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Abstract

Electrofuel produced by microbes utilizing CO, and electricity as carbon and
energy sources, respectively, has received much attention as an alternative to
fossil fuels. Based on the inherent capabilities of microorganisms, extracellular
electron transfer (EET) was demonstrated with various modes of cathodic elec-
tron transfer. With extensive studies on Geobacter sulfurreducens and
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Shewanella oneidensis, it was confirmed that cytochromes located in the outer
membrane are essential for direct EET. Although a few electroactive bacteria are
cytochrome independent, key compounds potentially involved in EET can be
determined based on their redox functions, which were successfully demonstrated
in electroactive acetogens and Ralstonia eutropha. Electroactive acetogens
reduce CO, with electric power at the cathode and direct sunlight with a self-
photosensitized nanoparticle for the production of organic compounds. Further-
more, a hybrid water splitting-biosynthetic system, which consists of advanced
catalysts and genetically modified R. eutropha, exhibited production of diverse
electrofuels with high CO, reduction efficiency. To improve the production of
electrofuels, basic research and engineering of microorganisms and modification
of electrodes is essential.

1 Introduction

In the last few decades, much of the concerns over the depletion of fossil fuel,
importance of alternative energy, and increase in atmospheric CO, levels have
promoted the development of several biological approaches for conversion of CO,
into fuels or chemical products. Not surprisingly, many microorganisms can utilize
various forms of reducing power to fix CO, into biomass (i.e., autotrophic growth)
(Fig. 1) (Nybo et al. 2015). For example, photoautotrophic bacteria capture photon
from light to obtain high-energy electrons, which are further used to reduce CO,.
Additionally, microorganisms can incorporate electrons extracted from reduced
chemicals (such as NH,", H,S, or Fez+) into their metabolism. Several bacteria are
of particular interest because of their potential for direct or indirect electron transfer
from a cathode to obtain reducing power, which is referred to as microbial electro-
synthesis (MES) (Rabaey and Rozendal 2010). MES is a highly attractive method to
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Fig. 1 Autotrophic microbial growth using various electron sources to reduce CO, to biomass
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convert CO, into fuels, known as electrofuels, by utilizing only the electrons
obtained from an electrode. Additionally, a unique system is needed to catalyze
the biochemical reactions between an electrode (i.e., the cathode) and bacterial cells,
which is called a bioelectrochemical system (BES). Although the conversion of
chemical bond energy into electrical energy at the anode, called microbial fuel cell
(MFC) technology, has been extensively studied (Nevin et al. 2010; Rabaey and
Rozendal 2010), reversing the reaction at the cathode is thermodynamically unfa-
vorable, where bacteria produce reduced products, usually methane, ethanol, or
butanol.

Electrofuel production is an alternative avenue in biofuel production owing to
several advantages (Rabaey and Rozendal 2010). Photon-to-fuel efficiency using a
solar panel is higher than the efficiency of natural photosynthesis (Zhang 2015).
Owing to the early stage of technology development, current CO, reduction rate and
product diversity are limited (Tremblay and Zhang 2015). However, metabolic
engineering and synthetic biology approaches will accelerate the efficiency of
electrofuel production in various ways. In this chapter, we highlight the latest
findings on the electrofuel production and describe how electricity and CO, facilitate
electrofuel production in the most extensively studied microorganisms.

2 Bioelectrochemical System

Electron transfer reactions are essential metabolic processes in living organisms. The
electrons are transferred from an electron donor with lower potential to an electron
acceptor with higher potential in microorganisms, and this process allows the
microbes to generate energy and drive their metabolism. Most microorganisms
have different electron transport chains (ETC) (Hernandez and Newman 2001).
Electrons are transported from an electron donor to a final electron acceptor via a
series of redox reactions of membrane-associated electron carriers, which are
involved in the establishment of an electrochemical gradient across the membrane.
The net energy gain (Gibbs free energy, AG) in the ETC is governed by the
difference in redox potential (AE) between electron donor and acceptor. Among
microbes, some unique bacteria called exoelectrogens, which transfer electrons from
the outer membrane to the external environment, or vice versa, have been studied
(Potter 1911).

A decade ago, a special phenomenon was observed in some bacteria, wherein
they were able to produce or receive electric currents because of the oxidation of
organic compounds (Gregory et al. 2004). These unique microbes have been used to
develop a novel electro-bioreactor system, which is also called as BES (Fig. 2a).
BES contains two electrodes (anode and cathode), membrane between the elec-
trodes, and extracellular electron transfer (EET) microbes. In MFC, microbes oxi-
dize a supplied organic carbon or electron donor to generate a flow of electrons from
the anode surface to the cathode surface (Rabaey and Rozendal 2010), where
compounds like microbes or oxygen are reduced. Additionally, electricity can be
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Fig. 2 (a) Schematic representation of the bioelectrochemical system. (b) Electrofuel production
of cathodic electron transfer modes. Extracellular electron transfer proceeds by direct interaction
(through direct contact or nanowire) or indirect interaction (through a mediator or a hydrogen
shuttle)

supplied to the BES from renewable sources to permit the thermodynamically
unfavorable metabolic process.

Based on the BES system, MES, potentially, is a carbon fixation process that
produces organic molecules such as acetate (Nevin et al. 2010, 2011) or methane
(Cheng et al. 2009) by using electricity as an energy source and electrochemically
active microbes as biocatalysts to reduce CO,, a carbon source (Rabaey and
Rozendal 2010). Therefore, production of electrofuels largely depends on the inter-
action between microbes and surfaces of electrodes.

3 Electron Transfer from a Cathode to Microbes

To transfer the electrons received from cathode directly or indirectly to microorgan-
isms, membrane-associated electron carriers are required. For this process, redox
reactions are catalyzed spontaneously by different membrane-associated electron
carriers. In general, based on the inherent capabilities of microorganisms, two
methods of cathodic electron transfers are proposed (Rabaey and Rozendal 2010):
(1) the microbe physically interacts with the cathode by pili or pilus-like appendages
(called as nanowires) or (2) the microbe indirectly interacts through certain media-
tors or hydrogen shuttles (Fig. 2b).
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3.1 Direct Electron Transfer

A physical interaction between bacteria and cathode, called direct electron transfer,
is an attractive process without a requirement for the diffusion of an electron carrier.
Geobacter sulfurreducens and Shewanella oneidensis MR-1 are metal-reducing
bacteria that have been extensively studied. Several studies have reported that direct
EET typically involves at least a series of outer membrane complexes, and outer-
membrane c-type cytochromes are essential for the direct EET for both bacteria (Shi
et al. 2009; Mehta et al. 2005)

G. sulfurreducens utilizes the branched OMCs system, which consists of several
multiheme c-type cytochromes. The system enables the transfer of electrons between
the extracellular metals and the cellular menaquinone (MQ) pool to establish an
electrochemical gradient (Lovley et al. 2011). In addition, the electrons can be
directly transferred to the electrode surface through conductive pili or pilus-like
appendages (Reguera et al. 2005). Similar to G. sulfurreducens, S. oneidensis MR-1
uses the Mtr pathway, which consists of decaheme c-type cytochromes, to transfer
electrons beyond the cell envelope (Bretschger et al. 2007). Additionally, both
strains have membrane-bound NADH-hydrogenase, soluble electron carriers and
H" ATPase. Additionally, it was reported that both bacteria can take up electrons
from the cathode. For electron uptake by S. oneidensis MR-1, the reversed Mtr
pathway is used (Ross et al. 2011), but a different pathway is used in
G. sulfurreducens (Strycharz et al. 2011). In addition, the mechanisms of the
cathodic reaction have not been studied in detail compared to those of the anodic
reaction in BES.

3.2 Indirect Electron Transfer

Alternatively, electrons can be transported indirectly via the reduction of mediators
(Fig. 2b). Previous studies reported that G. sulfurreducens secretes cytochrome
(OmcZ) as a redox mediator within the biofilm matrix (Richter et al. 2009). For
S. oneidensis, electrons can be transported indirectly via self-produced flavins as an
electron shuttle (Marsili et al. 2008). Although, indirect electron transfer is estimated
to be inefficient on a small scale, the carrier-mediated transfer can be sustainable
with minimal cost on a large scale. Under these circumstances, hydrogen and formic
acid can be used for this purpose (described below).

3.3 Electron Transfer Without Cytochrome

Several microbes have been reported to exchange electrons via the electrode (direct/
indirect EET), but their EET mechanisms have not been well understood. Interest-
ingly, a few organisms, which show the absence of the membrane-bound cyto-
chrome (e.g., Clostridium ljungdahlii), have shown a possibility of being capable
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of direct EET (Nevin et al. 2011; Kopke et al. 2010). According to their function, the
possible mechanisms of electron transfer carriers have been postulated as follows:

1. NADH dehydrogenase: NADH dehydrogenase catalyzes the transfer of electrons
from NADH to the quinone pool in the ETC.

2. Ferredoxin-dependent proteins: Iron-sulfur is the prosthetic group of ferredoxins,
which mediate electron transfer in diverse metabolic reactions. The Rnf complex
is a membrane-associated NADH:ferredoxin oxidoreductase contributing to pro-
ton (or sodium) motive force for ATP synthesis in acetogens such as
C. ljungdahlii or Acetobacterium woodii (Tremblay et al. 2012). Additionally,
the Ech complex (energy-conserving hydrogenase) catalyzes the reduction of
ferredoxin with an H' gradient generated in acetogens such as Moorella thermo-
acetica (Pierce et al. 2008). Membrane-bound Rnf and Ecf complexes were
hypothesized to be key components in electron transport.

3. Cytochromes: Heme is the prosthetic group of cytochromes and participates in
electron transfer. Especially in metal-reducing bacteria, such as Shewanella spp.,
iron is used as the electron carrier and is oxidized or reduced during electron
transport processes. Outer membrane cytochromes are key components for extra-
cellular electron transfer, which was demonstrated in Geobacter and Shewanella
spp. (Shi et al. 2009).

4. Flavoproteins: Flavin mononucleotide (FMN) is the prosthetic group of flavo-
proteins. There are many different flavoproteins that participate in either one- or
two-electron transfers in the ETC.

5. Quinone: The compound contains lipophilic and catalytic cofactors with soluble
electrons and protons, which are located inside the membrane. Quinone plays a
crucial role in coupling electron flow to proton movement.

6. Hydrogenase: The protein catalyzes the reduction and oxidation of hydrogen.
Recently, the hydrogenase of an electromethanogenic microorganism showed
properties of direct electron transfer from a cathode (Deutzmann et al. 2015).

34 Electron Transfer via Hydrogen

Hydrogen and formic acid can be used as soluble electron carriers for
lithoautotrophic bacteria. Several lithoautotrophic bacteria, including acetogenic
bacteria, utilize hydrogen as the energy source; among these, Ralstonia eutropha
has been extensively studied. Hydrogen can be produced from the cathode electro-
chemically in a hybrid microbial-water-splitting catalyst system, leading to the
reduction of CO, to electrofuels (Fig. 2b) (Torella et al. 2015). Current electrolytic
hydrogen generation is 50% more efficient and sustainable than direct electron
transfer on a large scale (Torella et al. 2015). Because of this advantage, water
splitting is a promising mechanism for large-scale conversion using solar energy or
other renewable sources of energy (Reece et al. 2011; Hou et al. 2011). Alternatively,
formic acid could also be used as a soluble electron carrier. In contrast to hydrogen,
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formic acid is highly soluble in culture medium and a safe chemical compound, and
is produced using electrons, water, and CO, (Ikeda et al. 1987).

4 Microorganisms for the Production of Electrofuels

For the electricity-driven synthesis of electrofuels, microbes should be able to
convert CO, to intermediate chemicals or fuels by using electrical energy. Some
methanogens, acetogens, and oxygen-reducing bacteria have been reported that have
the ability for reductive processes at the cathode, resulting in the reduction of CO, to
methane or organic compounds by electric power. In recent years, sunlight has been
reported to be directly used by acetogens (M. thermoacetica) for the production of
organic compounds, mimicking natural photosynthesis by using self-photosensitized
nanoparticles (Sakimoto et al. 2015, 2016).

4.1 Acetogenic Bacteria

Acetogenic bacteria are a physiologically defined group of bacteria that can synthe-
size acetyl-CoA as central metabolic intermediate from CO, or CO via the Wood-
Ljungdahl pathway (Drake 1994). The unique carbon respiration process of
acetogens offers the possibility for the development of a novel approach for the
conversion of CO, into substitute fuels or valuable chemical products. Previous
reports indicate that a number of acetogens, including several Clostridium and
Sporomusa spp. and M. thermoacetica, accepted electrons from the cathode, reduc-
ing CO, primarily to acetate (Nevin et al. 2010, 2011).

4.2 Energy Conservation and EET in Acetogens

The enzymatic reactions associated with the Wood-Ljungdahl pathway and coupled
energy conservation system have been well characterized, especially in
M. thermoacetica as a model organism (Huang et al. 2012; Mock et al. 2014;
Schuchmann and Miiller 2014). However, the mechanism of electron transfer to
acetogens from a cathode is largely unknown. In the system, membrane-associated
cytochrome enzymes and other electron transfer carriers can be suggested as key
components involved in the EET (Schuchmann and Miiller 2014; Kracke et al.
2015).

M. thermoacetica has b- and d-type cytochromes (Gottwald et al. 1975; Pierce
et al. 2008), which are hypothesized to be involved in direct EET at high coulombic
efficiency (Nevin et al. 2011) with mechanism similar to that determined in
Shewanella and Geobacter species. Additionally, other membrane-associated elec-
tron carriers, which have integrated electron transport involved in the generation of a
proton gradient across the membrane, such as NADH dehydrogenase, hydrogenase,
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menaquinone, energy-converting hydrogenase (Ech complex), could be possible
candidates for the electron transfer machinery of M. thermoacetica (Fig. 3a).

Furthermore, the soluble NfnAB and Hyd complexes of M. thermoacetica cata-
lyze the reduction of two NADP' with one NADH and one Fd,eq”~ (electron
bifurcation) and the reduction of Fd and NAD" with hydrogen (Fig. 3a), respectively
(Wang et al. 2013). Another acetogenic species, Sporomusa ovata is phylogeneti-
cally close to M. thermoacetica and contains membrane-associated cytochromes (b-
and c-types) and quinones that can directly utilize electrons from a cathode. S. ovata
also received electrons with the reduction of CO, to acetate and 2-oxobutyrate
(Nevin et al. 2010).

However, C. [jungdahlii is able to transfer electrons directly from a cathode
despite the absence of cytochromes and quinones. Alternatively, the membrane-
bound Rnf complex (ferredoxin:NAD -oxidoreductase) was observed in
C. ljungdahlii, which translocates protons across the membrane to synthesize ATP,
during autotrophic and heterotrophic growth (Tremblay et al. 2012). Outer mem-
brane redox components, as well as soluble intracellular complexes, are potential
part of the electron transfer machinery.

With acetogenic bacteria, MES has been performed using diverse cathode mate-
rials ranging from a graphite stick (Nevin et al. 2010) to nickel nanowire (Nie et al.
2013), with cathode potentials from —0.4 V (vs. SHE) to —0.6 V (vs. Ag/AgCl).
More recently, novel approaches (Sakimoto et al. 2015, 2016) have been reported.
First, cadmium sulfide (CdS) nanoparticles were used to study the production of
acetate by precipitation on the membrane of M. thermoacetica (Fig. 3a). Bacteria
consumed the electron from the CdS nanoparticle and the photooxidative catalyst
(TiO,), which are used as light harvesters to eliminate the need for solid-state
cathodes. This approach eliminates the need for hydrogen, which is difficult to
store and transport, and solid cathodes, which are difficult to store, transport, and
scale up.

4.3 Carbon Fixation and Extended Electrofuel Pathway
in Acetogens

With the energy generated from the electron source, acetogens reduce CO, via the
Wood-Ljungdahl pathway by using several electron carriers and enzymes (Ragsdale
2008; Drake et al. 2008). The pathway is coupled with energy conservation systems
to permit the occurrence of the thermodynamically unfavorable reaction and is
reported to be the most efficient CO,-fixation pathway, among pathways including
the Calvin-Benson-Bassham (CBB) cycle, 3-hydroxypropionate cycle, and reverse
TCA cycle (Fast and Papoutsakis 2012).

The first reaction of the pathway is the reduction of CO, to formate by the action
of formate dehydrogenase with a ferredoxin- or NADH-dependent reaction. A series
of enzymatic reactions involving the methyl and carbonyl branch of the Wood-
Ljungdahl pathway results in the conversion of formate to acetyl-CoA (Fig. 3b).
Subsequently, the main product, acetate, is produced as a core feature through
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phosphotransacetylase and acetate kinase in most acetogens (Drake 1994; Ragsdale
2008; Schuchmann and Miiller 2014). Additionally, synthesis of targeted products
has been demonstrated by introducing biosynthetic pathways for ethanol,
2,3-butanediol, and butanol into C. ljungdahlii, which is known to be a genetically
tractable strain for the production of value-added chemicals (Kopke et al. 2010,
2011; Leang et al. 2013). In the near future, under the right circumstances, a
rationally designed and genetically modified strain will be able to produce a target
product, increase the reaction rate, or tolerate various environmental conditions.

44 Ralstonia eutropha

R. eutropha is a gram-negative beta-proteobacterium that is isolated from soil and
fresh water environments. R. eutropha proliferates with high cell densities (> 200 g/L)
and takes up CO,/H, autotrophically under aerobic conditions (Lu et al. 2016). The
microorganism is considered to be a great platform for the production of electrofuels
owing to its ability to route most reduced carbons generated from the CBB cycle to
the accumulation of polyhydroxybutyrate (PHB) with CO,/H, (Brigham et al. 2012).
Using available genetic tools, numerous knockout studies involving PHB synthetic
pathway have demonstrated that the carbon flux can be redirected from stored PHB
into other compounds. Because of these advantages and its genetic tractability,
R. eutropha, as a model industrial organism, has been extensively engineered to
produce other value-added compounds like alcohols, fatty acids, or esters (Brigham
et al. 2012).

4.5 Lithoautotrophic Metabolism of R. eutropha

The central carbon metabolism of R. eutropha completely relies on CO, fixation,
which requires a series of high energy-intensive reactions. R. eutropha produces two
[NiFe]-hydrogenases — membrane-bound hydrogenase (MBH) and a cytoplasmic
soluble hydrogenase (SH) —to conserve the energy supply through the oxidation of
H, (Cramm 2009; Bowien and Kusian 2002). H, oxidation is catalyzed by oxygen/
carbon monoxide-tolerant hydrogenases. MBH is linked to ETC and SH, which is a
bidirectional hydrogenase and produces energy by reducing NAD" with the oxida-
tion of hydrogen (Fig. 4a).

Carbonic anhydrase (CA) and ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCo) are the key enzymes in the CBB cycle (Bowien and Kusian 2002). CA
can catalyze the interconversion between CO, and bicarbonate and can control
intracellular pH homeostasis more efficiently by trapping CO, inside the cell
(Fig. 4a). RuBisCo is the second key enzyme used in the carbon fixation step
(Fig. 4b), and it (in Form 1C) is more suitable for O,-containing environments
(Badger and Bek 2008).
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4.6 Hybrid Water Splitting-Biosynthetic System

For the production of electrofuels, a hybrid water splitting-biosynthetic system has
been proposed, which consists of water-splitting catalysts and engineered
R. eutropha (Torella et al. 2015; Liu et al. 2016). The system depends on the key
catalysts (e.g., cobalt-phosphorus electrode) that split water and produce hydrogen to
generate biomass and isopropyl alcohol. R. eutropha, the biocatalyst, thrives auto-
trophically on CO, and H, as the carbon and energy sources, respectively. In this
system, R. eutropha converts CO, to multicarbon compounds via the CBB cycle
(Fig. 4b).

When R. eutropha faces carbon abundance and nutrient deprivation, PHB was
accumulated via the CBB cycle as a form of intracellular carbon storage (Pohlmann
et al. 2006). Recently, the carbon flux was reported to be rerouted to prevent the
accumulation of PHB, which causes the strain to secrete pyruvate and NADH
abundantly and produce biofuel (Lu et al. 2012). By redirecting the rescued pyruvate
and NADH into biosynthetic biofuel pathway, the production of isopropanol
(Li et al. 2012; Torella et al. 2015; Liu et al. 2016), butanol, isobutanol (Liu et al.
2016), and 3-methyt-1-butanol (Kracke et al. 2015; Liu et al. 2016; Lu et al. 2012)
was demonstrated (Fig. 4b). Although butanol production has not been reported yet
in R. eutropha, it can be achieved by metabolically engineered R. eutropha.

To generate and transfer hydrogen efficiently from water and electricity to
microbes via water splitting, several electrodes such as Pt, stainless steel (SS), cobalt
phosphate (CoPi), and NiMoZn alloy have been used (Torella et al. 2015; Li et al.
2012; Schuster and Schlegel 1967). However, these systems are lethal to bacteria
because of the generation of reactive oxygen species (ROS) or leaching of Ni
particles. The results of a very recent study on catalyst design showed that the
combination of an ROS-resistant cobalt-phosphorus alloy cathode and a cobalt
phosphate (CoPi) anode increased the high CO, reduction efficiency (~10%) without
ROS production and Ni leaching.

5 Conclusions and Future Research
In summary, electrofuel utilizes CO, and H, as carbon and energy sources, respec-

tively. With extensive studies, several microorganisms were demonstrated and
modified successfully for the conversion of CO, into various alternative fuels by

<
<«

Fig. 4 (continued) chain, SH soluble hydrogenase, Pi inorganic phosphate, O coenzyme Q. (b) A
modified Calvin-Benson-Bassham pathway for the production of biofuels in Ralstonia eutropha.
Abbreviations: G3P glyceraldehyde 3-phosphate, PEP phosphoenolpyruvate, P(3HB) poly
(3-hydroxybutyrate)
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using electricity. However, the underlying mechanism of extracellular electron
transfer remains unclear. In addition, the performance of MES systems including
final product titer and the CO, consumption rate is still limited. To improve the
efficiency of the MES system, elucidation and modification of the EET and the
involved metabolic networks are required to develop novel and efficient electrofuel
production via systems and synthetic biology approaches. Furthermore, advanced
cathode modifications will resolve the remaining technical challenges, such as ohmic
voltage loss or the scale-up issue.

6 Research Needs

Electrofuel technology is an attractive and paid by great attentions in recent years,
because carbon dioxide can be sequestered and stored as alternative fuels through the
microbial conversion of carbon dioxide with renewable energy. Thus, the importance
for the economic feasibility and environment problems will continue to grow. With
extensive studies, several microorganisms were demonstrated and modified success-
fully for the conversion of CO2 into various alternative fuels by using electricity.
However, the underlying mechanism of extracellular electron transfer remains
unclear. In addition, the performance of MES systems including final product titer
and the CO2 consumption rate is still limited. To improve the efficiency of the MES
system, elucidation and modification of the EET and the involved metabolic net-
works are required to develop novel and efficient electrofuel production via systems
and synthetic biology approaches. Furthermore, advanced cathode modifications
will resolve the remaining technical challenges, such as ohmic voltage loss or the
scale-up issue
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