-
tion. Growth rate and final optical density were similar to
those of cocultures growing with cysteine or cystine. A
visible turbidity formed in the culture 2 h after inocula-
tion. Microscopy reveaed that this turbidity was due to
colloidal sulfur globuleswhich disappeared during further
growth.

With other reducing agents such as ascorbate, dithio-
threithol, iron(Il)chloride (pH adjusted to 7.0 and con-
trolled during the experiment), or without any reducing
agent, only very slow growth after a long lag phase of
several days was observed in the coculture. When these
reagents were used at 500 UM concentration, only the cys-
teine-reduced control showed growth within the test time
of 50 h, and completed growth after 30 h. The reduction
state of the medium was checked by added resazurin,
which stayed colorless throughout the entire growth phase,
and turned pink in cysteine-reduced cultures at the end of
growth when acetate became limiting.

Several other electron carriers were tested as possible
electron carriers in coculture cell suspensions and in
growth experiments. No acetate oxidation was observed
with anthraquinone-2,6-disulfonate (AQDS). A rapid color
change indicated that AQDS was reduced to anthrahydro-
guinone-2,6-disulfonate (AHQDS) in cell suspensions,
but neither significant acetate degradation nor growth was
observed. No growth or acetate degradation was observed
either with dimethylsulfoxide, trimethylamine-N-oxide,
ethanethiol, propanethiol, ethanedithiol or mercaptoethanol
each at 100 uM concentration. Possible toxic effects of
these compounds were checked for in growth experiments
with 1 mM cysteine as carrier and 100 uM of the respec-
tive compound. Only the control assays with cysteine
showed normal growth, whereas cultures with ethanethi-
ol, propanethiol, ethanedithiol, mercaptoethanol or dithio-
threithol were strongly inhibited. Growth started only &f-
ter a lag phase of 2 weeks. o-Cysteine, homocysteine,



cysteamine, 3-mercaptopropionate, thioglycolate, gluta-
thione, and coenzyme M at 100 UM concentration did not
support growth. With 100 uM mercaptoethanol, some-
times a slight decrease of acetate concentration was ob-
served in cell suspensions.

Discussion

In the present report, we identified the cystine/cysteine re-
dox couple as the electron carrier used in syntrophic ac-
etate oxidation by G. sulfurreducens/W. succinogenes co-
cultures. Cysteine fulfills all requirements of an electron
carrier in this coculture: it is available in the medium at
rather high concentrations, it is easily diffusible across the
outer membrane of gram-negative bacteriadue to its small
size, and it is oxidized by one partner and re- reduced by
the other one, as shown.

Energetic and kinetic aspects

With cysteine as electron carrier, acetate oxidation by
G. sulfurreducensin the coculture would follow the reaction:

CH3COO™ + H" + 2 H,0 + 4 cystine — 2 CO;
+ 8 cysteine

Under standard conditions, the redox potential of the cys-
tine/cysteine couple is —348 mV, and therefore more neg-
ative than the standard potentia of the CO,/acetate couple
at —290 mV (calculated from the free energies of forma-
tion, values taken from Thauer et a. 1977). Thus, the
overal reaction under standard conditions is endergonic
(AG°'=+44.3 kIxmol-1). However, the redox potential of
the cystine/cysteine couple depends strongly on the con-
centration (Fig.6) because two molecules of cysteine are
formed by reduction of one molecule of cystine. With cys-
teine and cystine both at 50 uM concentration as supplied
in our culture medium, the equilibrium redox potential is
—219 mV. On the other hand, the standard redox potential
of the CO,/acetate couple is shifted only dlightly to —283
mV under the conditions prevailing in our culture (10 mM
acetate; 0.3 atm CO,). Under these conditions, acetate ox-
idation with cystine is exergonic with AG'=—49 kJxmol -,
providing just enough energy to form 2/3 mol ATP per
mol acetate. The redox potential of =219 mV is in the
range of the redox potentials measured in our acetate-oxi-
dizing cocultures, i. e., =170 to =230 mV, and supports the
hypothesis that this couple acts as electron acceptor in ac-
etate oxidation by G. sulfurreducens.

Similar to the situation with the proton/hydrogen cou-
ple in interspecies hydrogen transfer (Schink 1997), the
redox potential of the cysteine/cystine couple can be in-
fluenced further by removal of the reduced form by
W. succinogenes. At E,=—200 mV, the calculated concen-
tration ratio would be 99.64 uM cystine to 0.34 uM cys-
teine. Obviously, cysteine was oxidized very efficiently in
the coculture, and no free thiol groups were detected even
under conditions of electron acceptor limitation. The free
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Fig.6 Midpoint redox potentials of the cystine/cysteine couple at
equal concentrations of cystine and cysteine . Vaues were calcu-
lated for equimolar concentrations of cysteine and cystine at pH
7.0; the standard redox potential is —348 mV. Potentias for con-
centrations higher than 400 uM are only of theoretical value be-
cause of the limited solubility of cystine in aqueous solutions

energy of the reaction under these conditions is shifted
further to —66 kJxmol L.

One important argument against an essential role of
hydrogen as electron carrier in this coculture was that the
electron flow through the extremely small hydrogen pool
measured could account only for less than 0.01% of the
total electron flux (Cord-Ruwisch et al. 1998). Cysteine at
100 pM concentration at the same cell density has an elec-
tron transport capacity of 123 pMxmin= (diffusion co-
efficient 7.962x10-% cm?xs, as calculated from Schwar-
zenbach et al. 1993), which secures approximately 70% of
the total electron transfer between the partners.

The reduction of cysteine by G. sulfurreducens was
stimulated by acetate if the cells had previously been
starved for their electron donor. Unfortunately, we ob-
served a high background reduction rate, perhaps due to
storage material in the cells, that precluded an exact deter-
mination of the stoichiometry of acetate-dependent cystine
reduction. In coculture experiments, a dependency of cys-
tine reduction on acetate supply was clearly shown. After
cells were starved for acetate in the presence of nitrate,
only the addition of acetate caused a reformation of cys-
teine. This cystine reduction was about twice as fast asin
the absence of nitrate, indicating that the biologically
formed cystine was better available to the cells than the
externally provided cysteine.

The low solubility of cystine could be the reason why
the supply of cysteine or cystine at higher concentration
did not increase the reaction rate, and why fast recycling
of the carrier is necessary in this syntrophic interaction. In
pure culture, cystine reduction is slow because it is hardly
accessible to the cells. Nevertheless, the use of disulfides
including cystine or thiols as electron acceptor or donor
has been described for several Eubacteria and Archaea
(Hedderich et al. 1999), especially for Desulfuromonas
acetoxidans (Pfennig and Biebl 1976), a close relative of
G. sulfurreducens (Caccavo et a. 1994).

Cysteine supply at low concentration supported growth
or acetate oxidation only at decreasing rate, probably due
to cysteine assimilation. Assuming that 1% of the total
cell mass is sulfur (Schlegel 1992) and that the total cell
yield of the coculture is 18 gx(mol acetate) (Cord-Ru-
wisch et al. 1998), about 60 uM cysteine would be con-
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sumed for cell matter synthesis in our experiments, caus-
ing a severe limitation of the carrier.

Ecological aspects

One may argue that the system examined hereis rather ar-
tificial: nitrate-dependent acetate oxidation usually does
not reguire syntrophic cooperation of two different bacte-
ria, and cysteine will hardly be found in natural habitats at
>10 uM concentration. Nonetheless, this cooperation may
serve asamodel for syntrophic interactions using electron
transfer through carriers different from hydrogen.

Although acetate oxidation in our cocultures depended
on cysteine, acetate was oxidized at alow rate also in cys-
teine-free cell suspensions. The cooperation appears to be
rather specific for L-cysteine since many other carrier
substances tested did not support growth or acetate oxida-
tion, not even compounds structurally closely related to
cysteine such as p-cysteine, homocysteine, cysteamine or
3-mercaptopropionate. The only alternative to cysteine
found to operate as carrier was sulfide.

Interspecies electron transfer through a sulfur/sulfide
cycle has been described for D. acetoxidans ( Pfennig and
Biebl 1976; Biebl and Pfennig 1978), which couples acetate
oxidation with electron transfer to the phototrophic green
sulfur bacterium Chlorobium limicola (Biebl and Pfennig
1978). This electron transfer operates at 53-92 UM sulfide
concentration (Biebl and Pfennig 1978). Acetate oxida-
tion in G. sulfurreducens proceeds through the citric acid
cycle (Mikoulinskaia et al. 1999; Galushko and Schink
2000) as is true also for acetate oxidation by D. acetoxi-
dans (Thauer 1988). Sulfide oxidation by W. succinogenes
has been reported in the past (Macy et a. 1986), and the
sulfide dehydrogenase enzyme that reversibly catalyzes sul-
fide oxidation and sulfur reduction was isolated (Schroder
et al. 1988). The S/H,S couple with a standard redox po-
tential of —240 mV represents a suitable aternative to cys-
tine/cysteine for our coculture, also from an energetic
point of view. Future work will have to elucidate whether
the enzymes catalyzing cystine reduction and cysteine ox-
idation in our coculture are related to those involved in
electron transfer via the sulfur/sulfide cycle.
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