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ABSTRACT

Shewanella oneidensis strain MR-1 is a facultative anaerobe that thrives in redox-stratified environments due to its ability to
utilize a wide array of terminal electron acceptors. Conversely, the electron donors utilized by S. oneidensis are more limited and
include products of primary fermentation such as lactate, pyruvate, formate, and hydrogen. Lactate, pyruvate, and hydrogen
metabolisms in S. oneidensis have been described previously, but little is known about the role of formate oxidation in the
ecophysiology of these bacteria. Formate is produced by S. oneidensis through pyruvate formate lyase during anaerobic growth
on carbon sources that enter metabolism at or above the level of pyruvate, and the genome contains three gene clusters predicted
to encode three complete formate dehydrogenase complexes. To determine the contribution of each complex to formate metabo-
lism, strains lacking one, two, or all three annotated formate dehydrogenase gene clusters were generated and examined for
growth rates and yields on a variety of carbon sources. Here, we report that formate oxidation contributes to both the growth
rate and yield of S. oneidensis through the generation of proton motive force. Exogenous formate also greatly accelerated growth
on N-acetylglucosamine, a carbon source normally utilized very slowly by S. oneidensis under anaerobic conditions. Surpris-
ingly, deletion of all three formate dehydrogenase gene clusters enabled growth of S. oneidensis using pyruvate in the absence of
a terminal electron acceptor, a mode of growth never before observed in these bacteria. Our results demonstrate that formate
oxidation is a fundamental strategy under anaerobic conditions for energy conservation in S. oneidensis.

IMPORTANCE

Shewanella species have garnered interest in biotechnology applications for their ability to respire extracellular terminal elec-
tron acceptors, such as insoluble iron oxides and electrodes. While much effort has gone into studying the proteins for extracel-
lular electron transport, how electrons generated through the oxidation of organic carbon sources enter this pathway remains
understudied. Here, we quantify the role of formate oxidation in the anaerobic physiology of Shewanella oneidensis. Formate
oxidation contributes to both the growth rate and yield on a variety of carbon sources through the generation of proton motive
force. Advances in our understanding of the anaerobic metabolism of S. oneidensis are important for our ability to utilize and
engineer this organism for applications in bioenergy, biocatalysis, and bioremediation.

Shewanella oneidensis strain MR-1 (here referred to as MR-1) is
a model environmental bacterium that thrives in redox-strat-

ified environments due to its ability to couple the oxidation of
organic carbon or hydrogen to a diverse array of terminal electron
acceptors (1–3). Electron acceptors utilized by MR-1 range from
soluble organic compounds such as fumarate to insoluble extra-
cellular metal oxides and electrodes (1). The respiratory diversity
of MR-1 has led to its use in a number of promising applications in
biotechnology, and because of this, extracellular electron transfer
by MR-1 has been well studied (2, 3). Electrons produced by MR-1
during anaerobic metabolism drive reduction of the quinone pool
and are subsequently transferred to the inner-membrane-an-
chored c-type cytochrome CymA (4). CymA serves as a central
hub in the inner membrane from which electrons can be trans-
ferred to multiple terminal electron acceptors such as FccA during
fumarate respiration (Fig. 1A) or to a multisubunit porin-cyto-
chrome complex, collectively termed the Mtr pathway, during
extracellular respiration (5–9). This elegant system of electron
transport in MR-1 is dependent on the generation of electrons
from the oxidation of organic carbon sources, yet how electrons
flow from organic carbon to these respiratory pathways has been
understudied. Moreover, quinone cycling by the CymA redox
loop not only facilitates electron transfer but should also, under

some conditions, contribute to the generation of proton motive
force (PMF) through the translocation of protons across the inner
membrane (4, 10). A better understanding of how Shewanella
gains energy from the oxidation of organic carbon is imperative
for facilitating rational engineering for applications in biotechnol-
ogy, bioremediation, and synthetic biology.

In anoxic environments, MR-1 oxidizes lactate, pyruvate, for-
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mate, hydrogen, and some amino acids for anaerobic respiration,
likely forming syntrophic partnerships with fermentative micro-
organisms (1). The underlying physiology of lactate, pyruvate,
and hydrogen utilization has been described (11–13), but little is
known about the role of formate in MR-1. Formate oxidation has
been linked to the reduction of a variety of metals and azo dyes
using in vitro assays (14–18), and formate is the only carbon com-
pound shown to elicit a chemotactic response by MR-1 (19). For-
mate oxidation likely plays a significant role in energy conserva-
tion in MR-1 by providing the thermodynamic driving force
required for reduction of CymA by the menaquinol pool and sub-
sequent translocation of protons across the cytoplasmic mem-
brane (4, 10).

Formate is critical for metabolism of many facultative anaero-
bic microorganisms. Formate is a prominent fermentation prod-
uct of many obligate and facultative anaerobes, and secretion of
formate facilitates internal redox balancing during mixed-acid
fermentation. Formate secretion is pronounced in the Enterobac-
teriaceae, accounting for up to one-third of the carbon secreted
from fermented sugar substrates (20). Due to the relatively low
redox potential (�420 mV at pH 7.0), formate also serves as an
important energy source for many microorganisms during aero-
bic or anaerobic respiration. The oxidation of formate (CHOO�

at pH 7.0) results in the generation of a pair of electrons, a proton,
and a molecule of carbon dioxide and is typically carried out by a
formate dehydrogenase (FDH) complex in the cytoplasmic mem-
brane (21). Oxidation occurs in the periplasm to avoid acidifica-
tion of the cytoplasm, and electrons are transferred through the

FDH complex to menaquinone along with protons from the cy-
toplasmic side of the inner membrane (21).

The genome of MR-1 contains gene clusters predicted to en-
code three complete FDH complexes (Fig. 1B), raising a number
of questions regarding the role of formate in the ecophysiology of
the genus Shewanella. Here, we demonstrate that formate, of en-
dogenous and/or exogenous origin, contributes to the growth rate
and yield of MR-1 through the generation of PMF. Notably, for-
mate greatly accelerates the anaerobic growth of MR-1 on
N-acetylglucosamine (NAG), a carbon source typically utilized
slowly under anaerobic conditions. The deletion of all three FDH
operons also enables the anaerobic growth of S. oneidensis on py-
ruvate without the addition of a terminal electron acceptor, sug-
gesting the existence of a feedback mechanism or an inability to
turn over reducing equivalents, which prevents MR-1 from grow-
ing when the menaquinone pool is fully reduced.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains and plasmids used
in this study are listed in Table S1 in the supplemental material. The
Escherichia coli strains used for cloning and conjugal transfer were main-
tained on lysogeny broth (LB) agar plates supplemented with 50 �g/ml
kanamycin and/or 250 �M 2,6-diaminopimelic acid as necessary. During
routine propagation, S. oneidensis was maintained on LB agar containing
50 �g/ml kanamycin as necessary. For growth assays, strains were grown
in Shewanella basal medium containing 5 ml/liter vitamin mix, 5 ml/liter
mineral mix (2), and 0.05% Casamino Acids (here referred to as SBM)
supplemented with lactate, pyruvate, NAG, formate, and/or fumarate
when indicated. The growth assays were performed as follows. Strains

FIG 1 (A) Anaerobic formate metabolism in S. oneidensis MR-1. The model depicts oxidation of lactate (or pyruvate) as the sole carbon and energy source
coupled to reduction of fumarate via the periplasmic fumarate reductase FccA. Two electrons are generated by lactate dehydrogenase (LDH) from the conversion
of lactate into pyruvate. These electrons enter the menaquinone pool (MK) in the inner membrane (IM) directly or indirectly, depending on which of the LDH
enzymes catalyze the reaction as S. oneidensis has different systems for D- and L-lactate (11, 13). (B) Genomic organization of genes directly involved in formate
metabolism in MR-1. Genes encoding the �, �, and � subunits of an FDH complex are colored yellow, green, and blue, respectively. fdhX genes, which encode
small proteins of unknown function, are colored pink. The accessory genes involved in FDH complex maturation are colored orange, and the genes involved in
cofactor maturation (selAB), formate transport (focA), and the hyd operon are colored purple.
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stored in 15% glycerol at �80°C were freshly streaked onto LB agar plates
and incubated for �16 h at 30°C. Single colonies were used to inoculate
LB medium shaken at 250 rpm at 30°C for 6 to 8 h and were then subcul-
tured in aerobic SBM shaken for �16 h at 30°C. Cells were then washed
twice and added to Balch tubes stoppered with butyl rubber containing an
argon headspace to a final optical density at 600 nm (OD600) of �0.02
(22).

Reagents and materials. Enzymes were purchased from New England
BioLabs (Ipswich, MA). Kits for gel purification and plasmid mini preps
were purchased from Invitrogen (Carlsbad, CA). All related reactions
were carried out according to the manufacturer’s instructions. Medium
components were purchased from Becton, Dickinson and Company
(Sparks, MD), and chemicals were purchased from Sigma-Aldrich (St.
Louis, MO).

Generation of deletion mutants. The oligonucleotide primers used to
amplify portions of the MR-1 chromosome for deletion constructs are
listed in Table S2 in the supplemental material. PCR products were cloned
using standard laboratory molecular biology protocols. Regions flanking
the deletion targets were amplified using PCR and cloned into the pSMV3
suicide vector. In-frame gene deletions were generated using homologous
recombination as previously described (23). Deletion constructs were
moved into S. oneidensis by conjugal transfer from E. coli donor strain
WM3064. All plasmid constructs and gene deletions were verified by se-
quencing (University of Minnesota Genomics Center).

High-performance liquid chromatography. Metabolites were quan-
tified by high-performance liquid chromatography (HPLC) using Shi-
madzu Scientific equipment, including an SCL-10A system controller, an
LC-10AT pump, an SIL-10AF autoinjector, a CTO-10A column oven, an
RID-10A refractive index detector, and an SPD-10A UV-visible (UV-Vis)
detector. The mobile phase consisted of 15 mN H2SO4 set at a flow rate of
0.400 ml min�1. Injection volumes of 50 �l were separated on an Aminex
HPX-87H column maintained at 30°C.

Membrane potential measurements. Membrane potential measure-
ments for MR-1 and the �fdh mutant were conducted using the carbocy-
anine dye 3,3-diethyloxacarbocyanine iodide (DiOC2) and flow cytom-
etry. The cells grown anaerobically in SBM containing 20 mM lactate and
40 mM fumarate were washed twice, resuspended in SBM without lactate
or fumarate to an OD600 of 0.5, and incubated at 30°C. After 72 h, the
starved cells were diluted to a final cell density of 106 cells/ml in anaerobic
SBM (lacking Casamino Acids) containing 20 mM fumarate and either no
carbon source, 10 mM lactate, or 10 mM formate. The cells were incu-
bated for 48 h at 30°C and were then exposed to the DiOC2 dye (30 �M
final concentration) for 15 min in the dark. Fluorescence intensities at
wavelengths greater than 640 nm were measured for 10,000 cells using a
FACSCalibur flow cytometer (Becton Dickinson). As a depolarized con-
trol, the protonophore carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) was added at a final concentration of 5 �M where indicated.

Sequence analysis. Homologs of the FDH alpha subunits SO4509 and
SO4513 were identified for other members of the Shewanellaceae via
BLAST (http://blast.ncbi.nlm.nih.gov) and a Top IMG Homolog Hit
search using the JGI database (http://img.jgi.doe.gov). The resulting cod-
ing regions were aligned via MUSCLE (24), and evolutionary analyses
were conducted in MEGA6 (25). From this alignment, a bootstrapped
maximum likelihood (300 replicates) tree based on the general time-re-
versible model was constructed using MEGA6 (26, 27). The initial trees
for the heuristic search were obtained automatically by applying the
neighbor-joining and BioNJ algorithms to a matrix of pairwise distances
estimated using the maximum composite likelihood (MCL) approach
and then selecting the topology with superior log-likelihood value. A dis-
crete gamma distribution was used to model the evolutionary rate differ-
ences among the sites (5 categories [	G, parameter 
 0.77]). The rate
variation model allowed for some sites to be evolutionarily invariable
([	I], 30.02% sites). The analysis involved 88 nucleotide sequences.
Codon positions included were 1st plus 2nd plus 3rd plus noncoding. All
positions with less than 95% site coverage were eliminated. That is, fewer

than 5% alignment gaps, missing data, and ambiguous bases were allowed
at any position. There were a total of 2,844 positions in the final data set.

RESULTS

The chromosome of MR-1 contains multiple gene regions pre-
dicted to encode proteins involved in formate metabolism, in-
cluding three putative FDH complexes. Region SO0101-0103 is
annotated as fdnGHI, encoding a predicted selenocysteine-con-
taining, nitrate-inducible FDH similar to the canonical Fdh-N in
E. coli (Fig. 1B). Gene regions SO4508-4511 and SO4512-4515 are
annotated as fdhXABC and are predicted to encode two individ-
ual, but related, FDH complexes similar to Fdh-O of E. coli (Fig.
1B). FdhX is a member of an uncharacterized protein family and
may be a small subunit or accessory protein of FDH, while the
fdhABC genes encode the �, �, and � subunits of FDH, respec-
tively. An additional FDH � subunit (SO3922) is annotated as part
of the hyd locus (SO3920-3926), which encodes an [Fe-Fe] hydro-
genase (12). SO3920-3926 is proposed to encode a formate hydro-
gen lyase (FHL), as the region is expressed as a polycistronic unit
under anaerobic conditions, and formate addition was linked to
hydrogen production in MR-1 (12). The MR-1 genome also con-
tains SO0988, which encodes an orphan FDH � subunit (Fig. 1B).
SO0988 does not encode a twin-arginine translocation pathway
signal sequence and is therefore predicted to be cytoplasmic. The
MR-1 genome contains SO2911, which encodes a predicted bidi-
rectional formate transporter, FocA, and which is directly up-
stream of the regions encoding pyruvate formate lyase (PflB) and
its activating enzyme PflA (Fig. 1B). The preponderance of FDH
gene clusters in the MR-1 genome is unusual and warranted ad-
ditional investigation regarding their phylogeny and dispersal
across other sequenced Shewanella species.

Phylogenetic analysis of FdhA across the Shewanellaceae.
The tandem fdhXABC gene clusters (SO4508-4511 and SO4512-
4513) in MR-1 have arisen from a gene duplication event, sharing
68% identity at the nucleotide level over the entire length. At the
amino acid level, the FdhX pairs are 46% identical (57% similar),
the FdhA pairs are 74% identical (85% similar), the FdhB pairs are
88% identical (94% similar), and the FdhC pairs are 54% identical
(70% similar). To look further into the history of the duplicated
FDH region, a phylogenetic tree was created using the fdhA nucle-
otide sequences (aligned by codons) for all sequenced Shewanella
species available in the JGI database (http://img.jgi.doe.gov). fdhA
was chosen for the phylogenetic analysis because it encodes the
catalytic subunit of the FDH complex, and it is also the largest gene
in the operon (�3 kb), providing the most information on se-
quence divergence. The tree outlining the phylogenetic lineage of
the fdhA sequences results in three main clades (highlighted in
blue, green, and red text in Fig. 2). The clades highlighted in blue
and green represent the initial duplication of the FDH region,
which appears to have arisen in a common ancestor predating the
current identification of species in the Shewanella genus (Fig. 2).
In all species containing the duplication, the fdhA sequences asso-
ciated with the upstream FDH operon comprise a single clade
(blue), while the fdhA sequences associated with the downstream
FDH operon comprise another (green), but the branching pattern
cannot resolve which gene cluster came first. Unlike the majority
of Shewanella species, S. frigidimarina contains a single FDH
operon. The placement of S. frigidimarina within a clade subse-
quent to the original duplication suggests that its FDH region was
once duplicated and has since been lost (Fig. 2). The phylogenetic
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FIG 2 Molecular phylogenetic analysis of FdhA across the Shewanellaceae. Duplications of FDH regions are separated by clades in either blue or green text.
Species containing a triplication of the FDH region are highlighted in red text. S. frigidimarina, which appears to have lost the duplicated region, is in black text.
Numbers preceding the species names represent the gene identification number from the JGI database (http://img.jgi.doe.gov). The evolutionary history was
inferred using the maximum-likelihood method (300 bootstrap replications) based on the general time-reversible model. The tree is drawn to scale with the scale
bar representing substitutions per site. The analysis involved 88 nucleotide sequences, and there were a total of 2,844 positions in the final data set. The
evolutionary analyses were conducted in MEGA6 (25).
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analysis also highlighted a small subset of species, which includes
S. halifaxensis, S. pealeana, S. waksmanii, and S. fidelis (highlighted
in red text), indicating a second duplication event resulting in
three copies of the FDH gene cluster in these species (Fig. 2).
Overall, the phylogenetic analysis highlights the selection for
maintenance of multiple gene regions involved in formate oxida-
tion in the Shewanella genus.

Oxidation of endogenously generated formate increases the
growth rate and yield of MR-1 during anaerobic respiration.
MR-1 produces formate when growing anaerobically on sub-
strates that enter central metabolism at or above the level of pyru-
vate through the action of pyruvate formate lyase (Pfl) (Fig. 1A),
an enzyme required for growth under anaerobic conditions with
lactate and fumarate (28–30). Despite obligatory generation, for-
mate does not accumulate in MR-1 culture supernatants, suggest-
ing oxidation by one or more FDH complexes (28, 29). To deter-
mine the contribution of each FDH complex to formate
oxidation, we generated strains lacking one, two, or all three re-
gions encoding the �, �, and � subunits of each of the three an-

notated FDH clusters (SO0101-0103, SO4509-4511, and SO4513-
4515) (Fig. 1B).

To determine the physiological significance of formate oxida-
tion, we examined the growth rates and yields of MR-1 and a strain
with all three FDH gene clusters deleted (�fdh) in liquid culture.
The strains were grown in SBM (see Materials and Methods) con-
taining either 20 mM lactate or 20 mM pyruvate under an argon
atmosphere supplemented with 40 mM fumarate. Growth of the
mutant in the presence of oxygen, where formate is not generated,
was indistinguishable from that of MR-1 (data not shown). In
contrast, when grown anaerobically with fumarate, the �fdh mu-
tant grew slightly slower and generated less biomass than MR-1
both on lactate and pyruvate (Fig. 3). Under anaerobic conditions
using fumarate as the electron acceptor, the generation times and
final culture densities of MR-1 were comparable when grown on
pyruvate (1.41 � 0.04 h and 0.37 � 0.00 OD600) or lactate (1.34 �
0.07 h and 0.40 � 0.01 OD600), indicating that the oxidation of
lactate to pyruvate during carbon metabolism in MR-1 does not
appreciably contribute to the growth rate or yield (Fig. 3). The
oxidation of lactate to pyruvate by MR-1 occurs by way of two
lactate dehydrogenases specific for either the D- or L-isomer (11,
13, 31). While a reduced menaquinol is likely generated, the dif-
ference in the redox potential between the lactate/pyruvate redox
couple and the fumarate/succinate redox couple is small (�190
mV and 30 mV, respectively) and likely does not support energy
conservation.

During anaerobic growth on lactate and fumarate (Fig. 1A),
MR-1 catalyzed nearly stoichiometric conversion of lactate to ac-
etate and coupled oxidation of each lactate molecule to the reduc-
tion of two molecules of fumarate (Table 1). MR-1 utilizes the
majority of the carbon for energy generation with very little being
diverted to produce biomass. As had been observed previously
(29), formate did not accumulate in MR-1 cultures (Table 1).
Conversely, the �fdh strain was predicted to couple lactate oxida-
tion to fumarate reduction in a 1:1 ratio, as two reducing equiva-
lents remain with nonoxidized formate (Fig. 1A). The �fdh strain
converted approximately 90% of the lactate linked to acetate for-
mation to the generation of pyruvate and formate; however, the
ratio of fumarate reduced was slightly higher than the stoichio-
metric ratio expected (Table 1). To determine if oxidation of py-
ruvate by the enzyme pyruvate dehydrogenase (PDH) (Fig. 1A)
and subsequent electron flow to fumarate from NADH oxidation
were occurring, the gene for the E1 decarboxylase component of
the PDH complex, aceE, was deleted in the �fdh strain back-
ground (referred to as �fdh �pdh). The �fdh �pdh strain coupled
lactate utilization to fumarate reduction at ratios nearer to the 1:1

FIG 3 The ability to oxidize formate contributes to the growth rate and yield
of MR-1. The growth curves of MR-1 and the �fdh triple mutant were deter-
mined in anoxic SBM with 20 mM lactate or 20 mM pyruvate and 40 mM
fumarate. The reported values are the averages from at least three independent
experiments, and the error bars represent the standard errors of the mean
(SEM).

TABLE 1 Carbon source utilization/production following anaerobic growth in SBM containing 20 mM lactate or pyruvate and 40 mM fumaratea

Carbon source

Carbon source utilization/production (mM) by the indicated strain with:

20 mM lactate-40 mM fumarate 20 mM pyruvate-40 mM fumarate

MR-1 �fdh mutant �fdh �pdh mutant MR-1 �fdh mutant �fdh �pdh mutant

Lactate �20.2 � 0.0 �14.7 � 0.2 �12.2 � 0.2 ND ND ND
Pyruvate 0.8 � 0.0 4.0 � 0.1 4.0 � 0.1 �22.2 � 0.0 �13.0 � 0.7 �11.4 � 0.2
Acetate 18.0 � 0.3 12.0 � 0.3 9.1 � 0.1 19.7 � 0.2 11.8 � 0.3 8.1 � 0.1
Formate ND 7.1 � 0.2 6.4 � 0.1 ND 5.7 � 0.6 5.8 � 0.0
Fumarate �39.2 � 0.0 �18.3 � 0.2 �14.2 � 0.2 �20.4 � 0.8 �6.4 � 2.2 �2.0 � 0.0
Succinate 38.2 � 0.5 18.8 � 0.6 13.6 � 0.2 21.3 � 0.4 4.9 � 0.6 2.5 � 0.1
a Reported concentrations are averages � SEM from three independent experiments. ND, not detected.
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ratio expected (Table 1). No difference was observed in the anaer-
obic growth rate or yield of the �fdh �pdh strain compared with
that of the �fdh mutant (data not shown).

Because the majority of the anaerobic pyruvate disproportion-
ation by MR-1 occurs via a lyase reaction catalyzed by Pfl, the only
unbalanced redox reaction associated with pyruvate metabolism
is the oxidation of formate (Fig. 1A). Therefore, during anaerobic
growth with pyruvate and fumarate, MR-1 couples each molecule
of pyruvate converted to acetate to one molecule of fumarate re-
duced to succinate (Table 1). Since the �fdh strain cannot oxidize
formate, it was predicted to convert pyruvate to formate and ace-
tate with no subsequent reduction of fumarate (Fig. 1A). Contrary
to predictions, the amount of formate measured in �fdh culture
supernatants was only half of that of acetate produced, and a sig-
nificant amount of fumarate was still reduced to succinate (Table
1). In the �fdh �pdh strain, the ratios of formate and acetate pro-
duced were closer to the 1:1 ratio expected, and reduction of fu-
marate to succinate was also minimized (Table 1). To determine
if the reduced growth rate and yield of the �fdh mutant were due
to the accumulation of formate in the culture medium, we re-
peated the experiment with the addition of 20 mM formate. The
�fdh strain showed an initial lag and grew at a slightly lower rate
but to a similar final yield in the presence of exogenous formate
(see Fig. S1 in the supplemental material). MR-1 was unaffected
and grew similarly in both the presence and absence of added
formate (see Fig. S1).

Oxidation of exogenous formate accelerates growth on sub-
optimal carbon sources. Because the oxidation of formate clearly
contributes to growth on lactate and pyruvate, we hypothesized
that formate would also enhance growth on suboptimal carbon
sources. Shewanella spp. readily utilize NAG as the sole carbon
and energy source in the presence of oxygen (32); however, under
anaerobic conditions, NAG is utilized very slowly with generation

times of 24.50 � 0.11 h and 37.47 � 1.31 h for MR-1 and the �fdh
mutant, respectively (Fig. 4A) (28). Augmentation of NAG-grown
anaerobic cultures with 20 mM formate resulted in a dramatically
higher growth rate, with a generation time of 1.23 � 0.08 h, com-
parable to that of lactate-grown cultures (Fig. 4A). Exogenous
formate did not enhance the growth rate of the �fdh strain on
NAG but rather arrested growth prematurely (Fig. 4A).

The enhanced growth rate of MR-1 using NAG and fumarate
supplemented with formate provides a convenient assay for phys-
iologically relevant formate oxidation by each FDH complex. The
generation times of the �SO0101-0103 �SO4509-4511 and
�SO0101-0103 �SO4513-4515 mutants on NAG decreased dra-
matically upon addition of 20 mM formate to 1.28 � 0.11 h and
1.23 � 0.01 h, respectively, mirroring the enhanced growth rate
observed in MR-1 (Fig. 4B). The �SO4509-4511 �SO4513-4515
strain also responded to formate, but the growth rate was only
partially enhanced with a generation time of 3.87 � 0.84 h (Fig.
4B). Our results suggest that the complex encoded by SO0101-
0103 does not contribute appreciably to the oxidation of formate
during anaerobic growth on fumarate. The amino acid sequence
encoded by SO0101, which is predicted to encode the catalytic
subunit of the FDH complex, shares considerable similarity with
that of FdnG (76%), the � subunit of the nitrate-inducible FDH of
E. coli (Fdh-N). Proteins encoded by SO0101-0103 may play a
larger role in formate oxidation in the presence of nitrate as tran-
scription of SO0101-0103 was found to be significantly upregu-
lated under nitrate-reducing conditions (33).

Elimination of formate oxidation enables growth on pyru-
vate without a terminal electron acceptor. Bacteria from the ge-
nus Shewanella are generally thought to be respiratory organisms,
requiring an electron acceptor for growth (1, 2, 28). It has also
been reported previously that MR-1 is not capable of fermentative
growth on pyruvate (12). Because formate oxidation is the only

FIG 4 Oxidation of formate increases the growth rate of MR-1 on NAG. The growth curves were determined in the absence (open symbols) or presence (closed
symbols) of 20 mM formate. (A) The growth curves of MR-1 (circles) and the �fdh triple mutant (squares) were determined in anoxic SBM with 10 mM NAG
and 60 mM fumarate. Note the prolonged time scale compared to that for growth on lactate or pyruvate in Fig. 2. (B) The growth curves of �SO0101-0103
�SO4509-4511 (downward facing triangles), �SO0101-0103 �SO4513-4515 (upward facing triangles), and �SO4509-4511 �SO4513-4515 (diamonds) mutants
were determined as for panel A. The reported values are the averages from at least three independent experiments, and the error bars represent the SEM.
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unbalanced redox step associated with pyruvate metabolism, we
hypothesized that deletion of the FDHs would enable anaerobic
growth by Shewanella solely on pyruvate (Fig. 1A). To test this, we
cultured both MR-1 and the �fdh mutant in anaerobic SBM sup-
plemented with 20 mM pyruvate but lacking a terminal electron
acceptor. We do not refer to this mode of growth as fermentation
because pyruvate disproportionation occurs via a lyase reaction;
hence, if the resulting formate is not oxidized, there is no need to
cycle reducing equivalents. The �fdh strain was able to grow under
anaerobic conditions solely on pyruvate, while the MR-1 culture
completed less than one doubling over 24 h (Fig. 5). Analysis of
the culture supernatants by HPLC indicates that the �fdh strain
catalyzed a nearly stoichiometric conversion of pyruvate to acetate
and formate, while only a small amount of pyruvate was converted
to acetate by MR-1 with no terminal electron acceptor present
(Table 2). The �fdh strain consumed less than half of the available
pyruvate before growth ceased, which was not due to low levels of
pyruvate oxidation by PDH, as the �fdh �pdh strain grew simi-
larly to the �fdh strain (Fig. 5) and consumed similar amounts of
pyruvate (Table 2). An inability to consume all of the available
pyruvate may indicate inhibition of growth by the accumulated
formate or an inability to cycle reducing equivalents in the other
metabolic pathways required for growth.

Formate oxidation by MR-1 generates PMF under anaerobic
conditions. Under anaerobic conditions, MR-1 generates ATP
primarily through substrate-level phosphorylation, and some of
the ATP pool is utilized to generate PMF through proton pump-
ing by the F-type ATPase (28). Formate oxidation linked to reduc-
tion of a terminal electron acceptor should also contribute to PMF
as the FDHs are predicted to reduce menaquinone in a redox loop
mechanism that transports protons across the cytoplasmic mem-
brane (Fig. 1A) (10). To test this, we compared the growth of
MR-1, the �fdh strain, an �atp mutant (a strain with a deletion of
the entire ATP synthase operon SO4746-4754) (28), and a �fdh
�atp mutant in SBM supplemented with 20 mM lactate and 40

mM fumarate. The �atp strain exhibited an initial lag phase but
otherwise grew similarly to MR-1 while the �fdh strain grew at a
lower rate and to a lower OD than MR-1 (Fig. 6A). Elimination of
all three FDHs and the F-type ATPase severely inhibited growth,
with strains completing less than one doubling over 13 h (Fig. 6A).
The lower yield of the �fdh strain and severely inhibited growth of
the �fdh �atp strain with lactate and fumarate indicate that for-
mate oxidation and proton pumping through the reversal of the
F-type ATPase are the main contributors to the generation of PMF
by MR-1 under anaerobic conditions.

To directly measure the generation of the membrane potential
resulting from formate oxidation, the fluorescence intensities of
cells exposed to DiOC2 were monitored using flow cytometry.
Cultures of MR-1 and the �fdh mutant were incubated in anaer-
obic minimal medium lacking a carbon source to deenergize the
membrane potential. Following starvation, cells incubated in an-
aerobic medium with fumarate in the presence or absence of an
electron donor were stained with DiOC2, and fluorescence inten-
sities were assayed. The positively charged DiOC2 exhibits green
fluorescence that shifts toward red as the cytosolic concentration
of the dye increases and aggregates in response to an interior net-
negative membrane potential. In the presence of lactate, both the
MR-1 and �fdh cultures produced a population of energized cells
(higher fluorescence intensity) compared with starved cells (lower
fluorescence intensity) or cells depolarized by the addition of the
protonophore CCCP (Fig. 6B and C). Conversely, in the presence
of formate as the electron donor, MR-1 cultures produced a pop-
ulation of energized cells, whereas the c strain remained deener-
gized (Fig. 6B and C). Because cells are growing in the presence of
lactate and fumarate, the initial population of starved cells is di-
luted out, while both populations of starved and charged cells can
be quantified when MR-1 is given both formate and fumarate (Fig.
6B), a condition where MR-1 is metabolically active but unable to
grow (data not shown). Regardless, the presence of an energized
cell population in MR-1 but not �fdh cultures incubated with
formate indicates that PMF is generated through formate oxida-
tion by FDH under the conditions tested.

DISCUSSION

The development and rational engineering of MR-1 for applica-
tions in biotechnology require a clear understanding of its carbon
source utilization and energy metabolism. Although formate is
obligately produced by MR-1 under anaerobic conditions during
the disproportionation of pyruvate by Pfl, little is known about the
role formate plays in the ecophysiology of MR-1 or other mem-
bers of the genus Shewanella. Beyond formate production, the

TABLE 2 Carbon source utilization/production following anaerobic
growth in SBM containing 20 pyruvate with no terminal electron
acceptora

Carbon source

Carbon source utilization/production (mM) with 20
mM pyruvate by:

MR-1 �fdh mutant �fdh �pdh mutant

Pyruvate �1.8 � 0.4 �6.6 � 0.3 �6.7 � 0.6
Lactate ND 0.1 � 0.0 0.1 � 0.0
Formate ND 5.0 � 0.0 5.2 � 0.1
Acetate 1.4 � 0.1 4.1 � 1.3 5.4 � 0.2
a The reported concentrations are averages � SEM from three independent
experiments. ND, not detected.

FIG 5 Growth of the �fdh triple mutant on pyruvate without a terminal
electron acceptor. The growth curves of MR-1 (circles), the �fdh triple mutant
(squares), and the �fdh �pdh triple mutant (triangles) were determined in
anoxic SBM supplemented with 20 mM pyruvate. The reported values are the
averages from at least three independent experiments, and the error bars rep-
resent the SEM.
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presence of multiple genetic loci linked to its metabolism serves to
emphasize the importance of formate in the core carbon metabo-
lism of MR-1 and other members of the genus Shewanella. To
further address the role of formate oxidation, we generated mu-
tants lacking one, two, or all three regions encoding the �, �, and
� subunits of each of the three annotated FDH clusters (SO0101-
0103, SO4509-4511, and SO4513-4515) (Fig. 1B). We then mon-
itored the growth phenotypes of these strains during the oxidation
of various carbon sources.

We have shown that oxidation of formate contributes to both
the growth rate and yield of MR-1 on a variety of carbon sources
under anaerobic conditions with fumarate as the terminal elec-
tron acceptor. During anaerobic growth with fumarate and either
lactate or pyruvate, the strains unable to oxidize formate (�fdh
mutants) grew at a slightly lower rate and to an overall lower yield
than MR-1 (Fig. 3). HPLC analysis indicated that, unlike MR-1,
the strains lacking FDH complexes accumulated formate in the
supernatant, and the ratio of formate secreted was closer to the
predicted 1:1 ratio with acetate when the gene for the E1 decar-
boxylase component of the PDH complex, aceE, was also deleted
(in the �fdh �pdh strain) (Table 1). Previous work reported no
measurable activity by PDH in MR-1 extracts under anaerobic
conditions (29); however, our HPLC analyses indicate that while
the majority of pyruvate is routed through Pfl, PDH remains ac-
tive, albeit at low levels or perhaps slightly induced in the absence
of Pfl, under anaerobic conditions (Table 1). The low levels of
PDH activity may be in response to the �fdh strain’s inability to
oxidize formate. It is also interesting that the amount of formate
“missing” (�2 mM) for the �fdh �pdh strain grown anaerobically
on pyruvate or lactate (based on the predicted 1:1 ratio of formate
and acetate secreted) is equivalent to the concentration of “extra”
fumarate reduced to succinate (�2 mM) (Table 1). Taken to-
gether, these results indicate that either formate is oxidized by an

unidentified FDH or formate is converted to another product ca-
pable of being oxidized by the cell. It is also possible that once
secreted formate reaches a maximal concentration, it is no longer
effectively trafficked out of the cytoplasm. In E. coli, when the
medium pH drops below 6.8, the transporter FocA switches from
passive formate export to active formate import (34). The im-
ported formate is then converted to dihydrogen via FHL to con-
trol both cellular pH and excess reducing power (34).

Formate transport and oxidation appear to be central meta-
bolic processes in MR-1, and the inability of the �fdh strain to
oxidize formate helped to answer another main question related
to the metabolism of MR-1. Pyruvate has been shown to enhance
the survival of MR-1 in stationary phase, and MR-1 contains lac-
tate dehydrogenases capable of pyruvate reduction (13, 29). Pre-
vious work has also shown that the majority of ATP is produced
through substrate-level phosphorylation by MR-1 under anaero-
bic conditions (28). Therefore, it has remained unclear why pyru-
vate cannot support fermentative growth of MR-1. Our data show
that pyruvate sustains growth of the �fdh strain in anaerobic me-
dium without a terminal electron acceptor (Fig. 5). Growth solely
on pyruvate by the �fdh strain suggests that, in the absence of
exogenous electron acceptors, formate oxidation by MR-1 leads to
an irreversible reduction of the menaquinone pool and subse-
quent cessation of growth. It is curious that MR-1 cultures do not
simply secrete formate in the absence of a terminal electron accep-
tor similar to the �fdh strain (Table 2). The inability of MR-1 to
secrete formate, which would enable growth, highlights the criti-
cal importance of formate oxidation in the energy metabolism of
MR-1. Consistent with this observation, we also demonstrated
that formate oxidation directly contributes to generation of a pro-
ton gradient in MR-1 (Fig. 6).

Exogenous formate also greatly accelerated the growth rate,
likely due to enhanced PMF, of MR-1 on the suboptimal carbon

FIG 6 PMF is generated by the anaerobic oxidation of formate in MR-1. (A) The growth curves of MR-1 (circles), the �fdh triple mutant (squares), the �atp
mutant (triangles), and the �fdh �atp mutant (diamonds) were performed in anoxic SBM with 20 mM lactate and 40 mM fumarate. The reported values are the
averages from at least three independent experiments, and the error bars represent the SEM. (B and C) Histograms from flow cytometry measurement of red
fluorescence intensity using the dye DiOC2 for MR-1 (B) and the �fdh mutant (C) in anaerobic SBM containing 20 mM fumarate supplemented with no carbon
source (black lines), 10 mM formate (blue lines), 10 mM lactate (red lines), or 10 mM lactate followed by addition of 5 �M CCCP (gray lines). Flow cytometry
was performed on three independent cultures for each condition, and representative data are shown.
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source NAG under anaerobic conditions with fumarate (Fig. 4A).
Experiments utilizing double mutants indicate that this increase
in the growth rate was mainly due to the activity by the FDHs
encoded by SO4509-4511 and SO4513-4515 (Fig. 4B). While the
final OD values were similar for mutants with SO4509-4511 or
SO4513-4515 present, strains containing SO4509-4511 reached
the maximum OD within the first 6 h of growth, which may indi-
cate a difference in efficiency or affinity for formate by each com-
plex (Fig. 4B). It is interesting that the two FDH complexes that
appear to have the largest effect on growth are the complexes that
arose from a gene duplication event preceding the current identi-
fication to the species level of the Shewanella genus (Fig. 2). A
previous analysis of 106 bacterial genomes found that gene dupli-
cations tend to be retained when they are important for adapting
to constantly changing environments (35). Indeed, a hallmark of
the Shewanella genus is the ability to thrive in redox-stratified
environments where conditions are in a constant state of flux, and
this may explain the occurrence of multiple paralogs enabling
modularity in respiratory pathways (36) and now formate metab-
olism. Presumably, the preservation of multiple FDH operons
confers an evolutionary advantage to members of the Shewanella
genus, perhaps through an affinity for formate across a range of
available concentrations or through the efficiency of formate ox-
idation with different terminal electron acceptors. Maintenance of
the duplication or triplication of this FDH region in the vast ma-
jority of Shewanella species serves to highlight the centrality of
formate in energy conservation by this genus.
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