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Abstract 

Electrochemically active bacteria (EAB) receive considerable attention in sustainable biotechnology, since they are 
essential components in microbial fuel cells (MFCs) that are able to generate electricity from biomass wastes. EAB 
are also expected to be applied to the production of valued chemicals in microbial electrosynthesis systems (MESs) 
with the supply of electric energy from electrodes. It is, therefore, important to deepen our understanding of EAB in 
terms of their physiology, genetics and genomics. Knowledge obtained in these studies will facilitate the engineering 
of EAB for developing more efficient biotechnology processes. In this article, we summarize current knowledge on 
Shewanella oneidensis MR-1, a representative EAB extensively studied in the laboratory. Studies have shown that cata-
bolic activities of S. oneidensis MR-1 are well tuned for efficiently conserving energy under varied growth conditions, 
e.g., different electrode potentials, which would, however, in some cases, hamper its application to biotechnology 
processes. We suggest that understanding of molecular mechanisms underlying environmental sensing and catabolic 
regulation in EAB facilitates their biotechnological applications.
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Introduction
Electrochemically active bacteria (EAB) are capable of 
electric interactions with extracellularly located redox-
active materials, such as electrodes (Chang et  al. 2006; 
Sydow et  al. 2014). Owing to their abilities to catalyze 
various intracellular catabolic reactions with the aid of 
electrodes, EAB serves as essential components in bio-
electrochemical systems (BESs), including microbial 
fuel cells (MFCs) and microbial electrosynthesis systems 
(MESs) (Schröder et al. 2015). MFCs are devices that use 
EAB as catalysts for the oxidative conversion of fuels, 
including organic compounds, into electricity (Logan 
et al. 2006; Watanabe 2008), and are regarded as a prom-
ising technology for energy-saving wastewater treat-
ment (Lefebvre et al. 2011; Yoshizawa et al. 2014). MESs 

are engineered systems in which EAB catalyze reductive 
reactions for producing valued chemicals using electric-
ity as an energy source (Nevin et  al. 2010; Rabaey and 
Rozendal 2010). The application of EAB in biotechnology, 
therefore, offers the potential to develop new technolo-
gies for producing energy and chemicals from sustainable 
resources, and extensive studies have been conducted to 
deepen our understanding on the physiology, genetics, 
and genomics of EAB towards their practical applications 
(for reviews, refer to Fredrickson et al. 2008; Lovley 2012; 
Sydow et al. 2014; Kouzuma et al. 2015, 2018).

Although many EAB have been isolated and character-
ized in the laboratory (Doyle and Marsili 2015; Kokko 
et al. 2016; Ueoka et al. 2018), our knowledge on molecu-
lar mechanisms underlying electrochemical interactions 
of EAB with electrodes has mostly been gained in stud-
ies using model EAB, including Shewanella oneidensis 
MR-1 and Geobacter sulfurreducens PCA (Sydow et  al. 
2014). These bacteria were originally isolated as dissimi-
latory metal-reducing bacteria that can respire using 

Open Access

*Correspondence:  kazuyaw@toyaku.ac.jp 
1 School of Life Sciences, Tokyo University of Pharmacy and Life Sciences, 
1432‑1 Horinouchi, Hachioji, Tokyo 192‑0392, Japan
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40643-019-0245-9&domain=pdf


Page 2 of 15Hirose et al. Bioresour. Bioprocess.            (2019) 6:10 

insoluble metal oxides as electron acceptors (Myers and 
Nealson 1988; Caccavo et al. 1994), and later studies have 
shown that they can also transfer electrons to electrodes 
and generate current in MFCs without adding electron-
shuttle compounds (Kim et  al. 1999; Bond and Lovley 
2003). It has been discovered that these EAB intrinsically 
possess extracellular electron transfer (EET) pathways, 
consisting mainly of periplasmic and membrane-bound 
cytochromes, which serve as conduits between intracel-
lular catabolic reactions and extracellular conductive 
materials (e.g., electrodes) (Shi et al. 2016). Comparative 
evaluation of activities of different EAB in same BESs is 
limited (Newton et al. 2009; Kato et al. 2013).

Shewanella oneidensis MR-1 is a facultative anaerobe 
belonging to the Gammaproteobacteria (Venkateswaran 
et  al. 1999) and is one of the most extensively studied 
EAB due to its annotated genome sequence (Heidelberg 
et al. 2002) and ease of cultivation and genetic manipula-
tion (Sydow et al. 2014). Genetic and biochemical studies 
have revealed that MR-1 has well-developed respiratory 
networks for efficiently discharging electrons to various 
organic and inorganic electron acceptors, e.g., oxygen, 
fumarate, nitrate, thiosulfate, trimethylamine N-oxide 
[TMAO], dimethyl sulfoxide [DMSO], and solid-phase 
electron acceptors, such as metal oxides and electrodes 
(Fredrickson et al. 2008; Sturm et al. 2015). Since MR-1 
is also able to accept electrons from a low potential elec-
trode through the EET pathway (Ross et  al. 2011), this 
strain is expected to serve as a host for synthesizing val-
ued chemicals in MES. In addition, studies have indicated 
that MR-1 has well-developed environment-sensing and 
regulatory systems (Kouzuma et  al. 2015) that are used 
to modulate catabolic pathways and biofilm structures 
in response to environmental stimuli, including shifts in 
electrode potentials (Hirose et  al. 2018; Kitayama et  al. 
2017). The abilities to sense and respond to electrode 
potentials are considered to be particularly important 
features of this bacterium, since underlying mechanisms 
can be used for the electrochemical control of bacterial 
metabolism in BESs. For these reasons, MR-1 is suitable 
as a model for investigating how EAB interact with elec-
trodes and regulate their metabolism in BESs.

In this article, we summarize current knowledge on S. 
oneidensis MR-1 with particular focuses on its catabolic 
and electron-transport pathways, sensing and regula-
tory systems and biofilm structures. We also describe the 
metabolic engineering of this strain for future biotech-
nological applications. By summarizing results of these 
studies, we suggest that molecular-level understanding 
of this model bacterium provides information indispen-
sable for engineering EAB for future use in sustainable 
biotechnology processes. The aim of this article is not to 
summarize current knowledge on MFCs and other BESs, 

for which readers are referred to other articles (e.g., San-
toro et al. 2017; Li et al. 2018b; Kouzuma et al. 2018).

Catabolic and electron‑transport pathways
The level of electric current generated by S. oneidensis 
MR-1 in BES is dependent on its catabolic activity. It has 
been known that MR-1 is able to utilize low molecular-
weight organic compounds as substrates for the cur-
rent generation, including lactate, pyruvate, formate, 
and N-acetylglucosamine (NAG) (Kouzuma et al. 2015). 
These substrates are completely oxidized to CO2 via the 
tricarboxylic acid (TCA) cycle under aerobic conditions, 
while they are partially oxidized to form acetate as the 
major end product under anaerobic conditions, includ-
ing electricity-generating conditions (Kouzuma et  al. 
2015). Catabolic electron-transport pathways in MR-1 
have extensively been studied (Fig.  1), and this chapter 
summarizes current knowledge on these pathways with 
focuses on their unique features.

MR-1 is unable to utilize glucose, the major starting 
material in many biotechnology processes (Naik et  al. 
2010), as a catabolic substrate due to the lack of func-
tional glucose transporters (Nakagawa et  al. 2015). The 
Embden–Meyerhof–Parnas (EMP) and Entner–Dou-
doroff (ED) pathways are the two known glucose cata-
bolic pathways in organisms, while the ATP yield per 
mole of glucose in the EMP pathway (2 ATP) is higher 
than that in the ED pathway (1 ATP), indicating that the 
ED pathway is a low energy-yield process (Aristidou and 
Penttilä 2000). Genome analysis of MR-1 has revealed 
that 6-phosphofructokinase, an essential enzyme in the 
EMP pathway, is not present (Rodionov et  al. 2011). In 
contrast, all genes necessary for reconstructing the ED 
pathway are identified in the MR-1 genome, and NAG is 
catabolized via the ED pathway. NAG is an intermediate 
metabolite in the chitin-degradation pathway in aquatic 
bacteria, and most strains in the genus Shewanella are 
able to grow on and generate current from NAG (Yang 
et  al. 2006; Zhao et  al. 2010). In addition, MR-1 has a 
gene (SO_4085) for chitinase A, a chitin-degradation 
enzyme, and generates current, albeit at a low level, with 
chitin as the sole substrate (Li et al. 2017b).

NagP (SO_3503) is a NAG permease, a transporter 
protein categorized into neither the phosphoenolpyru-
vate carbohydrate phosphotransferase system nor the 
ABC transporter (Yang et  al. 2006). For transporting 
1 mol of NAG, NagP consumes 1 mol of ATP and pro-
duces 1 mol of fructose-6P that is further catabolized in 
the ED pathway. Interestingly, it has been documented 
that aerobic cultivation of MR-1 in glucose-rich media 
promoted laboratory evolution for the acquisition of glu-
cose-utilizing capacity (Howard et  al. 2012). The whole 
genome analysis identified a mutation in transcriptional 
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repressor NagR (SO_3516) in the evolved strain (Chubiz 
and Marx 2017). NagR regulates the expression of nagP 
and nagK, a gene encoding a NAG kinase (SO_3507), and 
the study has shown that the deletion of nagR promotes 
the expression of nagP and nagK and the catabolism of 
glucose. In addition, several studies employed bioengi-
neering approaches (genetic supplementation of MR-1 

with genes for glucose transporter and glucokinase) to 
construct glucose-utilizing strains from MR-1 (Choi et al. 
2014; Nakagawa et al. 2015).

Xylose is abundantly present in nature as a major 
component of the plant cell wall (Scheller 2017), and 
some bacteria are able to catabolize xylose. The MR-1 
genome encodes genes for xylose reductase (SO_0900) 
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Fig. 1  Catabolic pathways in S. oneidensis MR-1. Growth substrates and end metabolites are highlighted with boxes, while missing steps are 
indicated with gray dashed arrows. *Enzymes whose gene expression is regulated by the Arc system (Gao et al. 2008); †enzymes whose gene 
expression is regulated by the cAMP/CRP system (Charania et al. 2009). NAG: N-acetylglucosamine; NAG-6P: N-acetylglucosamine-6-phosphate; 
KDG-6P: 2-keto-3-deoxygluconate 6-phosphate; PEP: phosphoenolpyruvate; Q: quinone; QH2: quinol; NagP: N-acetylglucosamine transporter; NagK: 
N-acetylglucosamine kinase; NagA: N-acetylglucosamine-6-phosphate deacetylase; NagB: glucosamine/fructose-6-phosphate aminotransferase; 
Fbp: fructose-1,6-bisphosphatase; Fba: fructose-bisphosphate aldolase; TpiA: triosephosphate isomerase; Pgi: glucose-6-phosphate isomerase; 
Zwf: glucose-6-phosphate 1-dehydrogenase; Edd: phosphogluconate dehydratase; Eda: 2-dehydro-3-deoxyphosphogluconate aldolase/
(4S)-4-hydroxy-2-oxoglutarate aldolase; PpsA: pyruvate, water dikinase; PckA: phosphoenolpyruvate carboxykinase; Pdh: pyruvate dehydrogenase; 
GltA: citrate synthase; Acn: aconitate hydratase; Icd: isocitrate dehydrogenase; SucAB: 2-oxoglutarate dehydrogenase; SucCD: succinyl-CoA 
synthetase; Sdh: succinate dehydrogenase/fumarate reductase; Fum: fumarate reductase; Mdh: malate dehydrogenase; AceB: malate synthase; 
AceA: isocitrate lyase; Pta: phosphate acetyltransferase; AckA: acetate kinase; Acs: acetyl-CoA synthetase; Fdh: formate dehydrogenase; Dld: d-lactate 
dehydrogenase, quinone dependent; Lld: l-lactate dehydrogenase; LdhA: d-lactate dehydrogenase, NAD dependent; Glf: glucose uniporter; GalP: 
galactose:H+ symporter; Glk: glucokinase; Xks1: xylulokinase; Xyl2: xylitol dehydrogenase; Xyl1: NAD(P)H-dependent xylose reductase
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and xylulokinase (SO_4230) (Sekar et  al. 2016), while 
a gene for xylose transporter is not present. Adaptive 
evolution is a powerful tool to confer a missing func-
tion on a bacterial strain, and a xylose-utilizing mutant 
was obtained from MR-1 after incubation in media con-
taining a high concentration of xylose (Sekar et al. 2016). 
Whole genome sequencing revealed a single nucleotide 
mutation in a gene encoding unknown membrane pro-
tein (SO_1396), which resulted in the substitution of a 
glutamate residue to histidine and conferred the activ-
ity to bind to and transport xylose (Sekar et  al. 2016). 
Li et  al. (2017a) exploited a synthetic-biology approach 
(the introduction of genes for xylose facilitator, d-xylose 
reductase, xylitol dehydrogenase and d-xylulokinase 
from Candida intermedia and Scheffersomyces stipites) 
to construct an MR-1 derivative able to generate current 
form xylose.

Pyruvate is a major product of glycolysis and utilized 
in diverse catabolic and anabolic pathways, including 
gluconeogenesis, pyruvate fermentation, amino-acid bio-
synthesis and the TCA cycle. Among known enzymes for 
pyruvate oxidation, MR-1 has a pyruvate dehydrogenase 
complex (PDH, comprised of AceEF and LpdA, SO_0424 
to SO_0426) and pyruvate formate lyase (Pfl, SO_2912). 
The PDH complex is composed of pyruvate dehydroge-
nase, dehydrolipoate acyltransferase and dihydrolipoate 
dehydrogenase and catalyzes NAD-dependent oxidative 
decarboxylation of pyruvate to form acetyl-CoA, CO2 
and NADH mostly in association with aerobic respiration 
(Pinchuk et al. 2011). In contrast, Pfl catalyzes the oxida-
tion of pyruvate to form acetyl-CoA and formate and is 
a key enzyme in diverse anaerobes (Knappe et al. 1984). 
Carbon-flux and deletion-mutant analyses showed that 
oxygen inactivates the Pfl-dependent pathway and facili-
tates the NAD-dependent oxidation of pyruvate to CO2 
and acetyl-CoA (Tang et  al. 2007; Pinchuk et  al. 2011). 
PflA, a Pfl-activating enzyme encoded by SO_2913 is also 
known to be oxygen sensitive (Tang et al. 2007; Crain and 
Broderick 2014).

Formate is a key intermediate metabolite in anaerobic 
microbiota, including those in MFCs (Luo et al. 2016). 
In MR-1, formate transporter FocA (SO_2911) trans-
fers formate from cytoplasm to periplasm, followed by 
the oxidation of formate by membrane-bound three-
subunit formate dehydrogenases (FDHs), composed 
of a formate-catalytic α subunit, iron-sulfur β subunit 
and cytochrome b-containing γ subunit. The genome 
of MR-1 encodes three FDH genes, fdnGHI (SO_0101 
to SO_0103), fdhABC1 (SO_4509 to SO_4511) and 
fdhABC2 (SO_4513 to SO_4515). An FDH complex 
oxidizes formate to CO2 at the periplasmic space with 
membrane quinones as electron acceptors and gen-
erates the proton motive force (PMF) (Kane et  al. 

2016). Although there is no well-established idea on 
how MR-1 differentially uses these FDHs, it has been 
known that Fdn does not work in minimal media sup-
plemented with NAG and fumarate (Kane et al. 2016). 
Fdn in MR-1 is a homologue of nitrate-inducible for-
mate dehydrogenase FDH-N in Escherichia coli (Jor-
makka et  al. 2002), suggesting that nitrate reduction 
would induce the expression of fdnGHI. MR-1 may 
also have an NAD-dependent formate dehydrogenase 
(SO_3922), while it has been reported that this gene 
does not significantly affect catabolism in MR-1 (Li 
et  al. 2018a). However, it has also been described that 
the introduction of NAD-dependent FDH in Moraxella 
sp. increases the current density in MFC (Mordkovich 
et al. 2013).

Diverse anaerobic bacteria have hydrogenases that cat-
alyze reversible oxidation of hydrogen to proton (Wang 
et al. 2003; Das and Veziroglu 2008; Drake et al. 2008). In 
addition, it is known that catalytic and electron-transfer 
subunits of formate-hydrogen lyase (FHL), hydrogenase 
and formate dehydrogenase are linked to each other, 
enhancing the efficiency of electron transfer between 
hydrogen production and formate oxidation (Redwood 
et  al. 2008; Mcdowall et  al. 2014). Several reports have 
described that MR-1 utilizes hydrogen as an electron 
donor under fumarate, azo-dye and solid-metal reducing 
conditions and as an electron sink in the absence of elec-
tron acceptors (Liu et  al. 2002; Meshulam-Simon et  al. 
2007; Le Laz et al. 2014). In MR-1, hydrogen production 
and consumption are catalyzed by two types of hydro-
genase, namely, [Fe/Ni] hydrogenase (Hya, SO_2089 to 
SO_2099) and [Fe/Fe] hydrogenase (Hyd, SO_3920 to 
SO_3926), and these enzymes contribute to the main-
tenance of intracellular redox states and the conserva-
tion of energy coupled to the reducing-power recycling 
(Kreuzer et al. 2014). MR-1 is considered to differentially 
utilize these hydrogenases depending on the oxygen par-
tial pressure (Kreuzer et al. 2014); Hya seems to be able 
to produce hydrogen under microaerobic and anaero-
bic conditions, while Hyd specifically and dominantly 
work under strict anaerobic conditions. On the other 
hand, hydrogen consumption is mainly catalyzed by Hya 
(Meshulam-Simon et al. 2007). In BESs, hydrogenases are 
considered to play important roles in discharging intra-
cellular reducing equivalents as hydrogen and ingest-
ing hydrogen as an energy source (Croese et  al. 2014). 
It is known that hydrogen is produced at the surface of 
cathodic electrodes and serves as the reducing power for 
carbon fixation by autotrophs (Aulenta et al. 2008; Nevin 
et al. 2010). MR-1 is also able to utilize molecular hydro-
gen generated at a cathode, which promotes current gen-
eration and growth in BESs (Hirose et  al. unpublished 
results).
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Under electron-acceptor limitation, pyruvate is 
reduced to lactate by NADH-dependent fermentative lac-
tate dehydrogenase (LDH) encoded by ldhA (SO_0968) 
(Pinchuk et  al. 2011). Analyses of a glucose-utilizing 
derivative of MR-1 indicated that LdhA is involved in 
the lactate fermentation in glucose-amended media 
(Nakagawa et al. 2015). In contrast, for the oxidation of 
lactate, MR-1 utilizes stereospecific LDH, including l-
LDH (LldEFG, SO_1520 to SO_1518) and d-LDH (Dld, 
SO_1521) (Pinchuk et al. 2009). Dld is an FAD-dependent 
bidirectional LDH that transfers electrons to the mem-
brane quinone pool. This enzyme is co-expressed with 
a putative lactate permease encoded by lldP (SO_1522) 
(Kasai et al. 2017), indicating that the D-lactate uptake is 
tightly linked to the consumption by Dld. Lld is a three-
subunit enzyme whose expression is regulated by tran-
scriptional regulator LlpR (SO_3460) that is activated by 
l-lactate. In contrast, Dld is regulated by a cyclic AMP 
(cAMP)-dependent global regulatory system (Kasai et al. 
2017). This may be because d-lactate is the major prod-
uct of lactate fermentation in many fermentative bacteria 
(Brutinel and Gralnick 2012) and more commonly sup-
plied to MR-1 than l-lactate.

Acetyl-CoA can be incorporated into the TCA cycle. In 
MR-1, the TCA cycle, which includes NADH-dependent 
redox enzymes, isocitrate dehydrogenase (icd, SO_1538), 
2-oxoglutarate dehydrogenase (sucAB, SO_1930 to 
SO_1931), malate dehydrogenase (mdh, SO_0770), func-
tions only under aerobic conditions. Transcriptomics, 
proteomics and metabolomics analyses showed that the 
level of 2-oxoglutarate dehydrogenase is significantly 
decreased under anaerobic conditions, resulting in an 
incomplete cycle (Tang et al. 2007; Grobbler et al. 2015; 
Hirose et al. 2018). The TCA cycle of MR-1 has a branch-
ing node at 2-oxoglutarate that is converted to malate 
and succinate by AceAB (SO_1483 to SO_1484) without 
producing NADH under reductive conditions (Kouzuma 
et  al. 2015). The TCA cycle in MR-1 is, therefore, una-
ble to oxidize acetyl-CoA to form CO2 under anaerobic 
conditions, resulting in the accumulation of acetate as 
the major end product (Kouzuma et al. 2015). In anaer-
obic cultures of MR-1, acetyl-CoA is mainly catalyzed 
by Pta (SO_2916) and AckA (SO_2915) to form acetate 
via acetyl phosphate with the production of ATP by the 
substrate-level phosphorylation (Hunt et  al. 2010). In 
contrast, other EAB, including Geobacter spp. and She-
wanella algae, are able to oxidize acetate to CO2 coupled 
to metal respiration, since the complete TCA cycle is 
operational in these bacteria even under anaerobic con-
ditions (Bond and Lovley 2003; Szeinbaum et al. 2017).

Reducing equivalents (NADH and quinols) gener-
ated in the catabolic pathways are transferred to res-
piratory electron acceptors via NADH dehydrogenases 

and electron-transfer networks (Fig.  2). MR-1 has three 
different types of NADH dehydrogenases (NDH); type1 
NDH (Nuo, SO_1009 to SO_1021) that translocates two 
protons per electron, type II NDH (Ndh, SO_3517) that 
does not translocate proton, and two type III NDH (Nqr1, 
SO_0902 to SO_0907, and Nqr2, SO_1103 to SO_1108) 
that translocates one Na+ per electron. Most freshwa-
ter bacteria are known to possess proton-translocating 
NDHs, while marine bacteria possess Na+-translocating 
NDHs; on the other hand, bacteria that have three differ-
ent types of NDHs are scarce (Melo et al. 2004). Although 
limited knowledge is available concerning the respective 
roles of these NDHs in MR-1, it has been reported that 
Nuo and Nqr2 preferentially work under aerobic condi-
tions (Duhl et  al. 2018). A recent study has also found 
that Nuo is preferentially utilized at high electrode poten-
tials in BESs (Hirose et al. 2018).

MR-1 is able to utilize various organic and inorganic 
electron acceptors (e.g., oxygen, fumarate, nitrate, thio-
sulfate, TMAO, DMSO, solid metal oxides and elec-
trodes) (Fredrickson et  al. 2008; Sturm et  al. 2015), and 
reconstructed electron-transfer networks are shown in 
Fig.  2. Membrane quinones (ubiquinones and menaqui-
nones) are reduced by membrane-bound dehydroge-
nases, including NDHs, LDHs, and FDHs, and activities 
of these dehydrogenases are known to be affected by 
external redox states (Hirose et  al. 2018). For instance, 
in the presence of low-potential electrodes (e.g., below 
0 V vs. standard hydrogen electrode, SHE), electrons are 
mainly supplied to quinones by LDHs and FDHs, while 
NDH (Nuo) also contributes to the reduction of quinones 
in the presence of high-potential electrodes (e.g., above 
+ 0.4 V) (Hirose et al. 2018).

Electrons in quinols are transferred to periplasmic 
electron-transport proteins (small c-type cytochromes, 
such as STC [SO_2727] and FccA [SO_0970]) via cyto-
plasmic membrane-bound cytochromes, including 
CymA (SO_4591), and subsequently transferred to 
terminal reductases in the periplasm and those bound 
to the cytoplasmic membrane (Marritt et  al. 2012). 
MR-1 has a variety of terminal reductases, includ-
ing fumarate reductase (FccA, SO_0970), nitrate 
reductase (Nap, SO_0845 to SO_0849), nitrite reduc-
tase (NrfA, SO_3980), TMAO reductase (SO_1232 
to SO_1234), DMSO reductase (Dms, SO_1427 to 
SO_1432), cytochrome c oxidases (aa3 type [SO_4606 
to SO_4609] and cbb3 type [SO_2361 to SO_2364]) and 
bd-type cytochrome oxidase [SO_3285 to SO_3286]). 
In addition, MR-1 has outer-membrane cytochrome 
complexes (mtrBAC/omcA [SO_1776 to SO_1779] and 
mtrFED [SO_1780 to SO_1782]) that transfer elec-
trons to extracellular solid electron acceptors (the 
EET pathway), such as metal oxides and electrodes 
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in BESs (Bretschger et  al. 2007; Newton et  al. 2009). 
These terminal reductases are considered to compete 
against each other on electrons, and it has been dem-
onstrated that a double-knockout mutant of genes for 
cytochrome c oxidases (ΔSO_2364/SO_4607) gener-
ates more current in MFCs than the wild-type MR-1 
(Kouzuma et  al. 2012a). For efficient transfer of elec-
trons to external solid electron acceptors, MR-1 secrets 
electron-shuttle compounds, such as water-soluble qui-
nones (Newman and Kolter 2000) and riboflavin (Mar-
sili et al. 2008).

As outlined above, extensive studies have been per-
formed on enzymes and electron-transport proteins 
in S. oneidensis MR-1, and information thus obtained 
would serves as the basis for metabolic engineering of 
this strain for producing valued chemicals.

Sensing and regulatory systems
Studies have also reported sensing and regulatory sys-
tems that function in S. oneidensis MR-1. It has been 
known that, in MR-1, the expression of genes coding for 
catabolic and electron-transport pathways is mostly con-
trolled by global transcriptional regulators, such as an 
anoxic redox-control two-component system (Arc-TCS) 
and a cyclic AMP (cAMP) receptor protein (CRP). In this 
section, we focus on the roles of these global regulators in 
transcriptional regulation of the catabolic and electron-
transport pathways; those regulated by Arc-TCS and 
CRP are highlighted in Figs. 1 and 2.

Arc-TCS is extensively studied sensing systems that are 
known to regulate the expression of genes involved in the 
TCA cycle in enterobacteria, including E. coli (Georgellis 
et al. 2001). Arc-TCS in E. coli consists of sensor histidine 
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kinase ArcB and response regulator ArcA. Among them, 
ArcB recognizes the redox state of ubiquinone and 
menaquinone in the cytoplasmic membrane and modi-
fies its kinase activity (Georgellis et al. 2001). The kinase 
activity of ArcB is activated under reducing conditions, 
and ArcA is thus phosphorylated for regulating the 
expression of target genes. For instance, phosphorylated 
ArcA represses the expression of genes involved in the 
aerobic metabolism, such as the TCA cycle, and activates 
the expression of genes related to the anaerobic metabo-
lism, such as acid fermentation (Iuchi and Lin 1988; Gun-
salus and Park 1994).

In S. oneidensis MR-1, Arc-TCS is involved in regu-
lating a variety of cellular functions. Different from 
Arc-TCS in E. coli, however, that in MR-1 is comprised 
of three components, namely, sensor histidine kinase 
ArcS (SO_0577), phosphotransferase HptA (SO_1327) 
and response regulator ArcA (SO_3988) (Lassak et  al. 
2010). ArcS, localized in the cytoplasmic membrane, is 
a complex protein that possesses a periplasmic calcium 
channel, chemotaxis receptor domain (CaChe-domain), 
histidine kinase domain, two transmembrane domains, 
two cytoplasmic Per Arnt Sim (PAS)-sensing domains, 
and two receiver domains (Lassak et  al. 2013). ArcS 
senses the redox states of ubiquinone and/or menaqui-
none in the cytoplasmic membrane (Lassak et  al. 2010; 
Hirose et  al. 2018), and it has been suggested that the 
kinase activity of ArcS is activated, when cysteine resi-
dues in ArcS retain free thiol groups under reductive 
conditions (Lassak et  al.2010, 2013). HptA functions as 
phosphotransferase and transfers a phosphoryl group 
between ArcS and ArcA (Lassak et al. 2010, 2013). ArcA, 
a response regulator, has an N-terminal receiver domain 
of a phosphoryl group and a C-terminal DNA-binding 
domain (Lassak et al. 2013). Phosphorylated-ArcA binds 
to transcriptional regulatory regions of its target genes 
and regulates their transcription (Gao et al. 2008). Target 
genes of Arc-TCS in MR-1 are different from those in E. 
coli (Gao et al. 2008; Lassak et al. 2010, 2013); transcrip-
tion and proteome analyses have reported that expres-
sion levels of several anaerobic respiratory genes, such 
as nap, fccA, dms, mtrC, omcA and cymA, are decreased 
in an arcA-deletion mutant under anaerobic conditions 
(Gao et  al. 2008; Yuan et  al. 2012). However, it is likely 
that ArcA indirectly regulates the expression of omcA 
and mtrC, since ArcA-binding consensus sequences are 
not present in upstream regions of these genes (Gao 
et  al. 2008). A recent study has reported that Arc-TCS 
in MR-1 senses electrode potentials via membrane qui-
nones and directly or indirectly regulates the expres-
sion of many genes involved in energy conservation, e.g., 
PDH, Nuo NDH and ATP synthase (Hirose et al. 2018). 
Consequently, in the presence of a high-potential (e.g., 

+ 0.4 V and above) electrode, MR-1 preferentially utilizes 
the NADH-dependent pathway rather than the formate-
dependent pathway for intracellular electron transfer, 
resulting in the generation of a large PMF in the presence 
of a large electromotive force (Hirose et al. 2018).

CRP is also a well-known global transcriptional regula-
tor that is distributed among diverse organisms, includ-
ing bacteria. CRP activates or represses the transcription 
of target genes, when it binds to cAMP, a second messen-
ger of particular importance (Botsford and Harman 1992; 
Shimada et  al. 2011; Gancedo 2013). It has been sug-
gested that the activity of CRP depends on intracellular 
levels of cAMP that is synthesized by adenylate cyclase 
(Cya) and degraded by cAMP phosphodiesterase (Cpd). 
The CRP regulatory system in E. coli has extensively been 
studied and is known to control the expression of genes 
involved in catabolic pathways, such as glycolysis (Bots-
ford and Harman 1992; Hollands et al. 2007). In E. coli, 
the intracellular cAMP level is regulated by CyaA that 
synthesizes cAMP from ATP in the cytoplasm (Botsford 
and Harman 1992). In the absence of glucose, the cata-
lytic activity of CyaA is activated, and the intracellular 
cAMP concentration is increased, resulting in the activa-
tion of CRP-dependent expression of β-galactosidase, a 
regulatory circuit known as catabolite repression (Bots-
ford and Harman 1992).

Different from E. coli, S. oneidensis MR-1 uses CRP 
for regulating the expression of many genes for enzymes 
involved in the anaerobic respiration, such as fumarate, 
nitrate and nitrite reductases and the EET pathway (Saf-
farini et al. 2003; Charania et al. 2009; Kasai et al. 2015). It 
has been reported that a crp-deletion mutant exhibits the 
deficiency in anaerobic respiration with DMSO, fuma-
rate, nitrate and ferric iron (Saffarini et al. 2003; Chara-
nia et al. 2009). The expression of genes encoding the Mtr 
proteins (OmcA, MtrC, MtrA and MtrB) that constitute 
the EET pathway in MR-1 is directly regulated by CRP 
and upregulated in response to the increase in the intra-
cellular cAMP concentration (Kasai et al. 2015). Recently, 
it has also been found that the transcription of dld and 
lldP encoding d-lactate dehydrogenase and lactate per-
mease, respectively, is also regulated by CRP (Kasai et al. 
2017). The CRP-dependent coordinated expression of 
catabolic and respiratory pathways is considered to be 
beneficial for MR-1 to survive in nutrient-limited natural 
environments.

Based on the genome sequence, MR-1 is considered to 
possess three putative Cya (CyaA, CyaB and CyaC) (Fre-
drickson et al. 2008). A study has shown that, similar to 
the crp-deletion mutant, a cyaA/cyaC double-deletion 
mutant is unable to utilize several terminal electron 
acceptors, including DMSO, fumarate and ferric iron 
(Saffarini et  al. 2003; Charania et  al. 2009), and it has 
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been considered that CyaA and CyaC are responsible for 
synthesizing cAMP and activating CRP under anaerobic 
conditions. A cyaC single-deletion mutant exhibited a 
partial deficiency in anaerobic respiration, whereas the 
loss of cyaA did not substantially affect the anaerobic 
growth (Charania et al. 2009). Additionally, several genes 
involved in the anaerobic respiration (e.g., dms and mtr) 
and flagellum biosynthesis are shown to be down-regu-
lated in the cyaC-deletion mutant, suggesting that CyaC 
plays the central role in the activation of anaerobic res-
piration in MR-1 (Charania et  al. 2009). Several studies 
have also investigated roles of the cAMP/CRP regulatory 
system in MR-1 by constructing deletion mutants for 
CpdA, the major cAMP phosphodiesterase in this organ-
ism. Yin et al. (2016) have reported that a cpdA-deletion 
mutant exhibits impaired aerobic growth due to reduced 
expression of cytochrome bd and cbb3 oxidase genes. 
CpdA in MR-1 is also considered to be involved in the 
regulation of amino acid metabolism in a cAMP-inde-
pendent manner (Kasai et al. 2018). On the other hand, 
little is known about upper signaling cascades that regu-
late the activities of CyaC and CpdA, and further study is, 
therefore, necessary to understand the whole picture of 
the cAMP/CRP-regulatory system in MR-1.

In addition to Arc-TCS and CRP, electron trans-
port regulator (EtrA) and ferric uptake regulator (Fur) 
appear to affect the expression of genes involved in the 
anaerobic respiration. EtrA is an analogue of fumarate 
nitrate reduction regulator (Fnr) in E. coli and directly 
responds to environmental oxygen levels using a 4Fe-4S 
cluster (Crack et al. 2004; Moore et al. 2006). It has been 
reported that the expression of anaerobic respiratory 
genes, including mtr, cymA, nap, fccA and dms, in MR-1 
are decreased in an etrA-deletion mutant (Cruz-García 
et  al. 2011). Furthermore, EtrA appears to regulate the 
expression of catabolic pathways, such as gluconeogen-
esis and the TCA cycle (Cruz-García et al. 2011).

Fur is also known to affect the expression of the mtr 
genes. Fur senses the intracellular iron level and regulates 
the expression of many genes involved in iron homeosta-
sis and uptake (Griggs and Konisky 1989; Andrews et al. 
2003). In E. coli, Fur acts as an iron-responsive repressor 
and represses the transcription of target genes by bind-
ing to a specific sequence in promoter regions of these 
genes under iron-rich conditions (de Lorenzo et al. 1987). 
In MR-1, a study has demonstrated that the transcrip-
tion level of the mtr genes is decreased by iron depletion 
(Yang et al. 2009). In addition, it has also been reported 
that the transcription level of the mtr genes is decreased 
in a deletion mutant of a siderophore biosynthesis gene 
(SO_3030) under MnO2-reducing conditions (Kouzuma 
et  al. 2012b). These findings suggest that the intracellu-
lar iron level is important for the expression of the mtr 

genes. Furthermore, the expression level of the mtr gene 
is decreased in a fur-deletion mutant, and a Fur-binding 
site is predicted in the upstream region of omcA (Wan 
et al. 2004). However, another study has also shown that 
the expression of these genes is responsive to iron, but 
not to Fur (Yang et al. 2008).

Taken together, it is shown that Arc and CRP play cen-
tral roles in the regulation of the catabolic and electron-
transport pathways in MR-1, whereas the expression of 
these genes is also considered to be under the control 
of complex regulatory networks. For instance, it has 
been reported that the transcription of ArcA and EtrA is 
influenced by one another. (Gao et al. 2010). Despite the 
importance of these global regulators, however, knowl-
edge is limited as to how these regulators are controlled 
by upper signaling cascades. Further investigation is, 
therefore, needed to understand the whole regulatory 
networks that control the expression of catabolic and 
electron-transport pathways in MR-1.

Biofilm formation and electron transfer
Shewanella oneidensis MR-1 is well known for its abil-
ity to transfer electrons to extracellular solid electron 
acceptors, such as iron oxide and anodes (Kouzuma et al. 
2015), and it has been shown that MR-1 forms biofilm 
on solid electron acceptors. This bacterium also forms 
biofilm on a cathode in MES (Borole et al. 2011), where 
MR-1 receives electrons. Since the formation of biofilm is 
considered to facilitate electric interactions of MR-1 with 
solid electron acceptors, it is important to understand 
factors regulating the structure, composition and activity 
of electrochemically active biofilm.

The structure of biofilm formed by S. oneidensis MR-1 
has been investigated under various conditions. Under 
aerobic conditions, MR-1 forms biofilms with mush-
room-like structures typically found for many bacteria, 
such as E. coli and Pseudomonas aeruginosa (Thormann 
et al. 2004). Using flow cells in combination with confo-
cal laser-scanning microscopes (CLSMs), processes of 
biofilm formation have been observed under the flow of 
an aerobic medium, showing that, in the initial phase, 
MR-1 cells attach to solid surfaces and form micro-colo-
nies (Thormann et al. 2004). MR-1 subsequently secretes 
extracellular polymeric substances (EPS) and form thick 
and uneven biofilms with mushroom-like protrusions 
(Thormann et al. 2004; Kitayama et al. 2017). When the 
flow of the medium is subsequently stopped, MR-1 cells 
rapidly detach from solid surfaces, and biofilm structures 
are collapsed. In this process, the decrease in oxygen con-
centrations in biofilms is considered to be the cue that is 
sensed via several global regulators, e.g., EtrA, Arc and 
CRP (Thormann et al. 2005).
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Biofilm formed by MR-1 under anaerobic conditions 
has been investigated in BES during current generation. 
Bretschger et  al. (2007) observed MR-1 cells attached 
onto an anode of a batch-mode MFC using a scanning 
electron microscope; unfortunately, however, the biofilm 
structure observed in that study is considered to be far 
different from intact ones, since it was observed under 
a vacuum condition after rigorous washing and drying. 
Recent studies have reported the development of opti-
cally accessible electrochemical flow cells (EFCs) and 
used them to observe electrode-attached cells at ini-
tial phases of biofilm formation (Stoeckl et  al. 2016; Lu 
et  al. 2017). Kitayama et  al. (2017) also developed opti-
cally accessible EFCs and used them for observing the 
development and maturation of intact biofilms formed 
by green fluorescence protein (GFP)-expressing MR-1 
on graphite electrodes under active current generation 
and medium-flow conditions. It has been reported by 
Kitayama et al. (2017) that, different from lumpy biofilms 
formed under aerobic conditions, mature current-gener-
ating biofilms formed on an electrode poised at + 0.4 V 
(vs. SHE) are flat, even, dense and thin (~ 10 µm in thick-
ness) (Fig. 3). Interestingly, the structure of mature bio-
film formed at an electrode potential of 0 V (vs. SHE) is 
entirely different from that at + 0.4 V, and it is rough and 
uneven, suggesting that the strength of electric interac-
tion determines biofilm structure (Fig.  3). In addition, 
Kitayama et al. (2017) have found that, compared to bio-
films formed under aerobic and 0 V conditions, + 0.4 V 
biofilm has unique electrochemical properties (as ana-
lyzed by cyclic voltammetry) and contains low levels of 

extracellular polysaccharides. It has also been reported 
that the structure and electrochemical property of cur-
rent-generating biofilms formed under flow conditions 
are different from those under static conditions (Kitay-
ama et al. 2017). These results illustrate the dynamic fea-
ture of electrochemically active biofilm formed by MR-1 
that is tuned in response to changes in environmental 
conditions, including medium flow, electron acceptors 
and electrode potentials.

In electrochemically active biofilms, MR-1 transfers 
electrons to electrodes via direct and mediated elec-
tron transfer (DET and MET, respectively) mechanisms 
(Choi et al. 2018). In the case of DET, MR-1 cells directly 
attach onto electrode surfaces using outer membrane 
c-type cytochrome, such as OmcA and MtrC (Shi et  al. 
2007). A study has shown that MR-1 produces nanow-
ire-like extensions of its outer membrane containing 
OmcA and MtrCAB for long-distance DET (Pirbadian 
et  al. 2014). Such membrane extensions are associated 
with membrane vesicles that are known to be produced 
by diverse Gram-negative bacteria (Zhou et  al. 1998; 
Gorby et  al. 2008; Schwechheimer and Kuehn 2015). It 
has been reported that MR-1 produces membrane vesi-
cles under electron acceptor-limited (anaerobic) condi-
tions, and they are assembled into filamentous structures 
to form membrane extensions (Pirbadian et  al. 2014). 
Membrane extensions and membrane vesicles are con-
sidered to contribute to electron transfer to distant solid 
electron acceptors. MR-1 is also able to transfer elec-
trons to solid electron acceptors via the MET mechanism 
with secreted electron-mediator compounds, such as 

Fig. 3  Structures of live biofilms formed on graphite plates under aerobic (a) and electricity-generating (b, c) conditions by GFP-expressing S. 
oneidensis MR-1 in the presence of medium flow. For current generation, potentials of graphite-plate electrodes were poised at 0 V (b) and + 0.4 V 
(c) vs. Ag/AgCl reference electrodes. Top images are XZ projections, while bottom images are XY projections
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riboflavin (Marsili et  al. 2008). This mechanism is con-
sidered to work in mature electrochemically active bio-
film on electrodes particularly for transferring electrons 
from top-layer cells to electrodes (Xiao et al. 2017; Choi 
et  al. 2018). A recent report has described that EPSs 
help retain riboflavin in biofilms (Xiao et al. 2017). These 
observations suggest that the biofilm structure is impor-
tant for MR-1 to efficiently transfer electrons to solid 
electron acceptors, such as electrodes.

It is also important to understand how S. oneidensis 
MR-1 regulates the formation of electrochemically active 
biofilms. It has been known that 3′5′-cyclic diguano-
sine monophosphate (c-di-GMP) is a second messenger 
that is involved in the regulation of biofilm formation 
in diverse bacteria (Jenal et al. 2017). Studies on several 
bacteria have also shown that c-di-GMP is also used for 
regulating a variety of cellular processes, including viru-
lence formation, flagellum synthesis, and cell detachment 
(Hengge et al. 2016). In bacteria, c-di-GMP is synthesized 
by diguanylate cyclase (DGC) with the GGDEF domain 
(Paul et  al. 2004), while it is degraded by phosphodies-
terase (PDE) with the EAL and/or HD-GYP domains 
(Christen et al. 2005; Ryan et al. 2006). DGC synthesizes 
c-di-GMP from two GTPs (Paul et  al. 2004). PDEs are 
classified into two types based on the catalyst domains. 
PDE with EAL degrades c-di-GMP to pGpG (Chris-
ten et  al. 2005), and pGpG is subsequently degraded to 
GMP by oligoribonuclease (Orr et al. 2015). On the other 
hand, PDE with the EAL and HD-GYP domains directory 
degrades c-di-GMP to GMP (Ryan et  al. 2006). When 
the intracellular c-di-GMP concentration is increased, 
cells start to form biofilm and repress motility (Thor-
mann et  al. 2006). In the KEGG database, S. oneidensis 
MR-1 has 43 DGCs and 23 PDEs, including bifunctional 
proteins (http://www.genom​e.jp/kegg-bin/show_organ​
ism?org=son). Thormann et al. (2006) have also reported 
that MxdA (SO_4180), one of DGCs, promotes biofilm 
formation, while Chao et al. (2013) have shown that PdeB 
(SO_0437), a bifunctional protein with the GGDEF and 
EAL domains, represses biofilm formation by degrading 
c-di-GMP. These results suggest that DGCs and PDEs are 
important for biofilm formation by MR-1, whereas func-
tions of other proteins remain unclear.

Another study has shown that MxdB, a glycosyl-
transferase known as an extracellular polymeric sac-
charides production protein, promotes EPS production 
and biofilm formation under aerobic conditions in flow 
cells (Thormann et  al. 2006). In addition, adhesive pro-
teins are necessary for bacterial cells to attach onto 
solid surfaces and form biofilms. AggA (SO_4320) is 
an agglutination protein in MR-1 and an aggA-deletion 
mutant markedly is deficient in biofilm formation (de 
Vriendt et  al. 2005). Zhou et  al. (2015) have also found 

that biofilm promoting-factor proteins (BpfA, BpfD and 
BpfG; SO_4317, SO_4322 and SO_4323) are key proteins 
for cell attachment and biofilm formation; in particular, 
the disruption of bpfA results in almost complete loss of 
biofilm-forming ability. BpfA is regulated by flagella mas-
ter regulator FlrA that responds to the intracellular c-di-
GMP concentration in S. putrefaciens (Cheng et al. 2017). 
These adhesive and agglutination proteins are thus iden-
tified as key factors for biofilm formation.

It has also been reported that type IV pili play essential 
roles in the attachment of cells to solid surfaces (Thor-
mann et al. 2004). In that study, deletion mutants for the 
pilT and mshA genes (SO_3351 and SO_4105, respec-
tively), which are known to be involved in the twitching 
motility and pili biosynthesis, respectively, were deficient 
in the early attachment to solid surfaces (Thormann 
et al. 2004). In contrast, a disruption mutant for FlrA, a 
master regulator of flagellum biosynthesis, is shown to 
exhibit promoted biofilm formation (Cheng et al. 2017). 
In relation to this finding, it is interesting that an FlrA 
homologue, FleQ, in P. aeruginosa is regulated in a c-di-
GMP-dependent manner (Hickman and Harwood 2008). 
Finally, it has been documented that extracellular DNA 
(eDNA) serves as a structural component in all stages of 
the formation of aerobic biofilms under static and hydro-
dynamic conditions (Gödeke et al. 2011). In addition, that 
study has also shown that eDNA is released by cell lysis 
mediated by the activation of prophages in the genome 
of MR-1 (Gödeke et  al. 2011). It would be interesting 
to examine if eDNA is also involved in electrochemical 
activities of MR-1 biofilms.

Metabolic engineering in combination 
with electrochemistry
Metabolic engineering of EAB, e.g., S. oneidensis MR-1, 
has been examined mainly for the purpose of producing 
valued chemicals in MES with the aid of electric energy 
(Kracke et  al. 2018). On the other hand, since electric-
ity generation in MFCs has mostly been attempted in 
association with the treatment of organic wastes, natu-
rally occurring microbiomes rather than pure cultures of 
EAB have been exploited in MFCs. Limited studies have, 
therefore, been conducted for metabolic engineering 
of EAB used for electricity generation (Choi et al. 2014; 
Nakagawa et al. 2015; Li et al. 2017a).

In some studies, MES is definitively used to denote pro-
cess, in which carbon dioxide is fixed to produce organic 
compounds with electricity as the reducing power 
(Kracke et  al. 2018), while processes, in which electric-
ity is supplied for increasing the efficiency of bio-pro-
duction of chemicals from organic feedstock, are termed 
electro-fermentation (EF) (Moscoviz et  al. 2016). Since 
S. oneidensis MR-1 is incapable of CO2 fixation, studies 

http://www.genome.jp/kegg-bin/show_organism%3forg%3dson
http://www.genome.jp/kegg-bin/show_organism%3forg%3dson
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have exploited this EAB for EF processes with electrodes 
either as electron acceptors or donors (Kracke et  al. 
2018).

Several studies have shown that electrodes (anodes) 
can be used to recover excess electrons generated in fer-
mentation pathways, thereby improving fermentation 
efficiencies (termed unbalanced fermentation) (Liu et al. 
2013). S. oneidensis MR-1 is unable to grow fermen-
tatively in the absence of electron acceptors, and it has 
been suggested that an excessively reduced quinone pool 
exerts inhibitory effects on the catabolic pathway (Kane 
et  al. 2016). This idea is considered to be related to the 
recent finding that Arc-TCS senses the redox state of 
membrane quinones for regulating the expression of key 
catabolic enzymes, including Nuo (Hirose et  al. 2018); 
the down-regulation of Nuo may result in the accumula-
tion of NADH and stagnation of fermentative catabolic 
pathways. Flynn et al. (2010) have demonstrated that the 
amount of ethanol produced from glycerol by an engi-
neered MR-1 can be increased in BES, in which elec-
trons generated by glycerol oxidation are discharged to 
an electrode. Anode-assisted EF was also examined for 
the production of acetoin from lactate by an engineered 
MR-1, in which codon-optimized genes for acetolactate 
synthase and acetolactate decarboxylase in Bacillus sub-
tilis were introduced (Bursac et  al. 2017). These studies 
show that electric interactions with anodes facilitate the 
discharge of intracellular excess electrons, thereby ena-
bling fermentative production of target compounds by 
engineered MR-1 derivatives.

Studies have also attempted to utilize cathodic electron 
flows for MES (Kracke et  al. 2018), while most of them 
have produced acetate from CO2 using non-engineered 
acetogens, and only limited studies have exploited meta-
bolic engineering in combination with MES (Torella et al. 
2015). It should also be noted that the electron transfer 
from cathodes to acetogens is considered to be mediated 
by hydrogen, but not by direct electron transfer. In con-
trast, MR-1 is also able to receive electrons from a cath-
ode, and it has been demonstrated that the EET pathway 
is necessary for this electron transfer (Ross et  al. 2011). 
This is not surprising, since potential windows of EET 
components substantially overlap with each other (Firer-
Sherwood et al. 2008), and electrons are thus transferred 
from a low-potential electrode to membrane quinones 
via the EET pathway. A recent study has also shown that 
MR-1 is able to generate PMF by transferring electrons 
supplied from an electrode to oxygen as a respiratory 
electron acceptor, resulting in the production of ATP and 
NADH (Rowe et al. 2018). Several studies have examined 
engineered MR-1 for bioproduction in the presence of 
cathodes (Jeon et al. 2015, 2018). For instance, it has been 
demonstrated that isobutanol is produced by engineered 

MR-1 with NAG, pyruvate and lactate as mixed sub-
strates under microaerobic conditions (approximately 
10  mg  l−1 within 48  h), and the production was stimu-
lated in BES by supplying electrons to the EAB (Jeon 
et al. 2015). This study suggests that the cathodic electron 
supply would be a possible option for enhancing a yield 
of production in an EF process.

Despite laboratory demonstrations for anode- and 
cathode-assisted EF processes, it should be noted that 
production yields and rates reported in these EF studies 
are much lower than those for conventional fermentative 
processes, and further studies are, therefore, needed for 
EF processes to be practically used for bioproduction. As 
summarized elsewhere (Kracke et  al. 2018), production 
rates reported for EF processes are roughly less than one-
tenth compared to those for conventional fermentation 
processes. We suggest that one reason for low produc-
tion rates in the EF process would be unfavorable regu-
lation of catabolic pathways in EAB. For instance, it has 
been reported that some important catabolic enzymes, 
e.g., Nuo, PDH and ATPase, in MR-1 are down-regulated 
under reduced conditions and in the presence of a low-
potential electrode (Hirose et  al. 2018). It is likely that 
MR-1 has acquired such regulatory systems to efficiently 
utilize limited nutrients and survive in the natural envi-
ronment, a situation substantially different from that in 
a nutrient-rich fermentation tank. It is, therefore, sug-
gested that the engineering of sensing and regulatory 
systems is also necessary for achieving a high production 
yield with EAB.

In addition, studies have proposed genetic approaches 
to improve electrochemical activities of EAB (Kouzuma 
et al. 2010; Zheng et al. 2015; Yu et al. 2018). For instance, 
Yu et  al. (2018) have shown that a knockout mutant of 
Pseudomonas aeruginosa for a gene encoding sigma fac-
tor RpoS exhibits improved electrochemical activity and 
biofilm formation. Such approaches may also be applied 
to S. oneidensis MR-1 for improving its electrochemical 
activity. Besides, Kouzuma et al. (2010) have shown that 
the EET activity of MR-1 can be enhanced by manipulat-
ing cell-surface properties, in which the disruption of a 
gene involved in the cell surface polysaccharide biosyn-
thesis results in hydrophobic cell surface and enhanced 
EET activity. These approaches can be used in association 
with metabolic engineering to construct an engineered 
EAB with high production efficiencies.

Conclusions
Based on extensive knowledge on catabolic and regu-
latory systems, studies have attempted to engineer 
metabolic pathways in MR-1 for its application to elec-
trode-assisted production of valued chemicals. Although 
successful laboratory examples have been reported, 
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production efficiencies reported in these studies are 
much lower than those reported for conventional fer-
mentation processes (Kracke et  al. 2018). This would 
be attributable to the facts that MR-1 was isolated from 
lake sediment, and its metabolic pathways are well tuned 
for surviving in nutrient-limited natural environments 
(Hirose et  al. 2018). It is, therefore, suggested that, to 
improve production efficiencies, further studies are nec-
essary for deepening our understanding of sensing and 
regulatory systems in MR-1 and developing an engineer-
ing platform for controlling the expression of desired 
metabolic pathways. In addition, since the biofilm struc-
ture is the key for efficient electron transfer between cells 
and an electrode, we need to further our understanding 
on molecular mechanisms for biofilm development and 
develop methodological bases for engineering biofilms of 
EAB. These studies will open up novel biotechnology for 
the production of valued chemicals that are impossible to 
be produced by the conventional biotechnology.
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