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Abstract: Carbon dioxide (CO2) is one of the major greenhouse gases that has been shown to cause
global warming. Decreasing CO2 emissions plays an important role to minimize the impact of climate
change. The utilization of CO2 gas as a cheap and sustainable source to produce higher value-added
chemicals such as formic acid, methanol, methane, and acetic acid has been attracting much attention.
The electrochemical reduction of CO2 catalyzed by whole-cell biocatalysts is a promising process for
the production of value-added chemicals because it does not require costly enzyme purification steps
and the supply of exogenous cofactors such as NADH. This study covered the recent applications of
the diversity of microorganisms (pure cultures such as Shewanella oneidensis MR1, Sporomusa species,
and Clostridium species and mixed cultures) as whole-cell biocatalysts to produce a wide range of
value-added chemicals including methane, carboxylates (e.g., formate, acetate, butyrate, caproate),
alcohols (e.g., ethanol, butanol), and bioplastics (e.g., Polyhydroxy butyrate). Remarkably, this study
provided insights into the molecular levels of the proteins/enzymes (e.g., formate hydrogenases
for CO2 reduction into formate and electron-transporting proteins such as c-type cytochromes)
of microorganisms which are involved in the electrochemical reduction of CO2 into value-added
chemicals for the suitable application of the microorganism in the chemical reduction of CO2 and
enhancing the catalytic efficiency of the microorganisms toward the reaction. Moreover, this study
provided some strategies to enhance the performance of the reduction of CO2 to produce value-added
chemicals catalyzed by whole-cell biocatalysts.

Keywords: electrochemical reduction of CO2; whole-cell biocatalysts; value-added chemicals; in
silico study

1. Introduction

Carbon dioxide (CO2) is one of the major greenhouse gases that has been shown to
cause global warming [1–3]. Decreasing CO2 emissions plays an important role to minimize
its impact on climate change. Several studies have been conducted to reduce CO2 emissions
including CO2 capture and storage (CCS), CO2 capture and utilization (CCU) [4–6], as
well as utilizing an alternative renewable and sustainable energy source such as hydrogen
(H2) to replace fossil fuels [7–9]. The utilization of CO2 gas as a cheap and sustainable
source to produce higher value-added chemicals such as formic acid, butyrate, methanol,
ethanol, polyhydroalkanotes, and polyurethane has been attracting much attention from
many researchers [10–16]. It has been reported that CO2 is biologically converted into
value-added chemicals in various ways: (1) the hydration of CO2 gas catalyzed by whole-
cell formate hydrogen lyase to produce formic acid [17,18]; (2): the whole-cell photocat-
alytic production of value-added chemicals such as formate, succinate by microorganisms
(e.g., Shewanella oneidensis MR1) [19]; or (3): the direct reduction of CO2 catalyzed by iso-
lated enzymes using NADH/NADPH as an electron donor to produce various organic
chemicals [20,21]. For example, the enzymatic reduction of CO2 catalyzed by formate dehy-
drogenase (from Thiobacillus sp. KNK65MA [22], and Rhodobacter capsulatus [23]) to produce
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formic acid, or using enzyme cascades including three hydrogenases (i.e., formate dehy-
drogenase from Candida boidinii, formaldehyde dehydrogenase from Pseudomonas species,
and alcohol dehydrogenase from Saccharomyces cerevisiae) [24,25] to produce methanol;
and (4): the electrochemical reduction of CO2 catalyzed by biocatalysts (i.e., isolated en-
zymes or microorganisms as whole-cell biocatalysts) and electrode-generated electrons
to produce various value-added chemicals such as formate [13,26–28], methane [29,30],
methanol [31], and acetate [32,33]. For example, the enzymatic electrochemical reduction of
CO2 to produce formate in the cathode chamber catalyzed by formate dehydrogenase from
Candida boidinii using cofactor NADH and neutral red as the electron mediator [27] or cat-
alyzed by a heterodisulfide reductase supercomplex including a heterodisulfide reductase
(HdrABC), a formate dehydrogenase (FdhAB), and a Ni-Fe- hydrogenase (VhuABDGU)
from Methanoccocus maripaludis in a mediator-less electrochemical system [28]. The electro-
chemical reduction of CO2 catalyzed by free enzymes to produce formate, carbon monoxide,
and methanol is well reviewed by Yuan et al., 2019 [34] and Chiranjeevi at al., 2019 [35].

The electrochemical reduction of CO2 catalyzed by whole-cell biocatalysts is a promis-
ing process for the production of value-added chemicals because it does not require costly
enzyme purification steps and the supply of exogenous cofactors such as NADH [34]. The
electrochemical reduction of CO2 to produce value-added chemicals catalyzed by whole-cell
biocatalysts occurs in the cathode chamber of a bio-electrochemical system which usually
consists of an anode, a cathode, and a membrane separating the two (Figure 1a,b) [13,36–39].
The electrochemical reduction of CO2 catalyzed by whole-cell biocatalysts in the cathode
involves extracellular electron transfer (EET) from an electrode/cathode to microbes [39,40].
The EET is classified into two types: direct EET (Figure 1a) and indirect EET (Figure 1b). In
the direct EET system, the microorganisms and electrode contact and exchange electrons
directly without mediator compounds (e.g., S. ovata catalyzed for the production of acetate
in the cathode chamber in the electrochemical reduction of CO2 using a graphite electrode
at a potential of −0.4 V vs. SHE without an electron mediator [38,41]). On the other hand an
electron mediator such as methyl viologen, neutral red is required in an indirect EET system
(e.g., M. extoquens AM1 catalyzed for the production of formate in the cathode chamber
in the electrochemical reduction of CO2 using a copper electrode at a potential of −0.75 V
vs. Ag/AgCl with methyl viologen as an electron mediator [26,41]). Electron transfer
systems in the electrochemical reduction of CO2 catalyzed by whole-cell biocatalysts are
well reviewed by Igarashi et al., 2017 [41] and Karthikeyan et al., 2019 [39].

Figure 1. Schematic of two representative systems in electrochemical reduction of CO2 to produce
value-added chemicals catalyzed by whole-cell biocatalysts. (a) In direct EET [38]; (b) in indirect EET
using electron mediator (Mox: oxidized form of mediator; Mred: reduced form of mediator) [13,26,39].

It was reported that various microorganisms (pure or enriched mixed cultures) have a
capability as whole-cell biocatalysts for the electrochemical reduction of CO2 to produce
value-added chemicals such as formate, methane, acetate, butyrate [13,29,32,33,37,42–44].
Different microorganisms exhibited a diverse performance (production titer and produc-
tion rate) for the electrochemical reduction of CO2 to produce value-added chemicals.



Processes 2023, 11, 766 3 of 24

For example, methane is produced from the electrochemical reduction of CO2 catalyzed
by Methanobacterium palustre [29,45] and acetate is mainly produced from the reduction
of CO2 by Sporomusa ovata [37]. Additionally, different strains of Sporomusa genera ex-
hibited a different performance in the electrochemical CO2 reduction to produce acetate
(e.g., the acetate production by Sporomusa ovata DSM-2663 is ~2.6-fold higher than that
by Sporomusa ovata DSM-3300) [32]. Understanding the catalytic characteristics of the mi-
croorganism as a whole-cell biocatalyst at the molecular level is essential not only for
applying the microorganism in the electrochemical reduction of CO2, but for enhancing
the catalytic efficiency of the microorganism toward the reaction. It was reported that
the performance of the reaction is also dependent on several other factors such as the
reactor design and configuration [46], electrode design and materials [37,42,43], electron
mediators [47], and poised cathode potential [48]. Recently, various studies have been
performed to enhance the performance of the electrochemical reduction of CO2 to produce
value-added chemicals as well as to expand a range of products produced from the electro-
chemical reduction [37,42,43,48–51]. For example, the performance of the electrochemical
reduction by Sporomusa ovata DSM 2662 to produce acetate using an reduced graphene
oxide tetraethylene pentamine-modified carbon cloth (rCO-TEPA-CC) electrode is signifi-
cantly higher than that using an untreated carbon cloth electrode (i.e., acetate production
rates are 321 ± 53 mM m−2 day−1 and 88 ± 8 mM m−2 day−1 from the rGO-TEPA-CC
electrode and untreated carbon clothe electrode, respectively) [42].

In this review, the recent application of microorganisms as whole-cell biocatalysts for
the electrochemical reduction of CO2 into various value-added chemicals will be discussed.
Furthermore, some insights regarding the molecular levels of the microorganisms as a
biocatalyst for the electrochemical reduction of CO2 into value-added chemicals as well
as strategies to increase the electrochemical reduction of CO2 to produce value-added
chemicals catalyzed by whole-cell biocatalysts will also be discussed.

2. Applications of Microorganisms as Whole-Cell Biocatalysts for Electrochemical
Reduction of CO2 into Value-Added Chemicals
2.1. Electrochemical Reduction of CO2 to Produce Formate/Formic Acid by Whole-Cell Biocatalysts

Formate, which possesses good characteristics (e.g., non-flammable, non-toxic, and
good electric energy generation compared to hydrogen, methanol, and ethanol), has been
considered as a good energy storage molecule and a safe and renewable fuel [34,52,53]. It
was reported that several microorganisms have been applied as whole-cell biocatalysts
for the electrochemical reduction of CO2 into formate/formic acid [13,26,49]. For exam-
ple, several species of the Methylobacteria genus exhibited a good capacity as whole-cell
biocatalysts for the electrochemical reduction of CO2 into formate in the cathode chamber
with a cathode potential of −0.75 V vs. Ag/AgCl using methyl viologen as the electron
mediator. In this study, different Methylobacterium species showed a diverse performance
as whole-cell biocatalysts on the electrochemical reduction of CO2 to produce formate. The
formate production by Methylobacterium extorquens AM1 was more than 2-fold compared to
that by Methylobacterium soli, Methylobacterium chloromethanicum, Methylbacterium platani,
Methylobacterium suomiense, and Methylobacterium adhaesivum. On the other hand, Methy-
lobacterium jeotgali and Methylobacterium dankookense did not show capacity as biocatalysts
for the reduction of CO2 into formate [26]. The different results for the reduction of CO2 into
formate catalyzed from different Methylobacterium species in the same reaction conditions
demonstrated the role of microorganisms as biocatalyst sources for the success of the reac-
tion. Genome study on Methylobacterium extorquens AM1 revealed that the microorganism
possesses multiple formate dehydrogenases [54] which could be the reason for the high
capacity of the cell as a biocatalyst for the electrochemical reduction of CO2 into formate.
In addition to the role of whole-cell biocatalysts for the electrochemical reduction of CO2
into formate, a study on the electrochemical reduction of CO2 into formic acid catalyzed
by formate dehydrogenase showed that the electron transfer from the electrode to the
active center of the formate dehydrogenase is crucial for the final conversion [55]. The
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electrochemical reduction of CO2 into formate catalyzed by Methylobacterium extorquens
AM1 in the presence of different concentrations of methyl viologen as the electron medi-
ator revealed the role of electron transfer for the success of the CO2 conversion (i.e., the
electrochemical conversion of CO2 into formate significantly increased with the increase
in the concentration of methyl viologen as the electron mediator) [26]. The optimization
of the reaction conditions (i.e., the concentration of microorganisms) was beneficial for
the conversion of CO2 into formate (i.e., a maximum 60 mM formate was produced after
80 h reaction catalyzed by M. extorquens AM1, as seen in Table 1 [26]). Additionally, Methy-
lobacterium extorquens AM1 which grows and forms a biofilm on the carbon felt electrode
showed the capability to catalyze for the electrochemical reduction of CO2 to produce
formate using neutral red as the electron mediator at a poised cathode potential of −0.75 V
vs. Ag/AgCl [56]. Moreover, MeFDH1 recombinant Methylobacterium extorquens AM1
(F1A-P1 strain), an engineered Methylobacterium extorquens AM1 which lacks the fdh1α gene
and harbors recombinant plasmid pCM110(fdh1) for the recombinant expression of the
fdh1 gene, exhibited a better performance for the electrochemical reduction of CO2 to
produce formate. The performance of the electrochemical formate production from CO2 by
the MeFDH1 recombinant Methylobacterium extorquens AM1 grown in optimal conditions
(supplemented with 2.0% v/v methanol and 60 µM tungstate) is >3-fold better than that by
Methylobacterium extorquens AM1 grown in the same conditions, as seen in Table 1 [49].

In addition to applying various Methylobacterium species as whole-cell biocatalysts for
the electrochemical reduction of CO2 into formate, Shewanellan oneidensis MR-1
(S. oneidensis MR1), which is a facultative aerobic gram-negative bacterium and well known
for its electron transfer system (i.e., including multiple cytochromes, reductases, iron–sulfur
proteins, and quinones [57,58]) and possesses three formate dehydrogenases [59], was
firstly applied as whole-cell biocatalysts for the electrochemical reduction of CO2 into
formic acid in our previous study [13]. S. oneidensis MR1, which was grown in various
media and conditions based on the transcriptomic data of the microorganism, was applied
as a whole-cell biocatalyst for the electrochemical reduction of CO2 to produce formic acid
in the cathode chamber with a poised cathode potential of −0.75 V vs. Ag/AgCl, with
10 mM methyl viologen as the electron mediator, and a copper electrode area of 3 cm2.
S. oneidensis MR-1, which was grown anaerobically in the optimized medium (Luria Bertani
(LB) medium supplemented with 40 mM fumarate, 20 mM DL-lactate, and 1 mM nitrate)
from our study, showed an improvement in catalytic capacity toward CO2 conversion into
formate compared to M. extorquens AM1 (i.e., 136.8 mM after 72 h reaction and 60 mM for-
mate after 80 h reaction were produced from the electrochemical reactions of CO2 catalyzed
by S. oneindensis MR1 and M. extorquens AM1, respectively) [13,26]. The above-mentioned
studies showed that microorganisms as whole-cell biocatalysts strongly impact on the
performance of the formate production from CO2. The optimization of the growth medium
and conditions to obtain better versions of the microorganism (e.g., Shewanella oneidensis
MR1) prior to applying the microorganism significantly increased the performance of
the formate production from CO2. Understanding the involvement of enzymes/proteins
at a molecular level is beneficial for optimizing the growth conditions and medium for
the microorganisms of interest as well as engineering the microorganism to obtain better
versions of whole-cell biocatalysts from the original microorganism. Further discussion
on the participating enzymes/proteins from microorganisms will be mentioned in section
insights regarding the molecular basis of microorganisms as whole-cell biocatalysts.

2.2. Electrochemical Reduction of CO2 to Produce Methane by Whole-Cell Biocatalysts

Methane is a potential greenhouse gas that causes climate change. However, methane,
which has a high energy density and is a precursor to producing various organic molecules,
has attracted attention from many researchers [45]. Various methanogenic microorganisms
(i.e., pure, co-cultures, and mixed cultures) showed a capability as whole-cell biocatalysts
for the electrochemical reduction of CO2 to form methane [29,30,45,60,61]. It was reported
that different methanogenic microorganisms showed a diverse performance as whole-cell
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biocatalysts for the electrochemical reduction of CO2 to produce methane [30,45]. For
example, the performance of the electrochemical reduction of CO2 into methane at a poised
cathode potential of −0.7 V vs. SHE using a graphite rode electrode catalyzed by four
methanogenic strains (i.e., Methanococcus maripaludis S2 DSM-14266, Methanococcus vannielii
DSM-1224, Methanoculleus submarinus DSM-15122, and Methanolacinia petrolearia DSM-
11571) is 53.6–62.8-fold higher than that catalyzed by Methanobacterium congolense DSM-
7095 and Methanosarcina mazei Gö1 DSM-3647, respectively [45], as seen in Table 1. In
this system, the methane production using a graphite rod electrode at a poised cath-
ode potential of −0.7 V vs. SHE by pure strains (i.e., Methanococcus maripaludis S2 DSM-
14266 and Methanococcus vannielii DSM-1224) reached a maximum value of 8.8 mmol
m−2 d−1 methane) [45]. In the electrochemical reduction of CO2 catalyzed by whole-cell
biocatalysts to produce value-added chemicals, the electrode- generated electrons and
electron transfer from the electrode to microbes are also important for the rate. Thus,
lowering the poised potential at the cathode increased the methane from the electro-
chemical reduction of CO2 (i.e., methane production rates from the electrochemical re-
duction of CO2 by Methanococcus maripaludis MM901 at −0.6 V vs. SHE and −0.7 V
vs. SHE are 0.05 and 0.125 µmol cm−2 h−1, respectively (these values are based on 0.4
and 1 µmol h−1 methane produced from 150 mL catholyte using 8 cm2 graphite rode
electrode, respectively), as seen in Table 1) [30]. Additionally, co-cultures including
Methanococcus maripaludis MM901 and the IS4 strain (DSM 15630) increased sharply the
performance of the electrochemical reduction of CO2 to produce methane compared to the
only pure Methanococcus maripaludis MM901. The methane production from the co-culture
at a poised potential of −0.5 V vs. SHE is 0.6–0.9 µmol cm−2 h−1, which is about 12–18-fold
higher than that by Methanococcus maripaludis MM901 (the methane production at a poised
potential of −0.6 V vs. SHE is 0.05 µmol cm−2 h−1 based on 0.4 µmol h−1 from 8 cm2

electrode surface area) [61], as seen in Table 1. The IS4 strain (DSM 15630) demonstrated its
important role in the co-cultures for the methane production. It was reported that the IS4
strain (DSM 15630), a sulfate-reducing bacteria with the name of Desulfopia corrodens [62],
showed the capability to produce molecular hydrogen when grown on Fe(0) [61] and
distribute electrons from cathodes to microorganisms that do not have the capability for
electron uptake from electrodes to microorganisms [61].

Moreover, various studies applied enriched mixed cultures as whole-cell biocata-
lysts for the electrochemical reduction of CO2 to produce methane [60,63,64], as seen in
Table 1. For example, an enriched thermophilic mixed culture containing acetoclastic
methanogens such as Methanosaeta concilii and Desulfotomaculum peckii showed a good
performance as whole-cell biocatalysts for the electrochemical reduction of CO2 to pro-
duce methane and acetate in a membrane-less single chamber with a cathode potential of
−0.85 V vs. Ag/AgCl with a carbon disk electrode for the reaction at 60 ◦C. The acetate
and methane production rate reached 9.43 g m−2 d−1 and 9.25 L m−2 d−1, respectively [63].
The methane production (9.25 L m−2 d−1) by the enriched thermophilic mixed culture at a
poised cathode potential of −0.85 V vs. Ag/AgCl at 60 ◦C is significantly higher than the
methane production of 70 mL m−2 d−1 (based on 17.5 µL of CH4 produced, which detected
a headspace volume after 4 h electrosynthesis using carbon felt (2.5 cm × 6 cm × 0.6 cm))
by enriched methanogenic microorganisms from a wastewater treatment plant in Asten [60].
Desulfotomaculum peckii, a sulfate-reducing bacteria which reduces a wide spectrum of elec-
tron acceptors [65], would be beneficial for the electron transfer from electrodes to the mixed
culture for the improvement in the methane production from its methanogenic bacteria
(e.g., Methanosaeta concilii in the mixed culture). Recently, Ni-based electrically conductive,
catalytic, and porous hollow-fiber electrodes (CCPHF bundle) and a Ni-based porous
hollow-fiber (Ni-PHF) increased the performance of the electrochemical reduction of CO2
into methane at a poised cathode potential of −1.0 V vs. Ag/AgCl (i.e., the methane pro-
duction from supplying CO2 by passive diffusion through pores of the Ni-CCPHF cathode
is 30-fold higher than that from supplying CO2 in the reactor’s headspace) [64], as seen in
Table 1. The above-mentioned studies showed that the electrochemical reduction of CO2 to
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methane depended highly on the methanogenic microorganism as the whole cell biocatalyst,
electron-generated cathode, and electron transfer from the cathode to the microorganism.
Different methanogenic microorganisms exhibited a diverse performance as whole-cell
biocatalysts for the electrochemical reduction of CO2 to produce methane. The collabora-
tion of a specialized electron-uptaking strain such as the IS4 strain with a methanogenic
microorganism capable of producing methane (e.g., Methanococcus maripaludis MM901) is
beneficial for the enhancement of the methane production from CO2. Further discussion
on the participating enzymes/proteins for methane production will be seen in the section
insights regarding the molecular basis of microorganisms as biocatalysts.

2.3. Electrochemical Reduction of CO2 to Produce Acetate and Other Multi-carbon Compounds

Acetate and other multi-carbon compounds, including carboxylate/carboxylic acid
(e.g., butyrate, isobutyrate, caproate), alcohols (e.g., ethanol, butanol), and bioplastic
polyhydroxybutyrate, exhibited a high value in various applications as a target for the
electrochemical reduction of CO2 [14,16,32,50,66]. Acetate, for example, is an important
feedstock and precursor for the production of other products (e.g., vinyl acetate) [67]. Addi-
tionally, caproate/caproic acid is a feed additive, antimicrobial, and an important chemical
platform for liquid fuels, lubricants, and bioplastics [68–71]. It was reported that the diver-
sity of microorganisms demonstrates they are capable of being whole-cell biocatalysts for
the production of a range of value-added chemicals, including carboxylates/carboxylic
acids (e.g., acetate, butyrate, and caprolate), alcohols (e.g., ethanol, butanol), and bioplastics
(e.g.,polyhydroxybutyrate) from CO2, as seen in Table 1 [16,32,38,48,50]. For example,
several species of Sporomusa (e.g., Sporomusa ovata DSM-2662, Sporomusa ovata DSM-2663,
Sporomusa ovata DSM-3300, Sporomusa acidovorans, and Sporomusa malonica) catalyzed for
the electrochemical reduction of CO2 to produce up to 61.1 ± 18.1 mmol m−2 d−1 acetate
at a poised cathode potential of −0.69 V vs. SHE using a graphite stick electrode [32], as
seen in Table 1. In this study, different Sporomusa species showed a diverse performance
as whole-cell biocatalysts for acetate production from the electrochemical reduction of
CO2. The performance of the acetate production catalyzed by Sporomusa ovata DSM-2663
was approximately 1.8-, 1.4-, 1.4-, and 4.7-fold higher than that catalyzed by Sporomusa
ovata DSM-2662, Sporomusa acidovorans, Sporomusa malonica, Sporomusa ovata DSM-3300,
respectively, as seen in Table 1. On the other hand, Sporomusa aerivorans did not show
a capability as a whole-cell biocatalyst for the acetate production from the electrochemi-
cal reduction of CO2 [32]. Remarkably, two Sporomusa ovata strains (i.e., DSM-2662 and
DSM-2663) showed a significant difference toward the electrochemical reduction of CO2
(i.e., the acetate production by Sporomusa ovata DSM-2663 and Sporomusa ovata DSM-2662
are 61.1 ± 18.1 mmol m−2 d−1

, 34.3 ± 0.7 mmol m−2 d−1, respectively) [32]. The different
performance of the acetate production for the reduction of CO2 into acetate catalyzed from
different Sporomusa species in the same reaction conditions demonstrated the role of mi-
croorganisms as biocatalyst sources for the success of the reaction. In addition to applying
a single strain, co-cultures showed a good performance for the electrochemical reduction
of CO2 into acetate. For example, the collaboration of the strain IS4 (DSM 15630) (sulfate-
reducing bacteria [62] could accept electrons from electrode) and Acetobacterium woodi
(Aceteobacterium woodie, acetogenic bacteria, converts CO2 into acetate via the Wood–Ljungdahl
pathway [72],) in co-cultures catalyzed for the electrochemical reduction of CO2 to form
acetate. In this system, the performance of the acetate production by co-cultures of the
Acetobacterium woodi and strain IS4 (DSM 15630) reached 0.57–0.74 µmol cm−2 h−1 at −0.5 V
vs. SHE, respectively [61], which is much better compared to that by Acetobacterium woodii
at a poised cathode potential of −0.4 V vs. SHE (acetate was not detected) [33].

In addition to Sporomomusa species, various Clostridium species (e.g., Clostridium ljundahlii,
Clostridium aceticum, Clostridium scatologens ATCC 25775T, and Moorella thermoacetica) are
capable as whole-cell biocatalysts for the electrochemical reduction of CO2 to produce
acetate and various multi-carbon compounds such as 2-oxo-butyrate, butyrate, ethanol,
and butanol [14,33,48]. Different Clostridum species exhibited a diverse performance for the
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electrochemical reduction of CO2 to produce acetate and other multi-carbon compounds.
For example, the electrochemical reduction of CO2 catalyzed by Clostridum ljundahlii pro-
duced acetate (80 µmol) and only trace amounts of 2-oxo butyrate at a poised cathode
potential of −0.4 V vs. SHE. On the other hand, Clostridum aceticum catalyzed for the elec-
trochemical reduction of CO2 to produce lower amounts of acetate (45 µmol) and higher
amounts of 2-oxo butyrate (25 µmol) compared to Clostridium ljundahlii [33]. Moreover,
microorganisms catalyzed for the electrochemical reduction of CO2 to produce bioplastics
(e.g., polyhydroxybutyrate). For example, a photoautotroph Rhodopseudomonas palustris
TIE-1, a gram-negative purple non-sulfur bacterium which can use energy from light
and obtain carbon from CO2 under lighted conditions [73] and is capable of accepting
electrons from a poised electrode [74], was applied as a whole-cell biocatalyst for the elec-
trochemical reduction of CO2 to produce polyhydrobyturate (PHB) [50]. In this system,
the electrochemical reduction of CO2 into PHB at a poised potential of +0.1 V vs. SHE
in using a magnetite nanoparticle anchored graphene oxide deposited in a carbon felt
(CF/rGO-MNPs) electrode showed a much better performance compared to that using an
unmodified carbon felt electrode (i.e., the PHB yield using CF/rGO-MNP electrode and CF
electrode are 91.31 ± 0.9 mg L−1 and 23.43 ± 0.9 mg L−1, respectively) [50].

In addition to pure microbial cultures, mixed cell cultures were also applied for the
electrochemical reduction of CO2 to produce acetate and other multi-carbon chemicals
such as carboxylates (e.g., butyrate, caprolate) [44,63,75] and alcohols (e.g., ethanol and
isobutanol) [76]. For example, several studies applied mixed cultures as whole-cell bio-
catalysts for the reduction of CO2 to produce acetate. For example, a mixed culture from
activated sludge in a local sewage treatment plant in Chengdu, which consists of four major
microorganisms (Advenella mimigardefordensis, Acetobacterium woodii, Arcobacter cibarius,
Wolinella succinogenes) in the presence of methanogenic inhibitor 2-bromoethanesulfonic
acid, showed a capacity to produce acetate and not methane in the cathode chamber at a po-
tential in the range of −0.9 V to −1.1 V vs. Ag/AgCl using a carbon felt electrode (1.88 mM
acetate was produced after 5 days) [44]. The presence of 2-bromoethanesulfonic acid, a
specific inhibitor of methylcoenzyme M reductase (a key enzyme of methanogenesis) [30],
is beneficial for enhancing the selectivity to acetate over methane in the electrochemical
reduction of CO2 to produce acetate. Additionally, applying mixed microbial cultures from
natural environments (stormwater pond sediments, University of Queensland) and engi-
neered anaerobic systems (Luggage Point Wastewater Treatment Plant anaerobic digester,
Brisbane, Australia) at a potential of −0.85 V vs. SHE in a flow through reactor (FTR)
produced acetate (maximum acetate concentration of 17.5 g L−1 and production rate of
9.8 L−1 d−1) and a significant amount of value-added chemicals, up to six carbon com-
pounds: n-butyrate (maximum of 9.3 g L−1 and 5.7 g L−1 d−1) and n-caproate (maximum of
3.1 gL−1 and 2.0 g L−1 d−1) by controlling the CO2 loading rate (173 L d−1) and hydraulic
retention time [75]. The above-mentioned studies showed that different microorganisms ex-
hibited a diverse performance (e.g., production titer, production rate) as well as a selectivity
for the production of value-added chemicals.

To enhance the performance of the electrochemical reduction of CO2 to produce ac-
etate and high-value multiple-carbon molecules, different methods have been applied
in recent studies. For example, different poised cathode potentials (e.g., −0.6 V, −0.8 V,
−1.05 V, and −1.2 V vs. Ag/AgCl electrode) were applied in the electrochemical reduction
of CO2 catalyzed by Clostridium scatologenes ATCC 25775T as whole-cell biocatalysts. In this
system, the production of acetate, butyrate, and ethanol from the electrochemical reduction
at a poised potential of −1.2 V vs. Ag/AgCl was significantly higher than that from the
reduction at a poised potential of −0.6 V vs. Ag/AgCl (i.e., the production of acetate,
butyrate, and ethanol from the system with a poised potential of −1.2 V vs. Ag/AgCl are
0.44 g L−1, 0.085 g L−1, and 0.015 g L−1 on day 28, respectively), as seen in Table 1 [48].
The study demonstrated the role of electrode-generated electrons and the capability of
C. scatologenes ATCC 25775T to utilize electrode-generated electrons to produce value-added
chemicals (e.g., acetate, butyrate, and ethanol). Additionally, recent studies have developed
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a wide range of electrodes to enhance the performance of the electrochemical reduction
of CO2 to produce acetate from the electrochemical reduction of CO2, including chitosan-
coated carbon cloth [43], rGO-TEPA-CC [42], porous nickel hollow fiber cathodes coated
with carbon nanotubes (Ni-PHF/CNTs) [37], magnetite nanoparticle anchored graphene
oxide deposited in a carbon felt (CF/rGO-MNPs) electrode [50], copper foam coated with a
reduced graphene oxide electrode (rGO-CuF electrode), a reduced graphene oxide foam
electrode (rGO foam) [77], and a 3D-graphene-coated carbon felt electrode (3D-GO-CF
electrode) [51]. Thus, the modification of electrode materials improved the performance of
the electrochemical reduction of CO2 to produce acetate and multi-carbon compounds cat-
alyzed by microorganisms as whole-cell biocatalysts. For example, the acetate production
from CO2 catalyzed by Sporomusa ovata DSM-2662 at a poised cathode potential of −0.69 V
vs. SHE using a 3D-graphene-coated carbon felt electrode (3D-GO-CF electrode) and rGO-
TEPA-CC electrode is much better than a carbon cloth or graphite stick electrode, as seen in
Table 1. The acetate production from the electrochemical reduction of CO2 catalyzed by
Sporomusa ovata DSM-2662 at a poised cathode potential of −0.69 V vs. Ag/AgCl using a
3D-G-CF electrode is ~6.8-fold higher than that using a carbon felt electrode and reached
925.5 ± 29.4 mM m−2 d−1 [51]. Additionally, the acetate and butyrate production by
Clostridium ljundadlii CLJUBAPP (integrating the butyric acid production pathway (BAPP) of
Clostridium acetobutylicum into the Clostridium ljundahlii) using a Ni-P15-modified carbon felt
electrode (Ni-P15/CF electrode) at a poised cathode potential of −1.05 V vs. Ag/AgCl were
~1.7- and ~2.1-fold higher than those ones using an unmodified carbon felt, respectively
(i.e., the acetate and butyrate production by Clostridium ljundadlii CLJUBAPP using a Ni-
P15/CF electrode reached 1.18 ± 0.01 g L−1 and 0.67 ± 0.01 g L−1, respectively) [78], (see
Table 1). Moreover, other electrode materials (e.g., chitosan-coated carbon cloth, rGO-TEPA-
CC, Ni-based PHF/CNTs electrodes) improved the performance for the electrochemical
reduction of CO2 into acetate compared to simple carbon electrodes (e.g., carbon cloth
and carbon felt) or graphite stick electrode materials (see Table 1). It was reported that the
modified electrodes (e.g., 3D-G-CF electrode) significantly increased the cell density on
the surface of the electrodes and the current density compared to the unmodified carbon
felt or carbon cloth (e.g., the current density of 3D-G-CF with Sporomusa ovata DSM-2662
and carbon felt with Sporomusa ovata DSM-2662 are 2450 ± 160 and 400 ± 100 mA m−2,
respectively) [51]. The above-mentioned studies showed that different microorganisms
exhibited a diverse performance as whole-cell biocatalysts for the electrochemical reduction
of CO2 to produce acetate and multi-carbon compounds such as butyrate, caproate, and
bioplastic polyhydroxy butyrate. The Sporomusa species showed a high selectivity toward
the production of acetate from CO2 and autotroph Rhodopseudomonas palustris TE1 showed
a high selectivity toward PHB production. On the other hand, the product selectivity
of the electrochemical reduction of CO2 by the Clostridium species is dependent on the
Clostridium strain itself and the reaction conditions. Understanding the involvement of the
enzymes/proteins of the microorganisms catalyzed for the CO2 reduction at a molecular
level is essential for applying suitable microorganisms as whole-cell biocatalysts, optimiz-
ing the growth medium and conditions to obtain a better version of the microorganism as a
whole-cell biocatalyst, and engineering the microorganism.
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Table 1. Applications of pure and mixed cultures as whole-cell biocatalysts for electrochemical reduction of CO2 gas into value-added chemicals.

Whole-Cell Biocatalysts Dominant Strains in Pure and
Mixed Cultures Products Cathode Potential Cathode Electrode and Reaction

Conditions Production Rate and Titer References

Methylobacterium extorquens AM1 Methylobacterium extorquens AM1 Formate −0.75 V vs. Ag/AgCl Copper electrode
(1.5 cm × 2 cm), 25 ◦C Formate: 60 mM after 80 h [26]

MeFDH1 recombinant
Methylobacterium extorquens AM1

grown in optimal medium a

MeFDH1 recombinant
Methylobacterium extorquens AM1 Formate −0.75 V vs. Ag/AgCl Copper electrode

(1.5 cm × 2 cm), 25 ◦C
Formate: >30 mM after 24 h;

2.53 mM h−1 g-wet-cell−1 [49]

Methylobacterium extorquens AM1
grown in optimal medium a Methylobacterium extorquens AM1 Formate −0.75 V vs. Ag/AgCl Copper electrode

(1.5 cm × 2 cm), 25 ◦C Formate: 0.77 mM h−1 g-wet-cell−1 [49]

Shewanella oneidensis MR1 Shewanella oneidensis MR1 Formate −0.75 V vs. Ag/AgCl Copper electrode
(1.5 cm × 2 cm), 25 ◦C

Formate: 136.8 mM after 72 h; 3.8 mM
formate h−1 g-wet-cell−1. [13]

Methanococcus maripaludis MM901 Methanococcus maripaludis MM901 Methane −0.6 V to −0.7 V vs. SHE Graphite rod (8 cm2), 30 ◦C
Methane: 0.4 µmol h−1 at −0.6 V vs.

Ag/AgCl and 1 µmol h−1 at
−0.7 V vs. Ag/AgCl

[30]

Methanococcus maripaludis MM1284
mutant (∆fru ∆frc ∆hmd ∆vhu ∆vhc

∆ehb)

Methanococcus maripaludis MM1284
mutant (∆fru ∆frc ∆hmd ∆vhu ∆vhc

∆ehb)
Methane −0.6 V vs. SHE Graphite rod

(8 cm2), 30 ◦C Methane: 0.04 µmol h−1 [30]

Methanococcus maripaludis MM901
and Strain IS4 (DSM 15630)

co-cultures

Methanococcus maripaludis MM901
and Strain IS4 (DSM 15630)

co-cultures
Methane −0.4 V to −0.5 V vs. SHE Graphite bar electrode (8 cm2),

30 ◦C

Methane: 0.10–0.14 µmol cm−2 h−1 at
−0.4 V vs. SHE and 0.6–0.9 µmol cm−2 h−1

at −0.5 V vs. SHE
[61]

Methanococcus vannielii DSM-1224 Methanococcus vannielii DSM-1224 Methane, H2 −0.7 V vs. SHE Graphite rod electrode (6.75 cm2

working surface area) c, 37 ◦C Methane: 8.8 mmol m−2 d−1 [45]

Methanococcus maripaludis S2
DSM-14266

Methanococcus maripaludis S2
DSM-14266 Methane, H2 −0.7 V vs. SHE Graphite rod electrode (6.75 cm2

working surface area) c 37 ◦C Methane: 8.8 mmol m−2 d−1 [45]

Methanosarcina mazei Gö1 DSM-3647 Methanosarcina mazei Gö1 DSM-3647 Methane, H2 −0.7 V vs. SHE Graphite rod electrode (6.75 cm2

working surface area) c, 37 ◦C
Methane:

0.14 mmol m−2 d−1 [45]

Methanobacterium congolense
DSM-7095

Methanobacterium congolense
DSM-7095 Methane, H2 −0.7 V vs. SHE Graphite rod (6.75 cm2 working

surface area) c, 37 ◦C
Methane:

4.1 mmol m−2 d−1 [45]

Methanoculleus submarinus
DSM-15122

Methanoculleus submarinus
DSM-15122 Methane, H2 −0.7 V vs. SHE Graphite rod (6.75 cm2 working

surface area) c, 37 ◦C
Methane:

7.9 mmol m−2 d−1 [45]

Methanolacinia petrolearia DSM-11571 Methanolacinia petrolearia DSM-11571 Methane, H2 −0.7 V vs. SHE Graphite rod (6.75 cm2 working
surface area) c, 37 ◦C

Methane:
7.5 mmol m−2 d−1 [45]

Methanogenic microorganisms from
wastewater treatment plant Asten

(Austria).
N.D. Methane, H2 −0.7 V vs. Ag/AgCl Carbon felt

(2.5 cm × 6 cm × 0.6 cm), 30–35 ◦C
17.5 µL Methane and
930 µL of H2 after 4 h. [60]

Anaerobic sludge (Manfouha
Wastewater treatment Plant, Riyadh,

KSA)

Hyrogenotrophic Methanogens
(>99%) including Methanobacteriales

(Methanobacterium).
Methane −1.0 V vs. Ag/AgCl

Ni-CCPHF bundle electrode, 30 ◦C,
100% CO2 was supplied by passive

diffusion through pores of the
electrode

Methane: 161.0 mmol m−2 d−1; H2:
150.5 mmol m−2 d−1 [64]

Anaerobic sludge (Manfouha
Wastewater treatment Plant, Riyadh,

KSA)

Hyrogenotrophic Methanogens
(>99%) including Methanobacteriales

(Methanobacterium).
Methane −1.0 V vs. Ag/AgCl

Ni-CCPHF bundle electrode, 30 ◦C,
100% CO2 sparged in the reactor’s

headspace

Methane: 5.9 mmol m−2 d−1; H2:
90.9 mmol m−2 d−1 [64]

Anaerobic sludge (anaerobic
digester of local wastewater

treatment)

Acetoclastic methanogens
(Methanosaeta concilii,

Desulfotomaculum peckii,
Methanothermobacter wolfeii)

Acetate, methane. −0.85 V vs. Ag/AgCl
Carbon disk (diameter 6 cm,

thickness 1.3 cm),
60 ◦C

Acetate: 9.43 g m−2 d−1 and 10.5 g/L
acetate after 137 days; Methane:

9.25 L m−2 d−1 and 10.3 L methane after
137 days.

[63]
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Table 1. Cont.

Whole-Cell Biocatalysts Dominant Strains in Pure and
Mixed Cultures Products Cathode Potential Cathode Electrode and Reaction

Conditions Production Rate and Titer Reference

Activated sludge (sewage treatment
plant, Chengdu)

Advenella mimigardefordensis,
Acetobacterium woodii, Arcobacter

cibarius, Wolinella succinogenes

Acetate, no
methane

−0.9 V to −1.1 V vs.
Ag/AgCl

Carbon felt (4.5 cm × 4.5 cm), in
presence of 2-bromoethanesulfonic.

Acetate: 1.88 mM after
5 days and 0.38 mM d−1 at −0.9 V vs.

Ag/AgCl and 2.35 mM d−1 at −1.1 V vs.
Ag/AgCl

[44]

Sporomusa ovata DSM-2663 Sporomusa ovata DSM-2663 Acetate −0.69 V vs. SHE Graphite stick (36 cm2), 25 ◦C Acetate:
61.1 ± 18.1 mmol m−2 d−1 [32]

Sporomusa ovata DSM-3300 Sporomusa ovata DSM-3300 Acetate −0.69 V vs. SHE Graphite stick (36 cm2), 25 ◦C Acetate:
12.9 ± 5.6 mmol m−2 d−1 [32]

Sporomusa acidovorans Sporomusa acidovorans Acetate −0.69 V vs. SHE Graphite stick (36 cm2), 25 ◦C Acetate:
44.1 ± 14.2 mmol m−2 d−1 [32]

Sporomusa malonica Sporomusa malonica Acetate −0.69 V vs. SHE Graphite stick (36 cm2), 25 ◦C Acetate:
45.4 ± 4.9 mmol m−2 d−1, [32]

Sporomusa aerivirans Sporomusa aerivirans Acetate −0.69 V vs. SHE Graphite stick (36 cm2), 25 ◦C Not detected products [32]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate −0.69 V vs. SHE Graphite stick (36 cm2), 25 ◦C Acetate:
34.3 ± 07.0 mmol m−2 d−1 [32]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate −0.6 V vs. Ag/AgCl Chitosan-coated carbon cloth
(47 cm2), 25 ◦C

Acetate:
229 ± 56 mM m−2 d−1 [43]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate −0.6 V vs. Ag/AgCl Carbon cloth (47 cm2), 25 ◦C Acetate:
30 ± 7 mM m−2 d−1 [43]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate −0.69 V vs. SHE rGO-TEPA-CC electrode (28 cm2),
Room Temp.

Acetate:
321 ± 53 mM m−2 d−1 [43]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate −0.69 V vs. SHE Carbon cloth (28 cm2), Room Temp. Acetate:
88 ± 8 mM m−2 d−1 [42]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate −0.6 V vs. Ag/AgCl Ni-based PHF/CNTs electrode
(14.5 cm2), Room Temp.

Acetate:
247 ± 17 mM m−2 d−1 [37]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate −0.6 V vs. Ag/AgCl Ni-based PHF electrode (13.5 cm2),
Room Temp.

Acetate:
145 ± 4 mM m−2 d−1 [37]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate −0.69 V vs. SHE Carbon felt (22.5 cm2), Room Temp. Acetate:
136.5 ± 43.5 mM m−2 d−1 [51]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate −0.69 V vs. SHE 3D-G-CF electrode (22.5 cm2),
Room Temp.

Acetate:
925.5 ± 29.4 mM m−2 d−1 [51]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate, H2 −0.99 V vs. SHE CuF electrode (36 cm2), 25 ◦C 79.6 ± 24.4 mmol m−2 day−1 acetate;
2500.9 ± 461.4 mmol m−2 d−1 H2

[77]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate, H2 −0.99 V vs. SHE rGO foam electrode (36 cm2), 25 ◦C 222.4 ± 33.1 mmol m−2 d−1 acetate;
301.1 ± 77.8 mmol m−2 d−1 H2

[77]

Sporomusa ovata DSM-2662 Sporomusa ovata DSM-2662 Acetate, H2 −0.99 V vs. SHE rGO-CuF electrode (36 cm2), 25 ◦C 1697.6 ± 298.1 mmol m−2 d−1 acetate;
2599.2 ± 800.7 mmol m−2 d−1 H2

[77]

Moorella thermoacetica Moorella thermoacetica Acetate −0.4 V vs. SHE Graphite stick (65 cm2) Acetate: ~60 µmol after
6 days [33]

Acetobacterium woodii and Strain IS4
(DSM 15630) co-cultures

Acetobacterium woodii and Strain IS4
(DSM 15630) co-cultures Acetate −0.4 V to −0.5 V vs. SHE Graphite bar (8 cm2),

30 ◦C

Acetate:
0.21–0.23 µmol cm−2 h−1 at

−0.4 V vs. SHE;
0.57 –0.74 µmol cm−2 h−1 at −0.5 V

vs. SHE

[61]

Clostridium ljundahlii Clostridium ljundahlii Acetate, formate,
2-oxobutyrate −0.4 V vs. SHE Graphite stick (65 cm2)

Acetate: ~80 µmol, formate (minor
amount), 2-oxobutyrate (trace amount)

after 6 days
[33]
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Table 1. Cont.

Whole-Cell Biocatalysts Dominant Strains in Pure and
Mixed Cultures Products Cathode Potential Cathode Electrode and Reaction

Conditions Production Rate and Titer Reference

b Clostridium ljundahlii CLJUBAPP Clostridium ljundahlii CLJUBAPP Acetate, butyrate −1.05 V vs. Ag/AgCl
Carbon felt electrode

(50 mm × 50 mm × 50 mm,
length × width × thickness)

Acetate: 0.1 g L−1 d−1, 0.68 ± 0.03 g L−1;
Butyrate: 0.1 g L−1 d−1, 0.31 ± 0.02 g L−1 [78]

Clostridium ljundahlii CLJUBAPP Clostridium ljundahlii CLJUBAPP Acetate, Butyrate −1.05 V vs. Ag/AgCl
Ni-P15/CF electrode

(50 mm × 50 mm × 50 mm,
length × width × thickness)

Acetate: 0.17 g L−1 d−1, 1.18 ± 0.01 g L−1;
Butyrate: 0.1 g L−1 d−1, 0.67 ± 0.01 g L−1 [78]

Clostridium aceticum Clostridium aceticum Acetate,
2-oxobutyrate −0.4 V vs. SHE Graphite stick (65 cm2) ~45 µmol acetate; ~25 µmol 2-oxobutyrate

after 7 days [33]

Clostridium scatologens ATCC 25775T Clostridium scatologens ATCC 25775T Acetate, butyrate,
Ethanol −0.6 V vs. Ag/AgCl

Carbon felt
(50 mm × 50 mm × 50 mm),

25 ± 2 ◦C.

0.03 g/L acetic acid; 0.01 g/L butyric acid;
0.0 g/L ethanol after 28 days. [48]

Clostridium scatologens ATCC 25775T Clostridium scatologens ATCC 25775T Acetate, Butyrate,
Ethanol −0.8 V vs. Ag/AgCl

Carbon felt
(50 mm × 50 mm × 50 mm),

25 ± 2 ◦C.

0.095 g/L acetic acid; 0.051 g/L butyric
acid; 0.01 g/L ethanol after 28 days. [48]

Clostridium scatologens ATCC 25775T Clostridium scatologens ATCC 25775T Acetate, Butyrate,
Ethanol −1.05 V vs. Ag/AgCl

Carbon felt
(50 mm × 50 mm × 50 mm),

25 ± 2 ◦C.

0.301 g/L acetic acid; 0.059 g/L butyric
acid; 0.013 g/L ethanol after 28 days. [48]

Clostridium scatologens ATCC 25775T Clostridium scatologens ATCC 25775T Acetate, Butyrate,
Ethanol −1.2 V vs. Ag/AgCl

Carbon felt
(50 mm × 50 mm × 50 mm),

25 ± 2 ◦C.

0.44 g/L acetic acid; 0.085 g/L butyric acid;
0.015 g/L ethanol after 28 days. [48]

Mixed cultures (sediment from a
bog, Black Moshannon Park,

Philipsburg, PA).

Trichococcus palustris 47–62%),
Oscillibacter sp. (10–24%),
Clostridium sp. (5–21%),

Desulfotomaculum sp.; Tissierella sp.

Acetate; Propionate;
Butyrate; Butanol;

Ethanol
−0.4 V vs. SHE Carbon fiber rods (14.7 cm2)

Acetate: 1.90 ± 0.73 g L−1; Propionate:
2.09 ± 0.56 g L−1; butyrate:
2.25 ± 0.20 g L−1; Butanol:

26.82 ± 0.00 mg L−1; Ethanol: 16.04 mg L−1

[16]

Mixed cultures (stormwater pond
sediments and Luggage Point
Wastewater treatment Plant,

Brisbane)

N.D. Acetate, butyrate,
caproate −0.85 V vs. SHE Carbon felt (25.5 cm3), Flow

through reactor (FTR)

Acetate: 17.5 g L−1, 9.8 L−1 d−1; n-butyrate:
9.3 g L−1, 5.7 g L−1 d−1; n-caproate:

3.1 g L−1, 2.0 g L−1 d−1
[75]

Rhodopseudomonas palustris TIE-1 Rhodopseudomonas palustris TIE-1 Polyhydroxybutyrate
(PHB) +0.1 V vs. SHE Carbon felt (1 × 1 cm2), 25 ◦C PHB: 23.43 ± 1.29 mg L−1 [50]

Rhodopseudomonas palustris TIE-1 Rhodopseudomonas palustris TIE-1 Polyhydroxybutyrate
(PHB) +0.1 V vs. SHE CF/rGO-MNPs electrode

(1 × 1 cm2), 25 ◦C PHB: 91.31 ± 0.9 mg L−1 [50]

SHE: Standard hydrogen electrode; Optimal medium. a: Medium supplemented with 2.0% v/v Methanol and 60 µM tungstate [49]; b: Ni-CCPHF bundle: Ni-CCPHF bundle
(8 Ni-CCPHFs; 10 cm long each with outer diameter of 0.09 cm) electrode; Graphite rod (6.75 cm2 working surface area); c: 1.4 cm diameter × 15 cm length, 4.5 cm submerged into the
media; Room Temp.: Room temperature. N.D.: Not determined.
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3. Insights regarding Molecular Basis of Microorganisms as Whole-Cell Biocatalysts
for the Electrochemical Reduction of CO2 to Produce Value-Added Chemicals

Understanding, at molecular levels, which proteins/enzymes from potential microor-
ganisms are involved in the electrochemical reduction of CO2 into value-added chemicals
such as formate, methane, and acetate would be beneficial for the enhancement of the perfor-
mance of the microorganisms as whole-cell biocatalysts for the electrochemical synthesis.

3.1. Understanding Reduction of CO2 into Formate or Fomic Acid Catalyzed by
Whole-Cell Biocatalysts

It was reported that formate dehydrogenases (FHDs) catalyze for the interconversion
of CO2 into formate [23,55,79]. Formate dehydrogenase from Rhodobacter capsulatus, which
belongs to metal and NAD+-dependent FDH, requires NADH cofactors for the CO2 reduc-
tion into formate [23]. On the other hand, a tungsten-containing formate dehydrogenase
from Syntrophobacter fumaroxidans catalyzes for the electrochemical reduction of CO2 into
formate and uses electrode-generated electrons and methyl viologen as the electron me-
diator [55]. Whole-genome analysis revealed the presence of formate dehydrogenases in
M. extorquens AM1 and S. oneidensis and their role in the reduction of CO2 to produce for-
mate. M. extorquens AM1 possesses three formate dehydrogenases, a tungsten-containing
NAD-linked FDH (FDH1) encoded by the fdh1BA gene and two additional FDHs, FDH2
which is encoded by one cluster (fdh2CDAD) and is a four subunit FDHand homologous
to molybdenum FDH of Ralstonia eutropha and FDH3 which is encoded by the fdhABC
gene and is a three subunit and homologous to FDH from Wolinella succinogens [80]. The
mutant-based analysis of M. extorquens AM1 demonstrated that formate dehydrogenase 1, a
tungsten-containing FDH encoded by two genes, fdh1AB [80] of M. extorquens AM1, plays a
key role in the reduction of CO2 to produce formate (i.e., M. extorquens AM1 mutant lacking
the fdh1alpha or fdh1beta gene lost capacity for the electrochemical reduction of CO2 into
formate compared to its wild type) [49]. In addition, the M. extorquens AM1 mutant (a strain
knocked-out fdh1A and harbored PCM110(fdh1) for the recombinant FDH1 of M. extorquens
AM1) which was grown in optimal mediums and conditions for a greater expression level
of the recombinant FDH1 showed a better catalytic performance toward the electrochemi-
cal reduction of CO2 into formate compared to the wild type. Genome sequence analysis
showed that S. oneidensis MR-1 possesses three fdh genes coding for formate dehydroge-
nases (FDHs) (i.e., fdnGHI [SO_0101 to SO_0103], fdhA1B1C1 [SO_4508 to SO_4511], and
fdhA2B2C2 [SO_4512 to SO_4515]) and 39 c-type cytochromes [59]. S.oneidensis MR-1 con-
sists of various electron-transporting proteins for the reduction of metal ions. The MtrCAB
complex, encoded by MtrCAB operon, includes MtrC (outer-membrane decaheme-binding
c-type cytochrome), MtrA (periplasmic c-type cytochrome), and MtrB (transmembrane
c-type cytochrome bridging for MtrA and MtrC) and functions directly for the reduction
of metal ions [81,82]. In addition, the MtrDEF complex which is encoded by the MtrDEF
gene cluster (a paralog of MtrCAB genes and expressed under separate promoters from the
MtrCAB) also plays a role in the reduction of metal ions [81]. Transcriptomes of S. oneidensis
MR1 on the impact of the growth medium for the expression of the target proteins/enzymes
showed that electron receptors, such as fumarate and nitrate, under anaerobic conditions
are beneficial for the expression of formate dehydrogenases and various cytochromes [83].
The optimization of the growth medium and conditions of the S. oneidensis MR1, which
aimed to increase the expression level of formate dehydrogenases and electron-transporting
proteins based on the transcriptomic data of the bacteria, was performed in our group. As
a result, we found that S. oneidensis MR1, which was anaerobically grown in an optimal
medium (LB medium in the presence of fumarate, nitrate, and lactate), increased sharply
compared to that catalyzed by the cell aerobically grown in the LB medium [13]. The study
demonstrated the role of formate dehydrogenases and electron-transporting proteins such
as MtrC, MtrB, and MtrA in S. oneidensis MR1 for the electrochemical reduction of CO2 into
formic acid [13]. The works presented here demonstrated the catalytic capability of the
microorganisms (e.g., M. extorquens AM1 and S. oneidensis MR1) as whole-cell biocatalysts
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for the electrochemical reduction of CO2 at a molecular level. Optimizing the growth
medium and conditions to increase the expression level of the critical proteins/enzymes
(e.g., FDHs, MtrABC) in the microorganisms (e.g., M. extorquens AM1 and S. oneidensis
MR1), thereby enhanced the performance of the electrochemical reduction of CO2 catalyzed
by the microorganisms which were grown in optimized mediums and conditions. This
would be a good example for the further improvement in the catalytic efficiency of conven-
tional microorganisms as whole-cell biocatalysts in the microbial electrochemical reduction
of CO2.

3.2. Understanding Reduction of CO2 into Methane by Methanogenic Bacteria

In methanogenic bacteria, H2 is used as the primary electron donor in the reduction of
CO2 into methane. The reduction of CO2 into methane occurred in the following multiple
steps: (1): CO2 binds to methanofuran (MFR) and reduces to formyl-MFR (CHO-MFR)
catalyzed by formylmethanofuran dehydrogenase. This step is coupled with reduced ferre-
doxin (Fd) via a membrane-bound energy conserving hydrogenase (Ech); (2): the formyl
group of formyl-MFR is transferred to tetrahydromethanopterin (H4MPT) to form formyl-
H4MPT (CHO- H4MPT) catalyzed by formyl-MFR:H4MPT transferase; (3) the formyl group
of formyl-H4MPT is then dehydrated to methenyl-H4MPT (CH≡H4MPT) catalyzed by N5,
N10-methenyl-H4MPT cyclohydrolase; (4) methenyl-H4MPT is then sequentially reduced
to methylene-H4MPT (CH2=H4MPT) catalyzed by N5,N10-methylene-H4MPT dehydroge-
nase (F420 dependent) and N5, N10-Methynene-H4MPT dehydrogenase (hydrogen depen-
dent); (5): methene-H4MPT is reduced to methyl-H4MPT (CH3-H4MPT) catalyzed by N5,
N10-methylene-H4MPT reductase; (6): the methyl group of H4MPT is transferred to CoM to
form methyl-Coenzyme M (CH3-CoM) catalyzed by methyl-H4MPT:HS-CoM methyltrans-
ferase (Mtr), which is a membrane-bound complex; and (7): methyl-CoM is finally reduced
to methane (CH4) using coenzyme B (CoB) as the electron donor by methyl coenzyme M
reductase (Mcr, which is a key enzyme in methanogenesis) [84,85]. It is thought that methyl-
coenzyme M reductase is a rate-limiting enzyme for methanogenesis in methanogenic
archaea [86]. In the electrochemical reduction of CO2 into methane by microorganisms
as whole-cell biocatalysts, the electron transferring from electrodes to microorganisms is
important. It was reported that several free and surface-associated redox enzymes, such
as hydrogenases from methanogenic archaeon (e.g., Methanococcus maripaludis), play an
important role in the mediating electron transfer from electrodes to methanogenic microbes.
Thus, the hydrogenase deletion mutant (i.e., Methanococcus maripaludis MM1284 mutant)
which carries deletions of six genes coding for hydrogenases (i.e., fru frc, hmd, vhu, vhc, and
ehb) only retained 10% of the catalytic capability of the Methanococcus maripaludis MM901
wild type for the electrochemical reduction of CO2 to produce methane at a poised potential
of −0.6 V vs. SHE (i.e., the methane production by Methanococcus maripaludis MM1284 mu-
tant and Methanococcus maripaludis MM901 wild type are 0.04 µmol h−1 and 0.4 µmol h−1,
respectively). The study demonstrated the role of hydrogenases in Methanogenic microor-
ganisms and hydrogen as an intermediate as well as hydrogen-independent electron uptake
from the electrode [30]. Understanding the importance of proteins/enzymes at a molecular
level in methanogenic bacteria as biocatalysts is beneficial to obtaining better whole-cell
biocatalysts for the electrochemical reduction of CO2 into methane.

3.3. Understanding Reduction of CO2 into Acetate and Other Multi-carbon Compounds by the
Whole-Cell Biocatalysts

It is thought that the anaerobic conversion of CO2 and H2 into acetate by acetogenic
bacteria follows the reductive acetyl-CoA pathway [85,87]. The pathway includes multiple
steps: (1) CO2 reduction into formate catalyzed by formate dehydrogenases; (2) formate to
formyl tetrahydrofolate (THF) catalyzed by formyl-THF synthetase; (3–4) formyl-THF is
subsequently converted into methylene-THF catalyzed by methenyl-THF cyclohydrolase
and methylene-THF dehydrogenase; (5) methylene-THF is converted into methyl-THF
catalyzed by methylene-THF reductase; (6–7) methyl-THF is subsequently converted into
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acetyl-CoA catalyzed by methyl-transferase and carbon monoxide dehydrogenase/acetyl-
CoA synthase; and (8) acetyl-CoA is finally converted into acetate [88]. Genome analysis
of the Sporomusa strain An4, which shares 99% of its average nucleotide identity with
Sporomusa ovata strain H1, revealed the presence of all genes coding for the acetyl-CoA
pathway (e.g., methenyl-THF cyclohydrolase, methylene-THF dehydrogenase, acetyl-CoA
synthase, and formate dehydrogenase genes) [89]. The significant difference in the catalytic
efficiency of various species of Sporomusa (i.e., Sporomusa ovata DSM-2662, Sporomusa ovata
DSM-2663, S. ovata DSM-3300, S. acidovorans, S. malonica, S. aerivirans) as biocatalysts in the
above-mentioned study for the electrochemical reduction of CO2 into acetate demonstrated
the role of key enzymes/proteins involved in the reduction of CO2. Genome analysis
between S. ovata DSM-2663 and S. ovata DSM-2662 showed that S. ovata DSM-2663 had
69 genome variations compared to that of S. ovata DSM-2662 such as a base substitution
in a subunit of the NADP-reducing dehydrogenases (hndD2) coupled with the oxidation
of molecular H2 and reduction of NADP into NADPH [32]. It is reported that Sporomusa
species (i.e., S. acidovorans DSM 3132, S. aerivorans DSM 13326, S. malonica DSM 5090, S. ovata
DSM 2662, S. sphaeroides strain E, S. silvacetica DSM 10669, S. termitida) consisting of c-type
or b-type cytochromes and mena quinones in electron transporting systems [90] would be
essential for electron transfer from electrodes to the Sporomusa species in the electrochemical
reduction of CO2 to form value-added chemicals. Additionally, the proteomic analysis
of Sporomusa strain An4 revealed that the products of c-type cytochrome biosynthesis
genes, ccmA, ccmB, and ccmC, had a high protein abundance in Sporomusa strain An4
when grown with nitrate [89]. Modifying the nitrate content in the growth medium of
the Sporomusa species prior to applying the microorganisms as whole-cell biocatalysts
would be beneficial for the performance of the electrochemical reduction. In addition
to the genome analysis, the study of the impact of tungstate in the growth medium of
Sporomusa ovata DSM-2662 showed that an increase in the tungstate concentration (in the
range of 0.01µM and 0.1 µM) on the growth medium (DZMZ311 medium) significantly
increased the production of acetate in the microbial electrosynthesis from CO2 and H2
as reactants (i.e., acetate production is 141.2 ± 56.6 mmol m−2 day−1 and 380.0 ± 20.0
–1694.5 ± 678.6 µM m−2 day−1 in the DZMZ311 medium in the presence of 0.1 µM and
0,01 µM tungstate, respectively) [91]. It was reported that tungsten is a cofactor for the
acetogenic formate dehydrogenase involved in the Wood–Ljungdahl (WL) pathway and
the increase in the tungstate concentration in the DZMZ311 medium significantly increased
in the transcript abundance of fddA2 (SOV_3c08790) encoding for α-subunits of formate
dehydrogenase 2 (FDH2) of S. ovata (i.e., 3.3 ± 0.2-fold [91]. The increase in the expression
level of the involved enzymes of the WL pathway of the acetogenic bacteria (e.g., formate
dehydrogenases) led to an increase in acetate production in the microbial electrosynthesis
catalyzed by the acetogenic bacteria (e.g., S. ovata DSM-2662).

As mentioned above, Clostridium (e.g., Clostridium ljundahlii, Clostridium aceticum,
Clostridium scatologens ATCC 25775T) exhibited a capability to produce longer carbon com-
pounds (e.g., butyrate and caproate). It is hypothesized that short-chain carboxylates
(e.g., lactate, acetate) could be chain elongated to longer-chain carboxylates (e.g., caproate)
via the reverse β-oxidation pathway [66,70,92]. The chain elongation by microorgan-
isms is an anaerobic metabolism of microorganisms by a combination of carboxylates
(e.g., acetate) with more reduced compounds (e.g., ethanol) to produce a long-chain car-
boxylate (e.g., butyrate, caproate) [93,94]. It reported that the Clostridium species (e.g.,
Clostridium kluyveri) is capable of converting acetate and ethanol to produce longer car-
boxylic acids (e.g., butrate, caproate, caprylate) by a chain elongation process [71].

4. Strategies to Enhance Performance of Microbial Electrochemical Reduction of CO2
to Produce Value-Added Chemicals

The electrochemical reduction of CO2 into value-added chemicals such as formate,
methane, acetate, and other multi-carbon compounds (e.g., butyrate, caproate, butanol,
ethanol, and PHB) depends on various factors such as applied microorganisms as whole-
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cell biocatalysts, electron-generated electrodes, and electron transfer. Various strategies
which have been applied to increase the performance of the microbial electrochemical
reduction of CO2 to produce value-added chemicals are depicted in Figure 2. The per-
formance of the electrochemical reduction of CO2 into value-added chemicals is highly
dependent on several factors such as microorganisms as whole-cell biocatalysts, the re-
actor design, electrode materials and designs, and the reaction conditions (e.g., poised
cathode potential, hydraulic retention time). Thus, the modification of electrode materials
has shown a good strategy to enhance the performance of the electrochemical reduction
of CO2 to produce various compounds. A wide range of electrode materials such as
3D-G-CF electrodes, Ni-based PHF/CNTs electrodes, and CF/rGO-MNPs enhanced the
performance of the electrochemical reduction of CO2 [37,63,75]. Additionally, diversify-
ing reaction conditions such as the cathode potential for the electrochemical reduction
of CO2 by Clostridium scatologenes ATCC 25775T obtained the conditions to have a better
performance for the reduction of CO2 to produce acetate, butyrate, and ethanol [48]. It was
reported that diversifying microorganisms as whole-cell biocatalysts showed a diverse per-
formance and range of products for the electrochemical reduction of CO2. Discovering and
applying experimentally various microorganisms as whole-cell biocatalysts for a reaction
process to reduce CO2 is also another good strategy for the enhancement of the reaction. For
example, M. extorquens AM1 with the best performance toward the reduction of CO2 was
selected for further study from eight Methylobacterium species [26]. Another strategy is to
optimize the growth medium and conditions to increase the expression level of important
enzymes/proteins of microorganisms before applying the microorganism as a whole-cell
biocatalyst for the reduction of CO2. The optimization of the growth media (fumarate,
nitrate, and lactate) and conditions (anaerobic and aerobic condition) of S. oneidensis MR1,
based on the transcriptomic data, was performed in our group to increase the expression
level of the enzymes/proteins of the bacteria involved in the electrochemical reduction of
CO2 into formate is an example for the enhancement of the electrochemical reduction of
CO2 into formate. As a result, the reaction rate and final conversion of the reduction of
CO2 into formate catalyzed by S. oneidensis MR1, which was grown anaerobically in an
optimized LB medium supplemented with fumarate and nitrate as electron receptors and
lactate as an electron donor, were remarkably increased compared to those catalyzed by the
bacteria which were grown aerobically in a basic LB medium [13]. A recent study on the
collaboration of a specialized electron-uptaking microorganism IS4 strain (DSM 15630) and
another microorganism capable of producing target value-added chemicals (e.g., Acetobac-
terium woodii for acetate production [61] and Methanococcus maripaludis MM901 for methane
production [62]) in co-cultures showed a better performance for the electrochemical reduc-
tion of CO2 to produce value-added chemicals. The collaboration of microorganisms (in
the form of co-cultures or mixed cultures) would be another good strategy to enhance the
performance of the electrochemical reduction of CO2 to produce value-added chemicals.

Another strategy based on an in silico study (e.g., Basic Local Alignment Search-
ing Tools (BLAST) [95,96] and Clustal program [97]) is introduced in this study to pre-
dict potential microorganisms as whole-cell biocatalysts for further experimental verifi-
cation toward CO2 reduction. BLAST is a searching tool to compare a query sequence
(e.g., nucleotide sequence or amino acid sequence) with a database of sequences and thereby
identify sequences that are similar to the query sequence [96]. A Clustal program is used for
sequence alignment to find out conserved regions/sites between different sequences [97].
S. oneidensis MR1 was selected as the model microorganism for an in silico study to predict
a potential microorganism as a whole-cell biocatalyst for the electrochemical reduction of
CO2 into formate. Formate dehydrogenases and electron-transporting proteins (e.g., MtrA,
MtrB, MtrC) of S. oneidensis MR1, which are important for the electrochemical reduction
of CO2 into formate, were selected as template protein sequences to search for available
protein sequences belonging to other microorganisms in the protein sequence database
using the BLAST program [95] that are similar to that of S. oneidensis MR1 (query sequences
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for BLAST are formate dehydrogenase and electron-transporting proteins such as MtrA,
MtrB, MtrC of S. oneidensis MR1, as seen in Table S1).

Figure 2. Strategies for the enhancement of the electrochemical reduction of CO2 to produce value-
added chemicals.

The BLASTing results, as seen in Table 2, showed that the protein sequences of formate
dehydrogenases (subunit alpha1, beta 1, and gamma1 of the FDH_A1B1C1 complex and
subunits alpha2, beta2, and gamma2 of the FDH_A2B2C2 complex) have a high similarity
with their homologues from other species of the Shewanella genus. Formate dehydrogenase
subunit alpha1 of S. oneidensis MR1 is 74–94% similar to the formate dehydrogenase alpha
from 198 other species of the Shewanella genus; FDH subunit beta1 and subunit gamma1
of S. oneidensis MR1 are also highly similar to their FDH homologues of a respective 173
and 196 other species of the Shewenalla genus (BLAST identity is 82–89% and 54–98% for
FDH subunit beta1 and FDH subunit gamma1, respectively). The BLASTing results, as
seen in Table 2, for MtrA, MtrB, and MtrC of S. oneidensis MR1 are also highly similar
to their homologues from other species of the Shewanella genus. The MtrCAB proteins
of S. oneidensis MR1 are 43–99%, 65–98%, and 32–98% similar to the MtrCAB homolog
proteins from a respective 214, 211, and 214 other species of the Shewanella genus. The
protein sequence alignment of formate dehydrogenase (subunit alpha, beta, and gamma)
and the MtrCAB proteins of S. oneidensis and their protein homologues from other species
of the Shewanella genus (S. oneidensis MR1, S. glacialipiscicola, S.algae, S. litoralis, S. woodyi,
and S. halifaxensisi) are seen in Figures S1–S6. The protein sequence alignment, as seen
in Figures S1–S3 and Table 3, showed that the formate dehydrogenase alpha1, beta1, and
gamma1 subunits from S. oneidensis MR1 are 83–96%, 89–97%, and 56–95% similar to the
FDH_alpha_beta_gamma subunits from other species of the Shewenella genus. The for-
mate dehydrogenase subunits alpha1, beta1, and gamma 1 of S. oneidensis MR1 are highly
similar to their homologues from S. glacialipiscicola, S.algae, and S. litorali. On the other
hand, the formate dehydrogenase gamma1 of S. oneidensis MR1 is moderately similar to
its homologue from the two species S. woodyi and S. halifaxensis (56–66%). The BLAST
and protein sequence alignment for the formate dehydrogenase and MtrCAB proteins
showed that other species of the Shewanella genus possess both formate dehydrogenase and
electron-transporting proteins with a diverse similarity in their sequences from moderate
to high similarity corresponding protein sequences of S. oneidensis MR1. Other Shewanella
species would be good sources for expanding as whole-cell biocatalysts for the reduction
of CO2 into formic acid. The BLASTing results, as seen in Table 2, also showed that species
of Aeromonas, Halomonas, Ferrimonas, and Vibiro genera possess both formate dehydroge-
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nase and MtrCAB homologues which are relatively high similarity with the query protein
sequences of S. oneidensis MR1 (32 species of Aeromonas genus, 12 species of Vibrio genus,
11 species of Ferrimonas genus, 1 species of Halomonas genus). Bacteria belonging to
Aeromonas, Ferrimonas, Halomonas, and Vibrio genera would be potential sources for apply-
ing as whole-cell biocatalysts for the reduction of CO2 into formic acid. Table 2 showed that
the bacterial species of Moritella and Ralstonia genera only possess the FDH alpha, beta, and
gamma subunits which are relatively high similarity to the formate dehydrogenase subunits
from S. oneidensis MR1 and do not have any MtrCAB proteins which are similar to that of
S. oneidensis MR1. The FDH_A1B1C1 subunits of the Moritella genus are 66–67%, 77–81%,
and 39–40% similar to that of S. oneidensis MR1 and the FDH_A1B1C1 subunits of the
Ralstonia genus are 57–59%, 68–76%, and 37–40% similar to that of S. oneidensis MR1. On
the other hand, one species of Geobacter discovered by the BLAST search (BLOSUM45 and
searching in 5000 available protein sequences) has the MtrAB protein which is 32–44%
and 22% similar to that of S. oneidensis MR1. This finding is similar with the study of
Shi et al. on the extracellular electron transfer system of Geobacter sp. M21 which contains
MtrAB homologues (GM21_0397 and GM21_0398), but no MtrC homologue [98]. The
study of Leang et al. showed that Geobacter sulfurreducens has c-type cytochrome OmcS
which has a function as MtrC [99]. Additionally, the genome of Geobacter sulfurreducens
contains formate dehydrogenase localized in periplasmic. The FDH of G. sulfurreduces
has four subunits (GSU0777-80). FdnG (GSU07777), which is a catalytic subunit, is more
abundant in the hydrogen condition. FdhHG, FdhH, and FhdI exhibited a different abun-
dance in various growth conditions. FdhI is a membrane-associated domain of CbcL that
functions as an MQ oxidoreductase [100]. Therefore, bacterial species of Geobacter would be
another choice for applying as potential whole-cell biocatalysts for the conversion of CO2
into formate.

Table 2. BLASTing results of formate dehydrogenases and several electron-transporting proteins
from Shewanella oneidensis MR1 against available sequences in nr protein sequences.

Query Sequences

Organisms Containing Proteins That Are Similar to Corresponding Query Sequences

Organism No. of Organism
BLAST Identity of Protein
from Organism with Query

Sequence (%)

Classification of the
Organism

FDH_alpha1
(genebank accession
No.: AAN57473.1)

Shewanella spp. 198 78–94 Gammaproteobactea

Halomonas spp. 170 63–67 Gammaproteobactea

Moritella spp. 15 66–67 Gammaproteobactea

Vibrio spp. 408 67–68 Gammaproteobactea

Aeromonas spp. 78 67–68 Gammaproteobactea

Ralstonia spp. 40 57–59 Gammaproteobactea

Ferrimonas spp. 11 72–78 Gammaproteobactea

Geobacter spp. 0 - Gammaproteobactea

FDH_beta1
(genebank accession
No.: AAN57474.1)

Shewanella spp. 173 82–89 Gammaproteobactea

Halomonas spp. 127 69–81 Gammaproteobactea

Moritella spp. 15 71–88 Gammaproteobactea

Vibrio spp. 248 68–92 Gammaproteobactea

Aeromonas spp. 42 80–89 Gammaproteobactea

Ralstonia spp. 39 68–76 Gammaproteobactea

Ferrimonas spp. 11 77–79 Gammaproteobactea

Geobacter spp. 0 - Gammaproteobactea
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Table 2. Cont.

Query Sequences

Organisms Containing Proteins That Are Similar to Corresponding Query Sequences

Organism No. of Organism
BLAST Identity of Protein
from Organism with Query

Sequence (%)

Classification of the
Organism

FDH_gamma1
(genebank accession
No.: AAN57475.1)

Shewanella spp. 196 53–99 Gammaproteobactea

Halomonas spp. 169 39–40 Gammaproteobactea

Moritella spp. 15 39–40 Gammaproteobactea

Vibrio spp. 429 36–43 Gammaproteobactea

Aeromonas spp. 60 39–43 Gammaproteobactea

Ralstonia spp. 39 37–40 Gammaproteobactea

Ferrimonas spp. 12 46–57 Gammaproteobactea

Geobacter spp. 0 - Deltaproteobactea

FDH_alpha2
(genebank accession
No.: AAN57477.1)

Shewanella spp. 198 74–92 Gammaproteobactea

Halomonas spp. 170 62–63 Gammaproteobactea

Moritella spp. 15 66–67 Gammaproteobactea

Vibrio spp. 410 67–69 Gammaproteobactea

Aeromonas spp. 78 62–65 Gammaproteobactea

Ralstonia spp. 10 55–57 Gammaproteobactea

Ferrimonas spp. 11 71–78 Gammaproteobactea

Geobacter spp. 0 - Deltaproteobactea

FDH_beta2
(genebank accession
No.: AAN57478.1)

Shewanella spp. 173 85–96 Gammaproteobactea

Halomonas spp. 127 71–79 Gammaproteobactea

Moritella spp. 15 74–85 Gammaproteobactea

Vibrio spp. 246 76–91 Gammaproteobactea

Aeromonas spp. 42 86–87 Gammaproteobactea

Ralstonia spp. 39 73–74 Gammaproteobactea

Ferrimonas spp. 11 78–82 Gammaproteobactea

Geobacter spp. 0 - Deltaproteobactea

FDH_gamma2
(genebank accession
No.: AAN57479.1)

Shewanella spp. 196 53–99 Gammaproteobactea

Halomonas spp. 169 35–47 Gammaproteobactea

Moritella spp. 15 35–36 Gammaproteobactea

Vibrio spp. 428 33–50 Gammaproteobactea

Aeromonas spp. 60 35–36 Gammaproteobactea

Ralstonia spp. 38 32–35 Gammaproteobactea

Ferrimonas spp. 12 54–76 Gammaproteobactea

Geobacter spp. 0 - Deltaproteobactea

MtrC
(genebank accession
No.: AAN54831.1)

Shewanella spp. 214 43–99 Gammaproteobactea

Halomonas spp. 1 32 Gammaproteobactea

Moritella spp. 0 - Gammaproteobactea

Vibrio spp. 12 24–32 Gammaproteobactea

Aeromonas spp. 36 24–29 Gammaproteobactea

Ralstonia spp. 0 - Gammaproteobactea
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Table 2. Cont.

Query Sequences

Organisms Containing Proteins That Are Similar to Corresponding Query Sequences

Organism No. of Organism
BLAST Identity of Protein
from Organism with Query

Sequence (%)

Classification of the
Organism

Ferrimonas spp. 11 35–42 Gammaproteobactea

Geobacter spp. 0 - Deltaproteobactea

MtrB
(genebank accession
No.: AAN54829.1)

Shewanella spp. 214 32–98 Gammaproteobactea

Halomonas spp. 3 24–38 Gammaproteobactea

Moritella spp. 0 - Gammaproteobactea

Vibrio spp. 83 25–83 Gammaproteobactea

Aeromonas spp. 39 27–30 Gammaproteobactea

Ralstonia spp. 0 - Gammaproteobactea

Ferrimonas spp. 12 35–47 Gammaproteobactea

Geobacter spp. 1 22–24 Deltaproteobactea

MtrA
(genebank accession
No.: AAN54830.1)

Shewanella spp. 211 65–98 Gammaproteobactea

Halomonas spp. 3 41–57 Gammaproteobactea

Moritella spp. 0 - Gammaproteobactea

Vibrio spp. 74 45–59 Gammaproteobactea

Aeromonas spp. 34 48–54 Gammaproteobactea

Ralstonia spp. 0 - Gammaproteobactea

Ferrimonas spp. 12 60–66 Gammaproteobactea

Geobacter spp. 19 32–46 Deltaproteobactea

Table 3. Similarity (%) between formate dehydrogenases and electron-transporting proteins from
S. oneidensis MR1 and corresponding enzymes/proteins from several Shewanella genus using
CLUSTALX2 with BLOSUM62.

Protein/Enzyme
from S. oneidensis

MR1

Similarity (%) between Formate Dehydrogenase and Electron-Transporting Protein from S. oneidensis
MR1 and Its Enzyme/Protein Homolog from Several Shewanella Genus

S. glacialipiscicola S. algae S. litoralis S. woodyi S. halifaxensis

FDH_alpha1 96 94 94 93 83

FDH_beta1 89 99 97 94 89

FHD_gamma1 95 88 85 66 56

MtrA 98 92 84 90 87

MtrB 95 86 80 84 81

MtrC 58 60 65 64 72

5. Conclusions

This study showed the progress in the application of a diversity of microorgan-
isms (pure cultures such as Shewanella oneidensisi MR1, Methanobacterium palustre ATCC
BAA-1077, and many strains of Methylobacterium, Sporomusa genera, Clostridium genera, and
mixed microbial cultures) as whole-cell biocatalysts for the electrochemical reduction of CO2
to produce various value-added chemicals, including methane, carboxylates/carboxylic
acids (e.g., formate, acetate, butyrate, oxo-butyrate, caproate), alcohols (e.g., ethanol, bu-
tanol), and bioplastics (e.g.,polyhydroxybutyrate). The performance of the microbial
electrochemical reduction of CO2 to produce formate and acetate is significantly increased
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by applying a diversity of microorganisms (e.g., Shewanella oneidensis MR1 and several
strains of Methylobacterium for formate production or several strains of Sporomusa genera
for acetate production), the modification of electrode materials, the power of the electrode
supply in the study of acetate production by Sporomusa ovata DSM 2662 and enhancing the
catalytic efficiency of Shewanella oneidensis MR1 through optimizing the growth medium
and conditions to increase the expression level of the involved proteins/enzymes such
as formate dehydrogenase and MtrABC cytochromes of Shewenalla oneidensis MR1. Some
recent studies showed the capability of microorganisms as whole-cell biocatalysts for a
longer chain of higher value-added chemicals such as n-butyrate and n-caproate. Addition-
ally, this study also provided several examples of influential factors including the electrode
materials, the power of the electron supply, the electron mediator, and the diversity of mi-
croorganisms as whole-cell biocatalysts on the performance of the microbial electrochemical
reduction of CO2. Combining the diversity of microorganisms as whole-cell biocatalysts
with other influential factors such as the electrode materials and power of the electron
supply would be a good choice to obtain a better performance of the electrochemical
reduction of CO2 to produce value-added chemicals. Remarkably, this study provided
insights, at a molecular level, of the involved enzymes/proteins of the microorganisms
to elucidate how the microorganisms, such as M. extorsquens AM1, S. oneidensis MR1, and
Sporomusa ovata, play a role as whole-cell biocatalysts for the electrochemical reduction of
CO2 to produce value-added chemicals. Additionally, this study provides several strategies
which have been applied to enhance the performance of the reduction of CO2 such as the
experimental screening of microorganisms as whole-cell biocatalysts, the optimization of
the growth medium and conditions of the microorganism before applying the reduction
system based on the genomic and transcriptomic analysis of the microorganisms and a
strategy based on an in silico study to predict the potential microorganism as a whole-cell
biocatalyst in this study. This study, based on an in silico study, also provides a list of
microorganisms belonging to the Shewanella genus, Aeromonas, Halomonas, Ferrimonas, Vibiro,
and Geobacter which would be the candidates as whole-cell biocatalysts for the reduction of
CO2 to produce value-added chemicals.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11030766/s1, Table S1: List of proteins/enzymes from
S. oneidensis MR1 obtained from NCBI (https://www.ncbi.nlm.nih.gov/) (accessed on 15 June 2022
for MtrCAB (MtrC, MtrA, MtrB) sequences and 16 June 2022 for FDH sequences, respectively)
and used for screening potential whole-cell biocatalysts by Basic Local Alignment Searching Tools
(BLAST); Figure S1: Protein sequence alignment of formate dehydrogenase subunit alpha from
S. oneidensis MR1 (Genbank Accession no. AAN57473.1), S. glacialipiscicola (Genbank accession no.
WP_220772316.1), S.algae (Genbank accession no. WP_208160371.1), S. litoralis (WP_160055551.1),
S. woodyi (Genbank accession no. WP_012327379.1), and S. halifaxensis (WP_108944961.1); Figure S2:
Protein sequence alignment of formate dehydrogenase subunit beta from S. oneidensis MR1 (Genbank
Accession no. AAN57474.1), S. glacialipiscicola (Genbank accession no. WP_220772313.1), S.algae
(Genbank accession no. WP_144226586.1), S. litoralis (WP_160055427.1), S. woodyi (Genbank ac-
cession no. WP_012327378.1), and S. halifaxensis (WP_108944958.1); Figure S3: Protein sequence
alignment of formate dehydrogenase subunit gamma from S. oneidensis MR1 (Genbank Accession
no. AAN57475.1), S. glacialipiscicola (Genbank accession no. WP_220772315.1), S.algae (Genbank
accession no. WP_219031328.1), S. litoralis (Genbank accession no. WP_160055429.1), S. woodyi (Gen-
bank accession no. WP_065204495.1), and S. halifaxensis (genbank accession no. WP_012279080.1);
Figure S4: Protein sequence alignment of MtrA from S. oneidensis MR1 (Genbank Accession no.
AAN54830.1), S. glacialipiscicola (Genbank accession no. WP_220772614.1), S.algae (Genbank acces-
sion no. WP_208149284.1), S. litoralis (Genbank accession no. WP_160053383.1), S. woodyi (Gen-
bank accession no. WP_012325733.1), and S. halifaxensis (genbank accession no. WP_012277866.1);
Figure S5: Protein sequence alignment of MtrB from S. oneidensis MR1 (Genbank Accession no.
AAN54829.1), S. glacialipiscicola (Genbank accession no. WP_220772616.1), S.algae (Genbank acces-
sion no. WP_159353283.1), S. litoralis (Genbank accession no. WP_160053384.1), S. woodyi (Gen-
bank accession no. WP_065188554.1), and S. halifaxensis (genbank accession no. WP_012277867.1);

https://www.mdpi.com/article/10.3390/pr11030766/s1
https://www.mdpi.com/article/10.3390/pr11030766/s1
https://www.ncbi.nlm.nih.gov/
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Figure S6: Protein sequence alignment of MtrC from S. oneidensis MR1 (Genbank Accession no.
AAN54831.1), S. glacialipiscicola (Genbank accession no. WP_220772613.1), S.algae (Genbank accession
no. WP_234523060.1), S. litoralis (Genbank accession no. WP_160053382.1), S. woodyi (Genbank
accession no. WP_065188553.1), and S. halifaxensis (genbank accession no. WP_108946855.1).
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