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There is a close phylogenetic relationship between Pelobacter species and members of the genera Desulfu-
romonas and Geobacter, and yet there has been a perplexing lack of physiological similarities. Pelobacter species
have been considered to have a fermentative metabolism. In contrast, Desulfuromonas and Geobacter species
have a respiratory metabolism with Fe(III) serving as the common terminal electron acceptor in all species.
However, the ability of Pelobacter species to reduce Fe(III) had not been previously evaluated. When a culture
of Pelobacter carbinolicus that had grown by fermentation of 2,3-butanediol was inoculated into the same
medium supplemented with Fe(III), the Fe(III) was reduced. There was less accumulation of ethanol and more
production of acetate in the presence of Fe(III). P. carbinolicus grew with ethanol as the sole electron donor and
Fe(III) as the sole electron acceptor. Ethanol was metabolized to acetate. Growth was also possible on Fe(III)
with the oxidation of propanol to propionate or butanol to butyrate if acetate was provided as a carbon source.
P. carbinolicus appears capable of conserving energy to support growth from Fe(III) respiration as it also grew
with H2 or formate as the electron donor and Fe(III) as the electron acceptor. Once adapted to Fe(III)
reduction, P. carbinolicus could also grow on ethanol or H2 with S

0 as the electron acceptor. P. carbinolicus did
not contain detectable concentrations of the c-type cytochromes that previous studies have suggested are
involved in electron transport to Fe(III) in other organisms that conserve energy to support growth from
Fe(III) reduction. These results demonstrate that P. carbinolicus may survive in some sediments as an Fe(III)
or S0 reducer rather than growing fermentatively on rare substrates or syntrophically as an ethanol-oxidizing
acetogen. These studies also suggest that the ability to use Fe(III) as a terminal electron acceptor may be an
important unifying feature of the Geobacter-Desulfuromonas-Pelobacter branch of the delta Proteobacteria.

The genus Pelobacter encompasses a unique group of fer-
mentative microorganisms in the delta Proteobacteria (54). The
original characterization of these organisms suggested that
they could grow only by fermentation of a limited range of
substrates that are relatively rare in most anaerobic environ-
ments (52–56). Fermentable substrates include 2,3-butanediol
and acetoin, which most Pelobacter species (Pelobacter carbin-
olicus, Pelobacter venetianus, Pelobacter acetylenicus, and Pe-
lobacter propionicus) can ferment. Some Pelobacter species can
also ferment ethylene glycol (P. carbinolicus and P. venetianus),
polyethylene glycol (P. venetianus), acetylene (P. acetylenicus),
or gallic acid and related compounds (Pelobacter acidigallici).
Sugars and other common fermentable substrates are not me-
tabolized. P. carbinolicus, P. venetianus, and P. acetylenicus can
also grow in coculture with H2-consuming microorganisms by
oxidizing ethanol, propanol, or butanol to the corresponding
acid with the production of H2 (52, 53, 56). None of the
Pelobacter species were found to use any of the potential phys-
iological electron acceptors typically considered at that time.
Thus, it was assumed that these organisms could conserve
energy only through substrate-level phosphorylation.
Phylogenetic analyses based on 16S rRNA oligonucleotide

cataloging (57) or sequencing (16, 26) have indicated that the
members of the genus Pelobacter are phylogenetically inter-
twined with members of the genus Desulfuromonas. Some Pe-
lobacter species are more closely related to Desulfuromonas
species than to other Pelobacter species. Yet members of the
genus Desulfuromonas are respiratory organisms which couple
the oxidation of simple organic compounds to the reduction of
S0 (60). That two apparently different physiological groups
would be so phylogenetically interrelated is surprising and un-

precedented (57) and has been difficult to justify in terms of
biochemical evolution (57, 60).
After the discovery of the Pelobacter species, anaerobic mi-

croorganisms which could conserve energy to support growth
by coupling the oxidation of organic compounds to the reduc-
tion of Fe(III) were discovered (35, 39). The first of these
organisms, Geobacter metallireducens, is closely related to De-
sulfuromonas acetoxidans (30). Although G. metallireducens
cannot grow via S0 reduction, it was found that D. acetoxidans
can grow via Fe(III) reduction (50). In fact, at the time, D.
acetoxidans was only the second organism known to be able to
couple the complete oxidation of multicarbon compounds to
the reduction of Fe(III). These results with D. acetoxidans
illustrated the potential for phylogenetic analysis based on 16S
rRNA sequences to predict previously unsuspected physiolog-
ical traits. Since then, a number of other acetate-oxidizing,
Fe(III)-reducing microorganisms which are closely related to
G. metallireducens and D. acetoxidans have been isolated.
These include Geobacter sulfurreducens, isolated from a drain-
age ditch (8); Geobacter hydrogenophilus, isolated from a pe-
troleum-contaminated aquifer (10);Desulfuromonas palmitatis,
isolated from marine sediments (11); and Geobacter chapellei,
isolated from the deep subsurface (10). Although some
Geobacter and Desulfuromonas species can grow via S0, nitrate,
or fumarate reduction, not all can. One trait that all Geobacter
and Desulfuromonas species do share is the ability to use
Fe(III) as a terminal electron acceptor.
Thus, we hypothesized that the capacity for Fe(III) respira-

tion might be the central physiological characteristic held in
common among the Geobacter, Desulfuromonas, and Pe-
lobacter species. To further investigate this, the ability of P.
carbinolicus to use Fe(III) as an electron acceptor was evalu-
ated. This species of Pelobacter was chosen because it is one of
a group of three pelobacters (including P. acetylenicus and P.
venetianus) that, according to 16S rRNA analysis and DNA-
DNA homologies (16, 57), are most closely related to D. ace-
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toxidans. Furthermore, oligonucleotide cataloging (57) has in-
dicated that P. carbinolicus is the closest known relative of a
freshwater strain of Desulfuromonas, Desulfuromonas acetexi-
gens (19), which can also conserve energy to support growth
from Fe(III) reduction (11, 50). Here we report that P. carbin-
olicus can use Fe(III) as a terminal electron acceptor and that,
once adapted to Fe(III) reduction, it was also capable of re-
ducing S0. In addition to expanding the potential environmen-
tal significance of P. carbinolicus, these findings are of physio-
logical interest because P. carbinolicus appears to lack the
c-type cytochromes (52) that previously (1, 13, 30, 44, 46, 50)
have been considered to be involved in energy-conserving elec-
tron transport in dissimilatory Fe(III)-reducing bacteria.

MATERIALS AND METHODS

Culturing techniques. Strict anaerobic culturing techniques (4, 22, 43) were
used throughout as previously described (35). Two cultures of P. carbinolicus
(DSM 2380) and a culture of D. acetexigens (DSM 1397) were purchased from
the German Collection of Microorganisms (DSM), Braunschweig, Germany. G.
metallireducens was from our culture collection.
D. acetexigens was grown in the medium suggested by the DSM for culturing

this organism with fumarate as the electron acceptor. G. metallireducens was
grown in acetate-Fe(III) citrate medium as previously described (35). P. carbin-
olicus was grown in a modified version of the medium suggested for this organism
by the DSM. The medium contained (in grams per liter of water) NaHCO3 (2.5),
NH4Cl (0.25), KCl (0.5), KH2PO4 (0.2), NaCl (20), MgCl2 z 6H2O (2), and
CaCl2 z 2H2O (0.15), as well as a trace metal solution (32). The major difference
in the medium from the one suggested by DSM was that there was nitrilotriacetic
acid (NTA) and tungstate in the trace metal mixture. The medium was dispensed
into pressure tubes (10 ml) or 160-ml serum bottles (100 ml), bubbled with
N2-CO2 (80:20) for 5 min (pressure tubes) or 15 min (serum bottles), and then
sealed with thick butyl rubber stoppers. The medium was sterilized by autoclav-
ing. The medium pH was ca 6.8.
All other additions were made to the cooled, sterile medium immediately prior

to inoculation from anoxic sterile aqueous stocks. Except where noted, sodium
sulfide (1.7 mM) was added as a reductant. FeCl2 (2.5 mM) was added as a
reductant in the initial studies on growth on colloidal S0. The following electron
donors were added where noted at a final concentration of 10 mM: 2,3-butane-
diol, ethanol, propanol, butanol, or formate. H2 was added at 60 kPa. Acetate (5
mM) was added as a carbon source for growth on H2, formate, propanol, and
butanol. Fe(III) forms evaluated included poorly crystalline Fe(III) oxide (100
mmol/liter) prepared as previously described (33), Fe(III)-NTA (20 mM) (50),
and Fe(III)-citrate (10 mM). S0 forms evaluated were colloidal S0 (5) (ca. 3 mM)
and sublimed sulfur (ca. 20 g/liter). Cultures were incubated at 308C in the dark.
For the cell suspension study, cells were grown on 2,3-butanediol in serum

bottles and then harvested under N2-CO2 (80:20) by centrifugation in sealed
bottles. The cells were resuspended in an anoxic marine salts, bicarbonate buffer
that contained (in grams per liter) NaHCO3 (2.5), NaCl (20), MgCL2 z 6H2O (2),
KCl (0.5), and CaCl2 (0.1). The cells were again collected by centrifugation and
resuspended in the buffer. An aliquot of the concentrated cells (3.5 mg of
protein) was added to anoxic bicarbonate buffer (10 ml in 25-ml serum bottles)
amended with Fe(III)-NTA (20 mM). One set of cells was preincubated at 808C
for 20 min and then added to buffer and incubated at 808C in order to inhibit
enzymatic activity. Fe(II) production was monitored by removing aliquots over
time and analyzing for Fe(II) as outlined below.
Growth experiments were carried out in 10-ml cultures in anaerobic pressure

tubes. For growth on H2, the tubes were incubated horizontally to promote gas
transfer. Aliquots were removed over time and analyzed for cell numbers, Fe(II)
or sulfide, or electron donor and product concentrations.
Analytical techniques. Concentrations of HCl-extractable Fe(II) in the cul-

tures were monitored with ferrozine as previously described (35). For the cell
suspension study, the samples were not treated with HCl but were added directly
to buffer containing ferrozine. Sulfide was analyzed colorimetrically with the
methylene blue method (9). Cell numbers were determined with epifluorescent
microscopy (21). H2 concentrations in the headspace of cultures were measured
with a reduction gas analyzer (31). Acetate, ethanol, propanol, butanol, and
2,3-butanediol were analyzed in samples filtered through a 0.2-mm-pore-diame-
ter filter (Gelman Acrodisc) with high-pressure liquid chromatography on an
Aminex HPX-87H column (Bio-Rad) with 0.01 N H2SO4 as the eluant and a
differential refractometer detector. Concentrations of protein in cell suspensions
were determined by digesting the samples in 1 N NaOH for 5 min at 1008C and
measuring protein with the Lowry method (41).
Cytochrome content. Dithionite-reduced minus air-oxidized difference spectra

of washed suspensions of cells that had been grown fermentatively on butanediol
or with ethanol or H2 as the electron donor and Fe(III) or S0 as the electron
acceptor were measured as previously described (30).
16S rRNA gene sequencing. Nucleic acids were isolated as previously de-

scribed (2) and treated with RNase. The genes coding for 16S rRNA of P.
carbinolicus were amplified by using eubacterial primer 50F (59-AACACATG
CAAGTCGAACG-39) (23) and universal primer 1492R (59-GGTTACCTTGT
TACGACTT-39) (15, 58). The genes coding for 16S rRNA of D. acetexigens were
amplified by using 50F and universal primer 1391R (24). The PCR products of
genes coding for 16S rRNA were purified with a Wizard PCR Prep System
(Promega Corp., Madison, Wis.) and resuspended in sterile water. Both strands
of the purified PCR products were sequenced by automated dye dideoxy termi-
nator sequencing at Michigan State University Sequencing Facility with a 373A
DNA sequencing system (Applied Biosystems, Foster City, Calif.). Oligonucle-
otides complementary to the conserved regions of the eubacterial 16S rRNA
were chosen to prime the sequencing reactions and were synthesized on either a
model 394 DNA-RNA synthesizer or a model 380B DNA synthesizer (Applied
Biosystems). Sequence alignments were either performed manually or obtained
from the Ribosomal Data Base Project (25). Phylogenetic trees were inferred by
the maximum likelihood method (17, 25, 48). Statistical significance of the
branching pattern was determined by bootstrap analysis.
Nucleotide sequence accession number. The accession numbers for GenBank

and EMBL sequences used in the phylogenetic analysis are as follows: D. ac-
etexigens, U23140; D. acetoxidans, M26634; Desulfuromusa bakii, X79412; Desul-
furomusa kysingii, X79414; Desulfuromusa succinoxidans, X79415; Desulfovibrio
desulfuricans, M34113; Desulfovibrio vulgaris, M34399; G. metallireducens,
L07834; G. sulfurreducens, U13928; P. acetylenicus, X70955; P. acidigallici,
X77216; P. carbinolicus, U23141; P. propionicus, X70954; Shewanella alga,
X81621; and Shewanella putrefaciens, X81623.

RESULTS

Fe(III) reduction with 2,3-butanediol, alcohols, and H2.
Washed cell suspensions of P. carbinolicus reduced Fe(III)-
NTA, and this activity appeared to be enzymatic as it was
inhibited by incubating the cells at 808C (Fig. 1). Fe(III) was
also reduced when P. carbinolicus grown on 2,3-butanediol was
inoculated into 2,3-butanediol growth medium amended with
Fe(III) (Fig. 2A). In the presence of Fe(III), less ethanol and
more acetate were produced than in 2,3-butanediol medium
without Fe(III) (Fig. 2B).
P. carbinolicus grew in medium with ethanol as the sole

electron donor and Fe(III) as the electron acceptor (Fig. 3).
Cell growth coincided with Fe(III) reduction. Ethanol was
converted to acetate. The ratio of Fe(II) produced to acetate
produced was 3.8, which suggests that ethanol was oxidized
according to the following: CH3CH2OH 1 4Fe(III) 1
H2O3CH3COO

2 1 4Fe(II) 1 5 H1. P. carbinolicus also
oxidized propanol and butanol to the corresponding fatty acids
with Fe(III) serving as the electron acceptor, but acetate was
required as a carbon source for growth on these substrates. In
addition to growing in the medium at marine salinity, P. carbin-
olicus also grew with ethanol as the electron donor and Fe(III)
as the electron acceptor in freshwater medium. With ethanol

FIG. 1. Fe(II) production over time when washed cell suspensions of P.
carbinolicus (3.5 mg of protein) were suspended in 10 ml of a marine salts,
bicarbonate buffer with Fe(III)-NTA (20 mM) as the potential electron acceptor.
The buffer composition was (in grams per liter) NaHCO3 (2.5), NaCl (20),
MgCl2 z 6H2O (2), KCl (0.5), and CaCl2 (0.1).
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as the electron donor, P. carbinolicus reduced poorly crystal-
line Fe(III) oxide but not Fe(III) citrate.
P. carbinolicus also grew in medium in which H2 was pro-

vided as an electron donor with acetate as the carbon source
(Fig. 4). In five replicate cultures, the stoichiometery of Fe(III)
reduced to H2 consumed was 1.9 6 0.2 (mean 6 standard
deviation). This suggests that P. carbinolicus could conserve
energy to support growth by the reaction H2 1 2 Fe(III)32
H1 1 2 Fe(II). Formate also served as an electron donor for
Fe(III) reduction (29).
S0 reduction. Since many dissimilatory Fe(III) reducers can

also reduce S0 (28), the possibility of S0 reduction was evalu-
ated. When P. carbinolicus grown on 2,3-butanediol was inoc-
ulated into 2,3-butanediol medium that also contained sub-
limed S0, the initial 10 mM 2,3-butanediol was metabolized
down to 3 mM within 2 days and down to 0.3 mM in 12 days.
There was no detectable accumulation of sulfide over this
period. Thus, P. carbinolicus was fermenting the 2,3-butanediol
without significant S0 reduction.
However, when P. carbinolicus that had been grown on eth-

anol-Fe(III) was inoculated into medium in which the Fe(III)
was replaced with colloidal S0 and Fe(II) was added as a
reductant instead of sulfide, the medium turned black, indicat-
ing that sulfide was produced. S0 reduction was also observed
with H2, formate, butanol, or propanol when acetate was
provided as a carbon source. S0 continued to be reduced (as
visually evidenced from the disappearance of S0) when the
ethanol-S0 culture was transferred into ethanol-S0 medium
without added Fe(II). S0 reduction was associated with cell
growth (Fig. 5). Once adapted to the ethanol-colloidal S0

medium, P. carbinolicus also grew with sublimed S0 as the
electron acceptor (Fig. 5).
The studies of Fe(III) and S0 reduction were repeated with

a fresh culture of P. carbinolicus from DSM with the same
results.
Cytochrome content. The cytochrome content of the organ-

ism was tested because P. carbinolicus does not contain c-type
cytochromes (52) but all other organisms which can conserve

FIG. 2. Metabolism of 2,3-butanediol in the presence (A) and absence (B) of
Fe(III)-NTA. As no two replicate cultures have the exact same lag time, in this
and subsequent figures the data from one representative culture for each treat-
ment are shown. The ca. 3 mM Fe(II) at time zero in this and subsequent
experiments results from the addition of the sulfide reductant which chemically
reduces Fe(III).

FIG. 3. Growth of P. carbinolicus with ethanol as the electron donor and
Fe(III)-NTA as the electron acceptor.

FIG. 4. Growth of P. carbinolicus with H2 as the electron donor and Fe(III)-
NTA as the electron acceptor.

FIG. 5. Growth and sulfide production by P. carbinolicus with ethanol as the
electron donor and colloidal S0 or sublimed S0 as the electron acceptor.
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energy to support growth from Fe(III) reduction do (28). Di-
thionite-reduced minus air-oxidized spectra of Fe(III)-grown
cells gave no indication of c-type cytochromes whereas c-type
cytochromes were readily apparent in a cell suspension con-
taining an equivalent amount of G. metallireducens protein
(Fig. 6). There was also no evidence of c-type cytochromes in
S0-grown cells of P. carbinolicus (29).
16S rRNA sequence. In order to further confirm that the

organism being studied was P. carbinolicus, the 16S rRNA gene
of the original culture used in these investigations was se-
quenced. The 16S rRNA gene of the Fe(III)- and S0-reducing
microorganism D. acetexigens was also sequenced for reference
purposes. Analysis of the sequences indicated that, in agree-
ment with previous phylogenetic placement of P. carbinolicus
based on 16S rRNA oligonucleotide cataloging (57), the or-
ganism was in the delta Proteobacteria, closely related to D.
acetexigens and P. acetylenicus (Fig. 7). Another nearly com-
plete 16S rRNA sequence of P. carbinolicus has recently been
reported (26) and is virtually identical, with only seven unam-
biguous differences in the 1,417 positions that could be con-
sidered.

DISCUSSION

This study demonstrates that, in contrast to its previous
designation as a solely fermentative organism (52), P. carbin-
olicus can use Fe(III) or S0 as a terminal electron acceptor.
Thus, there are some physiological similarities between P.
carbinolicus and organisms in the closely relatedGeobacter and
Desulfuromonas genera. It seems likely that the common an-
cestor of these organisms was an Fe(III)- and S0-reducing
microorganism. The results further emphasize the potential of
16S rRNA-based phylogeny to predict previously unsuspected
physiological capabilities.
There are several reasons why the ability of P. carbinolicus to

reduce Fe(III) and S0 was not observed previously. Despite
growing awareness of dissimilatory Fe(III) reduction as an
environmentally important process, Fe(III) is not routinely
tested as an electron acceptor in many characterization studies.
There was little reason to evaluate the potential for P. carbin-
olicus to reduce Fe(III) when it was isolated in the early 1980s,

as the capacity for microorganisms to conserve energy to sup-
port growth by coupling the oxidation of organic compounds to
the reduction Fe(III) was not yet known. The previously re-
ported lack of S0 reduction is in accordance with the studies
reported here in that when P. carbinolicus is transferred from
a medium in which it is growing fermentatively to the same
medium with sublimed S0, it continues to grow fermentatively.
Reduction of S0 after direct transfer from fermentative me-
dium is observed only with colloidal S0. This form of S0 is not
typically used in screening electron acceptors of novel organ-
isms. Once adapted to S0 reduction with colloidal S0, P. carbin-
olicus readily reduces sublimed S0.
Electron transport to Fe(III). Fe(III) reduction by P. carbin-

olicus appears to be enzymatically catalyzed. The finding that
P. carbinolicus could also reduce S0 raised the issue of whether
P. carbinolicus might be indirectly reducing Fe(III) because S0

was present in the Fe(III) medium as the result of the Fe(III)
oxidizing the sulfide that was added to the medium as a reduc-
tant. Thus, it seemed possible that P. carbinolicus was reducing
the S0 in the Fe(III) medium to sulfide which then chemically
reduced Fe(III) with the regeneration of S0. However, subse-
quent studies have indicated that such cycling is not an effec-
tive mechanism for Fe(III) reduction in our culturing system
because when organisms which reduce S0 but not Fe(III) are
incubated in medium in which Fe(III) is provided as the elec-
tron acceptor and sulfide is added as a reductant there is not
sustained Fe(III) reduction (29). Furthermore, as shown here,
washed cell suspensions of P. carbinolicus reduced Fe(III) in
sulfur-free buffer, demonstrating that Fe(III) is still reduced
when the potential for sulfide acting as the Fe(III) reductant is
eliminated.
The ability of P. carbinolicus to conserve energy to support

growth by oxidizing ethanol to acetate with the reduction of
Fe(III) may not be that surprising given a previous report (52)
that P. carbinolicus can grow on ethanol in syntrophic associ-

FIG. 6. Dithionite-reduced minus air-oxidized spectra of equivalent amount
of cell protein (0.2 mg/ml) of Fe(III)-grown G. metallireducens and P. carbinoli-
cus.

FIG. 7. Phylogenetic tree inferred from 16S rRNA sequences. Bootstrap
values from 100 bootstrap analyses are given at branch nodes. A total of 1,161
positions were considered. Bar length represents 1% sequence difference.
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ation with H2-consuming microorganisms. In that metabolism,
P. carbinolicus disposes of electrons derived from ethanol ox-
idation by reducing H1 to H2. The H2-consuming microorgan-
isms are necessary in order to maintain H2 concentrations low
enough for H1 reduction to be thermodynamically favorable.
In a similar manner, P. carbinolicus oxidizes propanol and
butanol to propionate and butyrate, respectively, if acetate is
provided as a carbon source (52). Energy to support growth of
P. carbinolicus during syntrophic growth on alcohols is as-
sumed to come from substrate-level phosphorylation. Fe(III)
could merely be substituting for H1 in alcohol metabolism,
even potentially being reduced by the same enzyme. Thus, the
ability of P. carbinolicus to grow via ethanol oxidation coupled
to Fe(III) reduction does not necessarily indicate that P.
carbinolicus can conserve energy to support growth from elec-
tron transport to Fe(III).
In contrast, substrate-level phosphorylation is unlikely to be

the mechanism for energy conservation during growth of P.
carbinolicus via H2 oxidation coupled to Fe(III) reduction. The
ability of microorganisms to conserve energy to support growth
by oxidizing H2 with the reduction of Fe(III) is well known (3,
7, 8, 37, 51). However, the electron transport pathway from H2
to Fe(III) in these organisms is yet to be elucidated.
Numerous studies have suggested that c-type cytochromes

are involved in electron transport to Fe(III) in H2-oxidizing
Fe(III) reducers as well as in Fe(III) reducers which conserve
energy to support growth by oxidizing acetate with the reduc-
tion of Fe(III) (1, 13, 30, 44, 46, 50). However, in all of these
studies, the evidence for cytochrome involvement in electron
transport to Fe(III) is indirect and circumstantial. For exam-
ple, c-type cytochromes were implicated in electron transport
to Fe(III) in G. metallireducens and D. acetoxidans based on
the finding that the addition of Fe(III) to cell suspensions
oxidized the c-type cytochromes (30, 50). However, such an
oxidation may not reflect physiological electron transport as
oxygen, which does not support growth of these organisms, had
a similar effect. The c3 cytochrome from Desulfovibrio vulgaris
has been identified as a U(VI) and Cr(VI) reductase as well as
a possible Fe(III) reductase, but this organism cannot grow
with metals as the sole electron acceptor (27, 36, 40).
The finding that P. carbinolicus can conserve energy to sup-

port growth from Fe(III) reduction and yet lacks detectable
levels of c-type cytochromes suggests that c-type cytochromes
are not always necessary for energy-conserving electron trans-
port to Fe(III). Given the close phylogenetic relationship of P.
carbinolicus to the Fe(III)-reducing Geobacter and Desulfu-
romonas species, it is conceivable that the c-type cytochromes
that are prevalent in the Geobacter and Desulfuromonas spe-
cies are not directly involved in electron transport to Fe(III).
Comparison of P. carbinolicus with Geobacter, Desulfuromo-

nas, and Desulfuromusa species. In addition to differences in
cytochrome content, P. carbinolicus is unlike all known Fe(III)-
reducing Geobacter and Desulfuromonas species in its inability
to completely oxidize acetate to carbon dioxide with Fe(III) as
the electron acceptor. Furthermore, the Geobacter and Desul-
furomonas species that metabolize ethanol oxidize it com-
pletely to carbon dioxide (35, 49). Although Desulfuromonas
species (59) and the first species of Geobacter isolated, G.
metallireducens (30), cannot use H2 as an electron donor, three
subsequently isolated Geobacter species are similar to P.
carbinolicus in that they can use H2 as an electron donor for
Fe(III) reduction (8, 10). Furthermore, a Desulfuromonas spe-
cies which can oxidize H2 with the reduction of Fe(III) has
been isolated (11). None of the Geobacter species that have
been evaluated have been found to have the capacity to fer-
ment 2,3-butanediol or to oxidize ethanol in coculture with a

H2-consuming methanogen (10). Although D. acetoxidans can
grow fermentatively with malate, fumarate, or betaine (20, 49),
none of the Desulfuromonas species that have been evaluated
have the capacity to ferment any of the substrates fermented by
Pelobacter species (57).
Since the completion of the studies reported here, the new

genus Desulfuromusa, which is closely related to theGeobacter-
Desulfuromonas-Pelobacter group (Fig. 7), has been described
(26). Each of the three Desulfuromusa species is capable of S0

reduction. One of the species, Desulfuromusa kysingii, can re-
duce Fe(III)-citrate, but data demonstrating growth with
Fe(III) as the electron acceptor were not presented or dis-
cussed (18, 26). The other two species, Desulfuromusa bakii
and Desulfuromusa succinoxidans, cannot reduce Fe(III)-ci-
trate. However, although some Fe(III) reducers can use
Fe(III)-citrate as an Fe(III) source (8, 35, 37), not all can. As
reported here, P. carbinolicus did not reduce Fe(III) citrate
and neither did D. acetoxidans (50), D. acetexigens (29), De-
sulfovibrio desulfuricans (38), nor a recently isolated Geobacter
species (10). It seems likely that, when other Fe(III) forms are
evaluated, all of the species in the Desulfuromusa group will be
found to be able to conserve energy to support growth from
Fe(III) reduction.
Ecological considerations. These findings extend the known

potential biogeochemical contributions of P. carbinolicus in
sedimentary environments. The substrates on which P. carbin-
olicus can grow fermentatively, acetoin, 2,3-butanediol, and
ethylene glycol, are not likely to be abundant in aquatic sedi-
ments. Thus, the primary role of P. carbinolicus in sediments
was considered to be as an ethanol-oxidizing organism living
syntrophically with H2 consumers (54). However, the results
presented here demonstrate that P. carbinolicus could also be
living in some sediments as a dissimilatory Fe(III) and/or S0

reducer. H2 is generally considered to be a much more signif-
icant intermediate than ethanol in the anaerobic metabolism of
organic matter in sediments and thus would be the most likely
electron donor for growth of P. carbinolicus on Fe(III) and/or
S0.
Until recently, the most commonly isolated H2-oxidizing

Fe(III)-reducing microorganisms were Shewanella species (7,
37, 51). These facultative anaerobes which are in the gamma
Proteobacteria (42, 51) can readily be recovered from sedimen-
tary environments (14, 45, 47). However, it remains to be
determined whether Shewanella and other facultative Fe(III)-
reducing microorganisms (3) are the predominant H2-oxidiz-
ing Fe(III) reducers in most sediments or whether this process
is catalyzed primarily by strict anaerobes such as several
Geobacter species (8, 10), Desulfovibrio species (12, 38), and P.
carbinolicus.
P. carbinolicus is the first example of an organism that can

conserve energy to support growth from Fe(III) reduction that
can also grow syntrophically with H2-consuming microorgan-
isms. This finding has implications for the mechanisms for
inhibition of methane production in the presence of Fe(III).
The ultimate factor limiting methane production under steady-
state conditions in Fe(III)-containing sediments is the ability of
H2- and acetate-oxidizing microorganisms to maintain the con-
centrations of H2 and acetate too low for methanogens to
metabolize (34). However, the ability of H2-producing aceto-
gens to switch from H2 production to Fe(III) reduction when
Fe(III) becomes available suggests that another mechanism
limiting methanogenesis might be lower rates of H2 production
as the result of H1-reducing organisms switching to Fe(III)
reduction. Other organisms which are likely to respond in a
similar manner are Desulfovibrio species which can also grow
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syntrophically via H2 production (6) and can reduce Fe(III)
(12, 38).
In summary, this study adds only the second marine micro-

organism (after D. acetoxidans [50]) to the short but growing
list of strict anaerobic microorganisms capable of conserving
energy to support growth from Fe(III) reduction. Another
marine Fe(III) reducer, D. palmitatis, was recently directly
isolated from marine sediments with Fe(III) as the electron
acceptor (11). Preliminary results indicate that P. acetylenicus
and P. venetianus, the two species most closely related to P.
carbinolicus (57), can also reduce Fe(III) (29). Thus, the ability
to use Fe(III) as a terminal electron acceptor appears to be a
highly conserved characteristic within the Geobacter-Desulfu-
romonas-Pelobacter group. The fact that Fe(III) reducers from
this branch of the delta Proteobacteria have been isolated from
such a wide variety of aquatic sediments and aquifers with
different enrichment and isolation techniques, including differ-
ent electron acceptors, suggests that the organisms within this
tight phylogenetic assemblage are important components of
many sedimentary environments.
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