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Abstract
Originally discovered in the dissimilatory metal-reducing bacterium Shewanella oneidensis MR-1 (MR-1),
key components of the Mtr (i.e. metal-reducing) pathway exist in all strains of metal-reducing Shewanella
characterized. The protein components identified to date for the Mtr pathway of MR-1 include four multihaem
c-Cyts (c-type cytochromes), CymA, MtrA, MtrC and OmcA, and a porin-like outer membrane protein MtrB.
They are strategically positioned along the width of the MR-1 cell envelope to mediate electron transfer from
the quinone/quinol pool in the inner membrane to Fe(III)-containing minerals external to the bacterial cells.
A survey of microbial genomes has identified homologues of the Mtr pathway in other dissimilatory Fe(III)-
reducing bacteria, including Aeromonas hydrophila, Ferrimonas balearica and Rhodoferax ferrireducens,
and in the Fe(II)-oxidizing bacteria Dechloromonas aromatica RCB, Gallionella capsiferriformans ES-2 and
Sideroxydans lithotrophicus ES-1. The apparent widespread distribution of Mtr pathways in both Fe(III)-
reducing and Fe(II)-oxidizing bacteria suggests a bidirectional electron transfer role, and emphasizes the
importance of this type of extracellular electron-transfer pathway in microbial redox transformation of
iron. The organizational and electron-transfer characteristics of the Mtr pathways may be shared by other
pathways used by micro-organisms for exchanging electrons with their extracellular environments.

Introduction
In the absence of O2 and other electron acceptors, the Gram-
negative bacterium Shewanella oneidensis MR-1 (MR-1) can
use solid-phase minerals, such as Fe(III)- or Mn(III/IV)-
containing minerals, as the terminal electron acceptors for
anaerobic respiration (i.e. dissimilatory metal reduction)
[1,2]. Because of their insolubility at circumneutral pH,
mineral-associated Fe(III) or Mn(III/IV) cannot cross the
bacterial outer membrane to the periplasm and the inner
membrane where bacterial terminal reductases for other
electron acceptors, such as O2, nitrate and sulfate, are usually
located. MR-1 and related strains of metal-reducing Shewan-
ella have thus evolved a pathway (i.e. metal-reducing or
Mtr pathway) for transferring electrons from the inner mem-
brane through the periplasm and across the outer membrane
to the minerals external to the bacterial cells. The protein
components identified to date for the Mtr pathway of
MR-1include four multihaem c-Cyts (c-type cytochromes),
CymA, MtrA, MtrC and OmcA, and a trans-outer membrane
and porin-like protein MtrB [3–12]. The tetrahaem c-Cyt
CymA is an inner-membrane quinol dehydrogenase that
oxidizes quinol in the inner membrane and transfers the re-
leased electrons to MtrA either directly or indirectly via other
periplasmic proteins [13–15]. MtrA is a decahaem c-Cyt that
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is thought to be inserted into MtrB. Together, MtrAB mediate
electron transfer across the bacterial outer membrane to MtrC
and OmcA [16,17]. Located on the bacterial surface,
MtrC and OmcA are two outer-membrane decahaem c-
Cyts that reduce Fe(III)-containing minerals directly and
indirectly via extracellular electron shuttles, such as flavins
secreted by MR-1 cells [11,18–25] (Figure 1). The Mtr
pathway of MR-1 is the best characterized pathway
used by micro-organisms for extracellular electron-transfer
reactions, and characterization of the Mtr pathway has made
significant contributions to a molecular-level understanding
of microbial extracellular electron transfer (for reviews,
see [26–31]). It should be noted that electron-transfer
reactions mediated by the Mtr pathway of MR-1 can
be bidirectional as electron transfer from an extracellular
electrodes to the quinone/quinol pool in the inner membrane
has been demonstrated [32]. Thus characterization of the
Mtr pathway has not only advanced our understanding of
the molecular mechanisms used by micro-organisms for
exchanging electrons with their extracellular environments,
but also paved the way for biotechnological applications of
the Mtr pathway in electrobiosynthesis of valuable materials,
chemicals or fuels.

In the MR-1 genome, the genes that encode MtrABC and
OmcA are located in the same region, which also includes
mtrD (an mtrA homologue), mtrE (an mtrB homologue) and
mtrF (an mtrC homologue) whose function is currently un-
known [32a]. They are clustered in sequential order of mtrD-
mtrE-mtrF-omcA-mtrC-mtrA-mtrB (Figure 2). Further
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Figure 1 The proposed Mtr extracellular electron-transfer

pathway of the dissimilatory Fe(III)-reducing bacterium

S. oneidensis MR-1

The protein components identified to date for the Mtr pathway include

CymA, MtrA, MtrB, MtrC and OmcA. CymA is a tetrahaem c-Cyt that

belongs to the NapC/NrfH family of quinol dehydrogenases. Through

its N-terminal region, CymA is anchored in the inner membrane (IM)

where it oxidizes quinol (QH2) to quinone (Q) in the IM and transfers the

released electrons to MtrA in the outer membrane (OM) either directly

or indirectly via other periplasmic proteins. MtrA is a decahaem c-Cyt

that is thought to be embedded in MtrB, a trans-outer membrane and

porin-like protein. Together, MtrAB facilitate electron transfer across the

outer membrane to the MtrC and OmcA on the bacterial surface. Both

MtrC and OmcA are the outer membrane decahaem c-Cyts that transfer

electrons to Fe(III)-containing minerals directly and indirectly via electron

shuttles, such as flavins. c-Cyts are labelled in red, and the direction of

electron transfer is indicated by a yellow arrow. PS, periplasmic space.

analysis of the genomes of an additional 19 metal-reducing
Shewanella strains reveals that (i) mtrC-mtrA-mtrB genes
are well conserved among all analysed genomes, (ii) omcA is
sometimes replaced by undA or undA1, the genes predicted to
encode 11-haem c-Cyts, and (iii) numbers of the genes found
in the mtr clusters of the Shewanella strains analysed vary
from four, such as omcA-mtrC-mtrA-mtrB in Shewanella
frigidimarina, to nine, such as mtrD-mtrE-mtrF-omcA-
undA-omcA-mtrC-mtrA-mtrB in Shewanella halifaxensis
[26]. In addition to reduction of Fe(III)- or Mn(III/IV)-
containing minerals, MtrAB homologues are also involved
in the extracellular reduction of DMSO by MR-1 and
extracellular Fe(II) oxidation by Rhodopseudomonas palustris
TIE-1 [33,34]. Thus MtrAB of MR-1 are believed to be the
prototype of a model system for electron transfer across
the bacterial outer membrane [16]. Previous surveys indicated
that MtrAB homologues were widespread in the Gram-
negative bacteria [16,35]. However, it remains unclear as
to what extent that the Mtr extracellular electron-transfer
pathway is employed by other Fe(III)-reducing or Fe(II)-
oxidizing bacteria. To this end, we searched the microbial
genomes available on 31 January 2012 for Mtr homologues
using a method that was described previously [35–37].

Mtr homologues of Fe(III)-reducing
bacteria

As shown in Table 1, mtrCAB homologues are found
in the genomes of dissimilatory Fe(III)-reducing bacteria
Aeromonas hydrophila, Ferrimonas balearica and Rhodoferax
ferrireducens [38–40]. Like those in metal-reducing Shewan-
ella strains, the mtrCAB homologues in these organisms
are clustered in the same sequential order of mtrC-mtrA-
mtrB (Figure 2), indicating that they may have co-evolved in
these bacteria. The observation of co-evolution of mtrCAB in
these Fe(III)-reducing bacteria is consistent with the fact that,
in MR-1, MtrCAB form a stable protein complex [16,41].
Identification of MtrCAB homologues in A. hydrophila
is also consistent with previous observations that Fe(III)
reduction by A. hydrophila is mediated by c-Cyts [39]. In
contrast with the situation in Shewanella, no omcA, undA
or undA1homologue is found in A. hydrophila. Absence of
additional outer membrane c-Cyt in A. hydrophila indicates
that OmcA and probably UndA and UndA1 are not
necessary for microbial reduction of Fe(III).

Additional genes that may be involved in electron-transfer
reactions are also clustered with the mtrCAB homologues in
F. balearica and R. ferrireducens (Figure 2). In F. balearica,
these genes include the homologues of cymA (locus tag
Fbal_1365), mtrDEF (Fbal_1364 to 1362), mtrG (Fbal_1358,
a gene predicted to encode a decahaem outer-membrane
c-Cyt) [26], omcA (Fbal_1359), undA (Fbal_1361) and a gene
(orfA/Fbal_1360) whose function is unknown (Table 1). They
are organized in a sequential order of cymA-mtrD-mtrE-
mtrF-undA-orfA-omcA-mtrG-mtrC-mtrA-mtrB, in which
the direction of predicted transcription of cymA is opposite to
that of rest of the genes (Figure 2). It should be noted that
F. balearica possesses a third copy of mtrAB homologues
that is part of the DMSO reductase gene cluster (Fbal_2475–
Fbal_2478).

In R. ferrireducens, the genes predicted to encode a nona-
haem inner-membrane c-Cyt (MtrH/Rfer_4073), two CymA
homologues (CymA1/Rfer_4075 and CymA2/Rfer_4076),
two outer-membrane decahaem c-Cyts (MtrI/Rfer_4079
and MtrJ/Rfer_4080), two proteins without any known
function (OrfB/Rfer_4074 and OrfC/Rfer_4078) and three
monohaem c-Cyts (MtrK1/Rfer_4077, MtrK2/Rfer_4084
and MtrK3/Rfer_4085) are found to be adjacent to the
mtrCAB homologues. They are organized in a sequential
order of mtrK3-mtrK2-mtrC-mtrA-mtrB-mtrJ-mtrI-orfC-
mtrK1-cymA2-cymA1-orfB-mtrH (Table 1 and Figure 2).

In the metal-reducing Shewanella, cymA is not located in
the mtr gene cluster. But, in F. balearica and R. ferrireducens,
cymA homologues are part of the mtr clusters. In fact,
two cymA genes exist in the mtr cluster of R. ferrireducens.
Furthermore, mtrH of R. ferrireducens is predicted to encode
a unique c-Cyt whose N-terminal half (1–330 amino acids)
contains nine CX2H (i.e. haem-binding) motifs and whose
C-terminal half (331–662 amino acids) is a homologue of the
cytochrome b subunit of bacterial formate dehydrogenase.
As an inner-membrane protein, the cytochrome b subunit
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Table 1 Mtr homologues found in Fe(III)-reducing or Fe(II)-oxidizing bacteria

The ‘others’ column includes the genes predicted to encode (i) outer-membrane multihaem c-Cyts (Fbal_1358, Fbal_1359, Fbal_1361, Rfer_4079

and Rfer_4080); (ii) inner-membrane multihaem c-Cyts, such as homologues of CymA (Fbal_1365, Rfer_4075, Rfer_4076 and Slit_2495) and

MtrH/MtoC (Rfer_4073, Daro_1404 and Galf_2006); (iii) monohaem c-Cyts MtrK/MtoD (Rfer_4077, Rfer_4084, Rfer_4085, Daro_1401, Galf_2005

and Slit_2498); and (iv) proteins whose functions are unknown (Fbal_1360, Rfer_4074 and Rfer_4078).

Name MtrA MtrB MtrC Others

Fe(III) reducers

A. hydrophila AHA_2765∗ AHA_2766 AHA_2764

F. balearica Fbal_1356; Fbal_1364 Fbal_1355; Fbal_1363 Fbal_1357; Fbal_1362 Fbal_1358; Fbal_1359; Fbal_1360;

Fbal_1361; Fbal_1365

R. ferrireducens Rfer_4082 Rfer_4081 Rfer_4083 Rfer_4073; Rfer_4074; Rfer_4075;

Rfer_4076; Rfer_4077; Rfer_4078;

Rfer_4079; Rfer_4080; Rfer_4084;

Rfer_4085

Fe(II) oxidizers

D. aromatica RCB Daro_1402 Daro_1403 Daro_1401; Daro_1404

G. capsiferriformans ES-2 Galf_2004 Galf_2003 Galf_2005; Galf_2006

S. lithotrophicus ES-1 Slit_2497 Slit_2496 Slit_2495; Slit_2498

∗Locus tag.

Figure 2 Genetic organization of the mtr clusters identified in the dissimilatory Fe(III)-reducing bacteria A. hydrophila, F. balearica and

R. ferrireducens and the mto clusters from the Fe(II)-oxidizing bacteria D. aromatica RCB, G. capsiferriformans ES-2 and

S. lithotrophicus ES-1

Shown are the relative positions of genes identified within the complete nucleotide sequence of these bacteria. The genes

are labelled by arrows whose sizes and orientations indicate their relative lengths and directions in which they are presumed

to be transcribed. For comparison, the mtr cluster of S. oneidensis MR-1 and the pio cluster of R. palustris TIE-1 are included.

The genes predicted to encode c-type cytochromes are labelled in red, whereas those predicted to encode β-barrel outer

membrane proteins are labelled in green.
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receives electrons from the [FeS] electron-transfer subunit
of formate dehydrogenase located in the periplasm and then
uses the electrons received to reduce quinone to quinol in the
inner membrane [28]. Given that CymA oxidizes the quinol
in the inner membrane and relays the released electrons to
the periplasmic proteins during Fe(III) reduction by MR-1,
it is reasonable to speculate that, like CymA, MtrH may
participate in Fe(III) reduction by functioning as an
inner-membrane quinol dehydrogenase that oxidizes quinol
and transfers the released electrons to the periplasmic proteins
via its N-terminal half. To the best of our knowledge, this
is the first finding that three genes predicted to encode
quinol dehydrogenases exist in the same cluster as mtr genes.
In MR-1, CymA is the entry point for electrons into the
Mtr pathway [31]. The presence of cymA1, cymA2 and
mtrH in the mtr cluster of R. ferrireducens suggests the
important roles of these c-Cyts in mediating extracellular
electron-transfer reactions during Fe(III) reduction by
this organism. MtrK, predicted to encode a monohaem
c-Cyt, is associated with the mtr cluster of R. ferrireducens
and is not observed in any other Fe(III)-reducing bacteria
characterized to date. Because it is predicted to be localized
to the periplasm, MtrK may transfer electrons from CymA
and MtrH that are associated with the inner membrane
across the periplasm to MtrA during Fe(III) reduction in R.
ferrireducens. Notably, homologues of mtrH as well as mtrK
are also found to be associated with the mtrAB homologues
found in the Fe(II)-oxidizing bacteria (see the next section).

During this search, we also found an mtrCAB cluster in the
genomes of the soil bacterium Candidatus Solibacter usitatus
Ellin6076 and the marine bacteria Vibrio sp. Ex25, Vibrio
parahaemolyticus, Vibrio vulnificus CMCP6, V. vulnificus
MO6-24/O and V. vulnificus YJ016. Although none of
these bacteria has been shown to be capable of reducing
Fe(III) or of other forms of extracellular electron transfer
and most of the identified Vibrio strains are opportunistic
human pathogens, they all inhabit environments where
Fe(III) minerals can be abundant and where O2 may be
limited [42–44]. Identification of MtrCAB homologues in
these bacteria suggests that they may be able to respire
on Fe(III) in the absence of other electron acceptors or
that MtrCAB have other, as yet undiscovered, functions.
Anaerobic respiration on Fe(III) minerals could provide an
alternative means of energy conservation in these bacteria
during periodic anoxia. A previous survey also indicated
the existence of MtrAB homologues in a Geobacter strain
[16]. Analyses of all sequenced Geobacter genomes reveal
that only Geobacter sp. M21 contains mtrAB homologues
(GM21_0397 and GM21_0398), but no mtrC homologue is
found to be next to the mtrAB homologues identified, which
suggests that these mtrAB homologues may not be involved
in metal reduction. The lack of apparent Mtr homologues in
the most metal-reducing Geobacter strains is consistent with
previous findings that the electron-transfer pathways used by
metal-reducing Geobacter strains for extracellular reduction
of Fe(III)-containing minerals have evolved independently
from the Mtr pathways [29,30].

Mto proteins, the Mtr homologues
identified from Fe(II)-oxidizing bacteria

mtrAB homologues have been identified in the Fe(II)-
oxidizing bacteria Dechloromonas aromatica RCB (RCB),
Gallionella capsiferriformans ES-2 (ES-2) and Sideroxydans
lithotrophicus ES-1 (ES-1) [35,45–47]. Additional genes
predicted to encode c-Cyts are also found to be adjacent to
the mtrAB homologues identified, which include homologues
of cymA (Slit_2495 in ES-1), mtrH (Daro_1404 in RCB
and Galf_2006 in ES-2) and mtrK (Daro_1401 in RCB,
Galf_2005 in ES-2 and Slit_2498 in ES-1). To distinguish them
from those found in the Fe(III)-reducing bacteria, the MtrA,
MtrB, MtrH and MtrK homologues identified from the
Fe(II)-oxidizing bacteria are named MtoA, MtoB, MtoC and
MtoD respectively [35] (Table 1 and Figure 2). In the Fe(II)-
oxidizing bacterium R. palustris TIE-1, pioAB (i.e. mtrAB
homologues) are clustered with pioC that encodes a high-
redox-potential [FeS] protein [34]. However, no apparent
pioC homologue is found in ES-1, ES-2 or RCB [35]. Similar
to mtrA genes of the Fe(III)-reducing bacteria, all identified
mtoA genes are smaller than pioA, whereas all mtoB genes
identified from our study and pioB are similar in size and are
bigger than mtrB genes of the Fe(III)-reducing bacteria [35]
(Figure 2).

In the Fe(III)-reducing bacteria investigated, mtrC is
always clustered with mtrAB (Figure 2). However, no mtrC
homologue or other genes encoding for outer-membrane
multihaem c-Cyts is found in the Fe(II)-oxidizing bacteria
surveyed in our study. The presence of MtrC-like outer-
membrane multihaem c-Cyts in the Fe(III)-reducing bacteria
and its absence from the Fe(II)-oxidizing bacteria suggest
a distinct role for this type of outer-membrane multihaem
c-Cyts in extracellular reduction of Fe(III)-containing
minerals. In the Fe(II)-oxidizing bacteria identified in our
study, mtoD, a gene predicted to encode a monohaem c-
Cyt, is at the position where mtrC is in the mtr clusters of
the Fe(III)-reducing bacteria surveyed (Figure 2). Similar to
its homologue MtrK of the Fe(III)-reducing bacteria, MtoD
may also transfer electrons across the periplasm. As discussed
above, both CymA and MtoC (an MtrH homologue)
are inner-membrane c-Cyts that mediate electron transfer
between the quinone/quinol pool in the inner membrane
and redox proteins in the periplasm. Like MtrAB, MtoAB
are believed to transfer electrons across the bacterial outer
membrane. Consistent with this suggestion, the cloned mtoA
of ES-1 partially complements an MR-1 mutant without
MtrA with regard to ferrihydrite [a poorly crystalline Fe(III)
oxide] reduction, suggesting that MtoA of ES-1 can be
inserted into MR-1 MtrB and transfer electrons across the
outer membrane to MR-1 MtrC during ferrihydrite reduction
[35]. Furthermore, purified ES-1 MtoA is a decahaem c-Cyt
that oxidizes Fe(II). Although it rapidly reaches equilibrium,
Fe(II) oxidation by ES-1 MtoA involves all of its ten
haems. Involvement of all ten haems during Fe(II) oxidation
implies the ability of ES-1 MtoA to transfer electrons from
extracellular Fe(II) across the outer membrane and into the
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Figure 3 The proposed Mto extracellular electron-transfer pathways of the Fe(II)-oxidizing bacteria D. aromatica RCB,

G. capsiferriformans ES-2 and S. lithotrophicus ES-1

Like its homologue MtrA in the Fe(III)-reducing bacteria, decahaem c-Cyt MtoA is inserted into the porin-like outer-membrane

(OM) protein MtoB that is a homologue of MtrB. MtoA oxidizes Fe(II) directly on the bacterial surface and transfers the

released electrons across the outer membrane to the periplasmic monohaem c-Cyt MtoD. MtoD relays the electrons through

the periplasmic space (PS) to the tetrahaem c-Cyt CymA in S. lithotrophicus ES-1 (ES-1) or nonahaem c-Cyt MtoC in G.

capsiferriformans ES-2 (ES-2) and D. aromatica RCB (RCB). Both CymA and MtoC are inner-membrane (IM) proteins that are

proposed to reduce quinone (Q) to quinol (QH2). QH2 is oxidized either by oxidase in ES-1 and ES-2 or by periplasmic nitrate

reductase (Nap) in RCB. c-Cyts are labelled in red, and the direction of electron transfer is indicated by yellow arrows. For

simplicity, multisubunits of oxidase or NAP are drawn as a single circle.

periplasm, which is consistent with the complementation
results [35]. Initial characterization results also show that
recombinant MtoC of RCB is a membrane c-Cyt (L. Shi,
unpublished work). All of these findings suggest that
MtoABD and MtoC or CymA may have functions similar to
the Mtr electron-transfer systems of Fe(III)-reducing bacteria
and may be responsible for electron transfer from extracel-
lular Fe(II) across the bacterial cell envelope to the quinone/
quinol pool in the inner membrane. Hence the direction of
electron-transfer reactions conducted by the Mto proteins is
opposite to that of the Mtr pathways of the Fe(III)-reducing
bacteria. In these proposed pathways, MtoA, which is pre-
sumably inserted in MtoB, is hypothesized to oxidize Fe(II)
extracellularly and transfer the electrons acquired inward
across the outer membrane to the periplasmic MtoD. The
current conceptual model for this process has MtoD relaying
the electrons to CymA in ES-1 or MtoC in ES-2 and RCB.
CymA and MtoC then uses the electrons received to reduce
quinone to quinol in the inner membrane. Quinol could
then shuttle the electrons to the redox proteins in the inner
membrane for reducing O2 in ES-1 and ES-2 or for reducing
nitrate in RCB (Figure 3).

Conclusions
A survey of recently sequenced microbial genomes shows
that the homologues of the Mtr extracellular electron-transfer
pathway of S. oneidensis MR-1 exist in the Fe(III)-reducing
bacteria A. hydrophila, F. balearica and R. ferrireducens
and the Fe(III)-oxidizing bacteria D. aromatica RCB, G.

capsiferriformans ES-2 and S. lithotrophicus ES-1. Like
those in S. oneidensis MR-1, the homologues identified
from these bacteria are clustered together, indicating that
their protein products probably also work together to
facilitate electron transfer across the cell envelop. Widespread
distribution of the Mtr pathways in the Fe(III)-reducing
bacteria as well as the Fe(II)-oxidizing bacteria emphasizes
the versatility of these proteins for exchanging electrons
with carriers and acceptors external to the bacteria cells,
including extracellular redox transformations of iron by
the Gram-negative bacteria. These two different functional
groups of bacteria employ a common set of proteins, which
are strategically positioned along the width of bacterial cell
envelope, such as MtrAB/MtoAB in the outer membrane,
MtrK/MtoD in the periplasm, and CymA and MtrH/MtoC
in the inner membrane, for mediating electron transfer
between extracellular Fe(III) or Fe(II) and the quinone/
quinol pool in the inner membrane. Thus the electron-
transfer reactions mediated by the Mtr pathways are
bidirectional. The relative locations between the electron
source and sink dictate the direction of electron-transfer
reactions. These characteristics observed in the Mtr pathways
may also be shared by the other pathways used by micro-
organisms for exchanging electrons with their extracellular
environments. Moreover, results from our study also suggest
that sequence-based approaches (e.g. metagenomics and
functional gene arrays) can be used to better assess the
potentials of the electron-transfer processes mediated by
the Mtr pathways in the environmental samples and to
explore natural diversity of these pathways.

C©The Authors Journal compilation C©2012 Biochemical Society



1266 Biochemical Society Transactions (2012) Volume 40, part 6

Funding

We thank the U.S. Department of Energy (DOE) Office of Biological

and Environmental Science’s Subsurface Biogeochemical Research

Program (SBR) for its support under the Pacific Northwest National

Laboratory SBR Scientific Focus Area. The Pacific Northwest

National Laboratory is operated for the DOE by the Battelle Memorial

Institute [contract number DE-AC05-76RLO1830].

References
1 Myers, J.M. and Nealson, K.H. (1988) Bacterial manganese reduction

and growth with manganese oxides as the sole electron acceptor.
Science 240, 1319–1321

2 Myers, C.R. and Nealson, K.H. (1990) Respiration-linked proton
translocation coupled to anaerobic reduction of manganese(IV) and
iron(III) in Shewanella putrefaciens MR-1. J. Bacteriol. 172,
6232–6238

3 Beliaev, A.S. and Saffarini, D.A. (1998) Shewanella putrefaciens mtrB
encodes an outer membrane protein required for Fe(III) and Mn(IV)
reduction. J. Bacteriol. 180, 6292–6297

4 Beliaev, A.S., Saffarini, D.A., McLaughlin, J.L. and Hunnicutt, D. (2001)
MtrC, an outer membrane decahaem c cytochrome required for metal
reduction in Shewanella putrefaciens MR-1. Mol. Microbiol. 39,
722–730

5 Bretschger, O., Obraztsova, A., Sturm, C.A., Chang, I.S., Gorby, Y.A.,
Reed, S.B., Culley, D.E., Reardon, C.L., Barua, S., Romine, M.F. et al.
(2007) Current production and metal oxide reduction by Shewanella
oneidensis MR-1 wild type and mutants. Appl. Environ. Microbiol. 73,
7003–7012

6 Coursolle, D. and Gralnick, J.A. (2010) Modularity of the Mtr
respiratory pathway of Shewanella oneidensis strain MR-1. Mol.
Microbiol. 77, 995–1008

7 Gorby, Y.A., Yanina, S., McLean, J.S., Rosso, K.M., Moyles, D.,
Dohnalkova, A., Beveridge, T.J., Chang, I.S., Kim, B.H., Kim, K.S. et al.
(2006) Electrically conductive bacterial nanowires produced by
Shewanella oneidensis strain MR-1 and other microorganisms. Proc.
Natl. Acad. Sci. U.S.A. 103, 11358–11363

8 Lies, D.P., Hernandez, M.E., Kappler, A., Mielke, R.E., Gralnick, J.A. and
Newman, D.K. (2005) Shewanella oneidensis MR-1 uses overlapping
pathways for iron reduction at a distance and by direct contact under
conditions relevant for biofilms. Appl. Environ. Microbiol. 71,
4414–4426

9 Myers, C.R. and Myers, J.M. (1997) Outer membrane cytochromes of
Shewanella putrefaciens MR-1: spectral analysis, and purification of
the 83-kDa c-type cytochrome. Biochim. Biophys. Acta 1326, 307–318

10 Myers, C.R. and Myers, J.M. (1997) Cloning and sequence of cymA, a
gene encoding a tetraheme cytochrome c required for reduction of
iron(III), fumarate, and nitrate by Shewanella putrefaciens MR-1.
J. Bacteriol. 179, 1143–1152

11 Reardon, C.L., Dohnalkova, A.C., Nachimuthu, P., Kennedy, D.W.,
Saffarini, D.A., Arey, B.W., Shi, L., Wang, Z., Moore, D., McLean, J.S.
et al. (2010) Role of outer-membrane cytochromes MtrC and OmcA in
the biomineralization of ferrihydrite by Shewanella oneidensis MR-1.
Geobiology 8, 56–68

12 Mitchell, A.C., Peterson, L., Reardon, C.L., Reed, S.B., Culley, D.E.,
Romine, M.R. and Geesey, G.G. (2012) Role of outer membrane
c-type cytochromes MtrC and OmcA in Shewanella oneidensis MR-1
cell production, accumulation, and detachment during respiration on
hematite. Geobiology 10, 355–370

13 Field, S.J., Dobbin, P.S., Cheesman, M.R., Watmough, N.J., Thomson,
A.J. and Richardson, D.J. (2000) Purification and magneto-optical
spectroscopic characterization of cytoplasmic membrane and outer
membrane multiheme c-type cytochromes from Shewanella
frigidimarina NCIMB400. J. Biol. Chem. 275, 8515–8522

14 Schwalb, C., Chapman, S.K. and Reid, G.A. (2003) The tetraheme
cytochrome CymA is required for anaerobic respiration with dimethyl
sulfoxide and nitrite in Shewanella oneidensis. Biochemistry 42,
9491–9497

15 Marritt, S.J., Lowe, T.G., Bye, J., McMillan, D.G., Shi, L., Fredrickson, J.,
Zachara, J., Richardson, D.J., Cheesman, M.R., Jeuken, L.J. and Butt, J.N.
(2012) A functional description of CymA, an electron-transfer hub
supporting anaerobic respiratory flexibility in Shewanella. Biochem. J.
444, 465–474

16 Hartshorne, R.S., Reardon, C.L., Ross, D., Nuester, J., Clarke, T.A., Gates,
A.J., Mills, P.C., Fredrickson, J.K., Zachara, J.M., Shi, L. et al. (2009)
Characterization of an electron conduit between bacteria and the
extracellular environment. Proc. Natl. Acad. Sci. U.S.A. 106,
22169–22174

17 Pitts, K.E., Dobbin, P.S., Reyes-Ramirez, F., Thomson, A.J., Richardson,
D.J. and Seward, H.E. (2003) Characterization of the Shewanella
oneidensis MR-1 decaheme cytochrome MtrA: expression in
Escherichia coli confers the ability to reduce soluble Fe(III) chelates. J.
Biol. Chem. 278, 27758–27765

18 Coursolle, D., Baron, D.B., Bond, D.R. and Gralnick, J.A. (2010) The Mtr
respiratory pathway is essential for reducing flavins and electrodes in
Shewanella oneidensis. J. Bacteriol. 192, 467–474

19 Lower, B.H., Yongsunthon, R., Shi, L., Wildling, L., Gruber, H.J.,
Wigginton, N.S., Reardon, C.L., Pinchuk, G.E., Droubay, T.C., Boily, J.F.
and Lower, S.K. (2009) Antibody recognition force microscopy shows
that outer membrane cytochromes OmcA and MtrC are expressed on
the exterior surface of Shewanella oneidensis MR-1. Appl. Environ.
Microbiol. 75, 2931–2935

20 Myers, C.R. and Myers, J.M. (2003) Cell surface exposure of the outer
membrane cytochromes of Shewanella oneidensis MR-1. Lett. Appl.
Microbiol. 37, 254–258

21 Meitl, L.A., Eggleston, C.M., Colberg, P.J. S., Khare, N., Reardon, C.L. and
Shi, L. (2009) Electrochemical interaction of Shewanella oneidensis
MR-1 and its outer membrane cytochromes OmcA and MtrC with
hematite electrodes. Geochim. Cosmochim. Acta 2009, 5292–5307

22 Shi, L., Chen, B., Wang, Z., Elias, D.A., Mayer, M.U., Gorby, Y.A., Ni, S.,
Lower, B.H., Kennedy, D.W., Wunschel, D.S. et al. (2006) Isolation of a
high-affinity functional protein complex between OmcA and MtrC:
two outer membrane decaheme c-type cytochromes of Shewanella
oneidensis MR-1. J. Bacteriol. 188, 4705–4714

23 Xiong, Y., Shi, L., Chen, B., Mayer, M.U., Lower, B.H., Londer, Y., Bose,
S., Hochella, M.F., Fredrickson, J.K. and Squier, T.C. (2006) High-affinity
binding and direct electron transfer to solid metals by the Shewanella
oneidensis MR-1 outer membrane c-type cytochrome OmcA. J. Am.
Chem. Soc. 128, 13978–13979

24 von Canstein, H., Ogawa, J., Shimizu, S. and Lloyd, J.R. (2008)
Secretion of flavins by Shewanella species and their role in
extracellular electron transfer. Appl. Environ. Microbiol. 74, 615–623

25 Marsili, E., Baron, D.B., Shikhare, I.D., Coursolle, D., Gralnick, J.A. and
Bond, D.R. (2008) Shewanella secretes flavins that mediate
extracellular electron transfer. Proc. Natl. Acad. Sci. U.S.A. 105,
3968–3973

26 Fredrickson, J.K., Romine, M.F., Beliaev, A.S., Auchtung, J.M., Driscoll,
M.E., Gardner, T.S., Nealson, K.H., Osterman, A.L., Pinchuk, G., Reed,
J.L. et al. (2008) Towards environmental systems biology of
Shewanella. Nat. Rev. Microbiol. 6, 592–603

27 Fredrickson, J.K. and Zachara, J.M. (2008) Electron transfer at the
microbe–mineral interface: a grand challenge in biogeochemistry.
Geobiology 6, 245–243

28 Richardson, D.J. (2000) Bacterial respiration: a flexible process for a
changing environment. Microbiology 146, 551–571

29 Shi, L., Richardson, D.J., Wang, Z., Kerisit, S.N., Rosso, K.M., Zachara,
J.M. and Fredrickson, J.K. (2009) The roles of outer membrane
cytochromes of Shewanella and Geobacter in extracellular electron
transfer. Environ. Microbiol. Rep. 1, 220–227

30 Shi, L., Squier, T.C., Zachara, J.M. and Fredrickson, J.K. (2007)
Respiration of metal (hydr)oxides by Shewanella and Geobacter: a
key role for multihaem c-type cytochromes. Mol. Microbiol. 65, 12–20

31 Shi, L., Rosso, K.M., Clarke, T.A., Richardson, D.J., Zachara, J.M. and
Fredrickson, J.K. (2012) Molecular underpinnings of Fe(III) oxide
reduction by Shewanella oneidensis MR-1. Front Microbiol. 3, 50

32 Ross, D.E., Flynn, J.M., Baron, D.B., Gralnick, J.A. and Bond, D.R. (2011)
Towards electrosynthesis in Shewanella: energetics of reversing the
mtr pathway for reductive metabolism. PLoS ONE 6, e16649

32a Clarke, T.A., Edwards, M.J., Gates, A.J., Hall, A., White, G.F., Bradley, J.,
Reardon, C.L., Shi, L., Beliaev, A.S., Marshall, M.F. et al. (2011)
Structure of a bacterial cell surface decaheme electron conduit. Proc.
Natl. Acad. Sci. U.S.A. 108, 9384–9389

C©The Authors Journal compilation C©2012 Biochemical Society



Electron Transfer at the Microbe–Mineral Interface 1267

33 Gralnick, J.A., Vali, H., Lies, D.P. and Newman, D.K. (2006) Extracellular
respiration of dimethyl sulfoxide by Shewanella oneidensis strain
MR-1. Proc. Natl. Acad. Sci. U.S.A. 103, 4669–4674

34 Jiao, Y. and Newman, D.K. (2007) The pio operon is essential for
phototrophic Fe(II) oxidation in Rhodopseudomonas palustris TIE-1.
J. Bacteriol. 189, 1765–1773

35 Liu, J., Wang, Z., Belchik, S.M., Edwards, M.J., Liu, C., Kennedy, D.W.,
Merkley, E.D., Lipton, M.S., Butt, J.N., Richardson, D.J. et al. (2012)
Identification and characterization of MtoA: a decaheme c-type
cytochrome of the neutrophilic Fe(II)-oxidizing bacterium
Sideroxydans lithotrophicus ES-1. Front. Microbiol. 3, 37

36 Shi, L., Potts, M. and Kennelly, P.J. (1998) The serine, threonine,
and/or tyrosine-specific protein kinases and protein phosphatases of
prokaryotic organisms: a family portrait. FEMS Microbiol. Rev. 22,
229–253

37 Shi, L. and Zhang, W. (2004) Comparative analysis of eukaryotic-type
protein phosphatases in two streptomycete genomes. Microbiology
150, 2247–2256

38 Finneran, K.T., Johnsen, C.V. and Lovley, D.R. (2003) Rhodoferax
ferrireducens sp. nov., a psychrotolerant, facultatively anaerobic
bacterium that oxidizes acetate with the reduction of Fe(III). Int. J.
Syst. Evol. Microbiol. 53, 669–673

39 Knight, V.V. and Blakemore, R. (1998) Reduction of diverse electron
acceptors by Aeromonas hydrophila. Arch. Microbiol. 169, 239–248

40 Nolan, M., Sikorski, J., Davenport, K., Lucas, S., Del Rio, T.G., Tice, H.,
Cheng, J.F., Goodwin, L., Pitluck, S., Liolios, K. et al. (2010) Complete
genome sequence of Ferrimonas balearica type strain (PAT). Stand.
Genomic Sci. 3, 174–182

41 Ross, D.E., Ruebush, S.S., Brantley, S.L., Hartshorne, R.S., Clarke, T.A.,
Richardson, D.J. and Tien, M. (2007) Characterization of
protein–protein interactions involved in iron reduction by Shewanella
oneidensis MR-1. Appl. Environ. Microbiol. 73, 5797–5808

42 Challacombe, J.F., Eichorst, S.A., Hauser, L., Land, M., Xie, G. and
Kuske, C.R. (2011) Biological consequences of ancient gene
acquisition and duplication in the large genome of Candidatus
Solibacter usitatus Ellin6076. PLoS ONE 6, e24882

43 Jones, M.K. and Oliver, J.D. (2009) Vibrio vulnificus: disease and
pathogenesis. Infect. Immun. 77, 1723–1733

44 Naughton, L.M., Blumerman, S.L., Carlberg, M. and Boyd, E.F. (2009)
Osmoadaptation among Vibrio species and unique genomic features
and physiological responses of Vibrio parahaemolyticus. Appl.
Environ. Microbiol. 75, 2802–2810

45 Chakraborty, R., O’Connor, S.M., Chan, E. and Coates, J.D. (2005)
Anaerobic degradation of benzene, toluene, ethylbenzene, and
xylene compounds by Dechloromonas strain RCB. Appl. Environ.
Microbiol. 71, 8649–8655

46 Emerson, D. and Moyer, C. (1997) Isolation and characterization of
novel iron-oxidizing bacteria that grow at circumneutral pH. Appl.
Environ. Microbiol. 63, 4784–4792

47 Emerson, D., Rentz, J.A., Lilburn, T.G., Davis, R.E., Aldrich, H., Chan, C.
and Moyer, C.L. (2007) A novel lineage of proteobacteria involved in
formation of marine Fe-oxidizing microbial mat communities. PLoS
ONE 2, e667

Received 11 April 2012
doi:10.1042/BST20120098

C©The Authors Journal compilation C©2012 Biochemical Society


