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Abstract

The electrochemical process of microbial electrosynthesis (MES) is used to drive the metabolism of electroactive microor-
ganisms for the production of valuable chemicals and fuels. MES combines the advantages of electrochemistry, engineering,
and microbiology and offers alternative production processes based on renewable raw materials and regenerative energies. In
addition to the reactor concept and electrode design, the biocatalysts used have a significant influence on the performance of
MES. Thus, pure and mixed cultures can be used as biocatalysts. By using mixed cultures, interactions between organisms,
such as the direct interspecies electron transfer (DIET) or syntrophic interactions, influence the performance in terms of
productivity and the product range of MES. This review focuses on the comparison of pure and mixed cultures in microbial
electrosynthesis. The performance indicators, such as productivities and coulombic efficiencies (CEs), for both procedural
methods are discussed. Typical products in MES are methane and acetate, therefore these processes are the focus of this
review. In general, most studies used mixed cultures as biocatalyst, as more advanced performance of mixed cultures has been
seen for both products. When comparing pure and mixed cultures in equivalent experimental setups a 3-fold higher methane
and a nearly 2-fold higher acetate production rate can be achieved in mixed cultures. However, studies of pure culture MES
for methane production have shown some improvement through reactor optimization and operational mode reaching similar
performance indicators as mixed culture MES. Overall, the review gives an overview of the advantages and disadvantages
of using pure or mixed cultures in MES.

Key points

e Undefined mixed cultures dominate as inoculums for the MES of methane and acetate, which comprise a high potential
of improvement

e Under similar conditions, mixed cultures outperform pure cultures in MES

e Understanding the role of single species in mixed culture MES is essential for future industrial applications
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Introduction

Decarbonization and electrification of the chemical industry

Jan-Niklas Hengsbach and Bjorn Sabel-Becker contributed equally are current tasks of the scientific community. To achieve
to this work. Both are to be considered as main authors. the full potential in terms of decarbonization and electrifi-
53 Roland Ulber catlog, .COZ should be the initial substrate and the applied
ulber@myv.uni-kl.de electricity should be generated from renewable sources (e.g.,
solar or wind). In order to fulfil these requirements, micro-

' Department of Mechanical and Process Engineering, bial electrosynthesis (MES) theoretically represent an ideal

Institute of Bioprocess Engineering, Technical University

Kaiserslautern, 67663 Kaiserslautern, Germany technology platform to achieve this objective by combining

S o . microbial and electrochemical reactions. A common and
Dep?rtmem of Llf‘? Scu?nce Engineering, In.stltute widely applicable definition of these processes is “MES
of Bioprocess Engineering and Pharmaceutical Technology, . . K . .
Technische Hochschule Mittelhessen, 35390 Giessen, is the execution of microbially catalyzed electrochemical
Germany reactions to transform a substance into a desired product”
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(Schroder et al. 2015). The main advantages of MES com-
pared to other power-to-X technologies are the mild reaction
conditions (temperature and pressure), the high stability of
the biocatalysts as well as their ability to self-regenerate and
to synthesize complex molecules.

By combining an efficient CO, utilization technology
with renewable energy, the different United Nations Sustain-
able Development Goals (SDGs) could be fulfilled (Stockl
et al. 2022). MES can particularly contribute to achieve SDG
9 (Build resilient infrastructure, promote inclusive and sus-
tainable industrialization and foster innovation), SDG 12
(Ensure sustainable consumption and production patterns),
and SDG 13 (Take urgent action to combat climate change
and its impacts). The feasibility of MES has been demon-
strated several times in recent years (e.g., Nevin et al. (2010),
Marshall et al. (2012), Batlle-Vilanova et al. (2017), Krieg
et al. (2018), Vassilev et al. (2018)). However, to achieve
the overall objectives, adequate process performances must
be realized. The most important performance indicators in
microbial electrosynthesis are the space-time yields, the
current as well as the energy efficiencies, and the produc-
tion rates based on the cathode surface area. Furthermore,
additional parameters such as the conversion rate of the sub-
strate, the cell voltage and in particular the investment and
operating costs must always be considered.

The overall performance of MES is influenced by many
different factors, e.g., the metabolic capacity of the organ-
ism, the type of electron transfer between the electrode and
the organisms (Sydow et al. 2014; Stockl et al. 2022), the
type and area of the electrode, as well as the applied reactors
(Krieg et al. 2014). In recent literature, examples of MES
with both pure cultures and mixed cultures have been pre-
sented (Das et al. 2018; Gomez Vidales et al. 2019; Ragab
et al. 2019; Mayer et al. 2019; Roy et al. 2021). The review
aims to compare the performance indicators of these pro-
cesses to identify the influence of these operational condi-
tions. Typical products in MES, using CO, as carbon source,
are methane and acetate. Therefore, these processes are the
focus of this review.

Acetogens and methanogens

Both the metabolism and the technical use of acetogens
and methanogens have been summarized in many review
articles (e.g., Jones et al. 1987; Thauer et al. 2008; Schiel-
Bengelsdorf and Diirre 2012; Schuchmann and Miiller
2014; Costa and Leigh 2014; Schuchmann and Miiller
2016; Enzmann et al. 2018; Lyu et al. 2018). Here, the
most important characteristics of these organisms are
briefly described. For more detailed information, please
refer to the corresponding reviews.

To define an acetogen, the feature of “acetogenesis” in
acetogens must be clearly distinguished from the sole ability
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to produce acetate. Different organisms, such as enterobacte-
ria or acetic acid bacteria, could produce acetate, but are not
acetogens. Acetogens are bacteria that can produce acetyl-
CoA (and from that, in most cases, acetate as the end prod-
uct) from two molecules of CO, and, thus, from inorganic
carbon, catalyzed by the reactions of the Wood-Ljungdahl
pathway. Therefore, acetogenic bacteria can be defined as
a diverse group of strictly anaerobic bacteria, which utilize
the Wood-Ljungdahl pathway for the CO/CO, fixation via
acetyl-CoA. Acetogens are facultative autotrophs that can
grow by the oxidation of a large variety of organic substrates
(e.g., hexoses, pentoses, alcohols) or by the oxidation of
inorganic substrates, such as H, or CO, which is usually
coupled to the reduction of CO, (Schuchmann and Miiller
2014). The most characteristic feature of acetogens is their
ability to produce acetate from H, and CO,. As the synthesis
of acetate from 2 mol of CO,, with H, as the reductant, ena-
bles the growth of acetogens, this pathway must be coupled
to a net adenosine triphosphate (ATP) formation. Indeed,
the Wood-Ljungdahl pathway is the only pathway for a CO,
fixation that is coupled to energy conservation (Schuchmann
and Miiller 2014). This reaction provides only limited energy
for the cell metabolism, e.g., 0.3 mol ATP are generated per
mol produced acetate by Acetobacterium woodii growing
on CO, and H,. Typical organisms that are counted among
the acetogens belong to the genera Clostridium, Acetobac-
terium, and the thermophilic genera Moorella (Liew et al.
2016). Well-known model organisms of the acetogens are
Moorella thermoacetica, A. woodii, Sporumusa ovata, and
Clostridium ljungdahlii.

Methanogenesis is an anaerobic respiration that gener-
ates methane as the final product of metabolism (Sow-
ers 2009; Lyu et al. 2018). The diverse archaeal group
of methanogens is the only group of microorganisms
on earth that produces significant amounts of methane
(Enzmann et al. 2018). In general, methanogens are strict
anaerobes. This group of organisms uses CO, and H, and/
or small organic molecules, such as acetate, formate, and
methylamine, and converts them into methane. In metha-
nogenesis, the oxidized carbon compounds are used as
terminal electron acceptors. Thus, methanogens are com-
mon in habitats that are poor in other electron acceptors,
such as NO;~, Fe;*, and SO,>~ (Lyu et al. 2018). There-
fore, this process occurs in anaerobic natural habitats
(e.g., swamps, digestive systems of animals, oil fields)
as well as in anaerobic technical systems (e.g., wastewater
treatment and biogas plants). Methanogens can use three
main types of substrates, namely CO,/CO, acetate, and/
or methylated substrates. Based on these groups of con-
verted substrates, methanogens are classified into three
groups: hydrogenotrophic, acetoclastic, and methylo-
trophic methanogens. Most of the methanogens use CO,
as a carbon source, and H, as an electron donor during
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hydrogenotrophic methanogenesis. Some methanogens
can also use carbon monoxide (CO) for methanogenesis.
The acetoclastic methanogens split acetate to form CH,
and CO,. Methylotrophic methanogenesis results from
the demethylation of methanol and further compounds
such as trimethylamine and dimethylamine. In general,
the energy yield in methanogenesis is quite low (< 1 ATP
per methane is generated) (Lyu et al. 2018). Methanogens
show not only a wide diversity regarding their habitats
but are also highly diverse in terms of morphology and
growth conditions, such as temperature, pH, and osmolar-
ity optima.

Electron transfer and types of interspecies
interactions

A main feature of electroactive bacteria is the ability to
transfer electrons from an electrode to the microbial cell
or vice versa instead of the natural redox partner (Sydow
et al. 2014). For this, different extracellular electron trans-
fer mechanisms can be employed (Fig. 1). When applying
mixed cultures in MES, interactions between different
organisms can be observed (Marshall et al. 2017).

Syntrophic interaction of anaerobic consortia

The term “syntrophy” dates back to the mid-twentieth
century and was used to describe microbial cross-feeding
(Fildes 1956). Today, syntrophy describes the coopera-
tive growth of two or more species which can only utilize
a substrate in mixed cultures, but not as a single species
in pure culture (Stams et al. 2006). A generic association
can be the supply of growth factors (e.g., vitamins) of one
microorganism that enhances the growth of another micro-
organism in an exchange of substrates, or by the elimination
of toxic products (Nozhevnikova et al. 2020), enabling the
growth of both species. However, the syntrophic consor-
tium in anaerobic environments is better described by the
interdependence of metabolic pathways of species in their
utilization of the available free energy. Initially, the organic
degradation starts with hydrolytic and fermentative bacteria,
breaking down polymeric substances, such as polysaccha-
rides, proteins, and lipids, into mono- and disaccharides,
amino acids, fatty acids, and alcohols. The intermediates
are metabolized further by proton-reducing acetogenic bac-
teria into hydrogen (H,), carbon dioxide (CO,), formate and
acetate (Nozhevnikova et al. 2020). In environments, where
nitrate, sulfate, and iron are readily available, methanogens
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Fig.1 The different extracellular electron transfer mechanisms
(EET) are illustrated showing the direct electron transfer (DET), the
mediated electron transfer (MET), and the indirect electron transfer
(IET). The physical contact in the DET can be accomplished through

O hydrogenase

cytochrome (left), pili (right), and nanowire (not shown). The IET
is possible through, e.g., proton (H+) reduction to hydrogen (H2)
(uncatalyzed or catalyzed by hydrogenases) or a metabolite of another
organism that functions as a substrate for the production strain
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are usually outcompeted by nitrate, sulfate, or iron reducers,
as these terminal electron acceptors allow a larger energy
yield than methanogenesis (Morris et al. 2013). However, if
these respirable substances are exhausted, CO, constitutes
the only terminal electron acceptor to oxidize electron car-
riers. Then, the methanogens and acetogens convert the end
products of organic degradation into methane and acetate
(Drake et al. 2002, Rosenberg et al. 2012).

For the total anaerobic decomposition of organic matter,
hydrogen, as the end product, must remain at a low partial
pressure (< 10 Pa) for a thermodynamically feasible degra-
dation, as it allows the formation of H, from nicotinamide
adenine dinucleotide hydrogen (NADH), leading to a higher
ATP gain for the primary fermentative bacteria (McInerney
et al. 2009, Johnravindar et al. 2021). In the presence of a
higher H, concentration, the Gibbs free energy of the exer-
gonic reactions for ATP-synthesis turns positive, leading to
an accumulation of fatty acids. This results in an acidic pH
shift, causing an inhibition of methanogens, and finally a
termination of the organic degradation (Schink 1997).

Electron transfer mechanism

For the syntrophic interaction of microorganisms, the avail-
able energy is transferred by an electron movement across
membranes, or by extracellular electron carriers. Three
interspecies electron transfer (IET) mechanisms can be dis-
tinguished: (1) the indirect electron transfer (IDET) uses
soluble or gaseous substances to transfer electrons between
microorganisms, (2) the direct interspecies electron trans-
fer (DIET) mechanism requires a physical contact between
two species for the electron transfer, and (3) the mediated
electron transfer (MET) utilizes electron carrying mediators
that diffuse from mediator-producing to mediator-consum-
ing cells to transport electrons (Park et al. 2018). In natural
habitats and anaerobic digesters, the IDET via hydrogen and
formate is the dominant IET mechanism between syntrophic
organisms (Baek et al. 2018).

Both IDET and MET depend on the diffusion of the elec-
tron carrier from the donor to the acceptor cell. This lim-
its the transport of electrons by the diffusion rates of, e.g.,
H,, formate, or another mediator. Through the modeling of
Geobacter-mediated ethanol oxidation, with sulfate as an
external electron acceptor, a metabolic advantage has been
suggested for DIET over MET (Nagarajan et al. 2013). In
contrast, another model considering electrochemical losses
unique to DIET, such as activation losses of membrane-
bound electron carriers (redox complexes), or the electrical
resistance of nanowire or pili, lead to the conclusion that
the IDET with formate as an electron carrier is thermody-
namically more feasible than the DIET or the IDET with
H, (Storck et al. 2016). Depending on the application of
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the microorganisms, one IET might be more advantageous
than the other.

Comparison of pure and mixed culture MES
performances

Acetate as main product in MES

The combination of acetogens with a MES could offer a
sustainable process for the production of platform chemi-
cals such as acetate and further interesting products. In this
context, the research approaches of the last years for the
bio-catalyzed reduction of CO, to acetate in MES differ with
respect to the use of pure or mixed cultures as biocatalysts
(Deutzmann and Spormann 2017; Wang et al. 2020; Yang
et al. 2021; Roy et al. 2021). Table 1 presented in this sec-
tion gives an overview of different acetate production rates
related to the electrode surface (APR), the space-time yields
(STY), and the operation conditions of several studies that
used pure or mixed cultures in MES. Furthermore, studies
with specific features and concepts will be examined and
were added to the table for comparison.

Most of the literature dealing with the topic of CO,
reduction to acetate in MES used mixed microbiological
cultures as inoculums for the cathode chamber. However,
the first studies in this field were mostly performed with
pure cultures (Nevin et al. 2010; Nevin et al. 2011). Typi-
cal microorganisms used were acetogenic species including
the model-organisms S. ovata, C. ljungdahlii and M. ther-
moacetica (Nevin et al. 2010; Bajracharya et al. 2015; Far-
aghiparapari and Zengler 2017; Yu et al. 2017; Wang et al.
2020). Especially S. ovata and other Sporomusa strains were
often studied and are some of the most efficient acetogens
with the ability of driving MES. Already the first studies of
Nevin et al. (2010) showed coulombic efficiencies (CEs) up
to 86 + 21 % for the products acetate and 2-oxobutyrate. In
comparison, recent studies from Krige et al. (2021) showed
similar CEs in experiments with S. ovata and at the same
time some of the highest APR (47.3 + 5.1 g day™! m™?)
ever measured in pure culture MES. The improvement was
achieved by a dual cathode configuration, in which carbon
cloth and a titanium mesh were used as a cathode. Addition-
ally, a synthetic biofilm of S. ovata was printed on the carbon
cloth cathode (Krige et al. 2021). Besides S. ovata, also other
strains of the Sporomusa genus are able to produce acetate in
larger amounts during MES. Investigated S. acidovorans and
S. malonica showed APRs of 2.65 +0.85and 2.73 +0.29 g
day~! m~2, which are comparable with the result of S. ovata
in the same MES setup (Aryal et al. 2017). Further studies
investigated different Clostridium strains, focusing on the
production of organic chemicals from CO, by MES (Liu
et al. 2018b; Wang et al. 2020). One of the main products
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was acetate with a production rate of up to 34.6 + 1.1 g
day~! m~2 (Roy et al. 2021). Overall, the literature suggests
that the electron transfer in pure culture MES occurs via H,
(IDET) and direct electron transfer (DET), depending on the
number of suspended cells or biofilm formation (Aryal et al.
2017; Liu et al. 2018b; Krige et al. 2021).

In contrast to pure cultures, the MES with a mixed micro-
biological culture is primarily based on biofilm formation on
the cathode. Due to the biofilm formation, the direct contact
with the electrode surface is improved, which is reflected
in an increased DET. Furthermore, mixed culture MES can
benefit from synergistic effects such as positive effects of
secreted secondary metabolites and improved production
rates (Wael and An-Ping 2014; ter Heijne et al. 2019). On
the other hand, the biofilm formation in mixed culture MES
can affect the overall CO, availability of the system nega-
tively. To counteract this effect, there were initial studies
that attempted to increase the CO, availability in MES by
a continuous recirculation of the gas headspace through the
catholyte. The experiments resulted in a 44 % improvement
of the space-time yield performance, with an average STY
of 121.6 g day~! m~ (Table 1) and a maximum STY of 261
g day~! m~ (Bajracharya et al. 2017; Mateos et al. 2019).

To better evaluate the performance of a bio-catalyzed
reduction of CO, to acetate in MES with mixed cultures, it
is necessary to consider the culture and inoculum composi-
tions. In this context, the literature shows that the typical
inoculum is anaerobic digester sludge from wastewater treat-
ment plants, which, in turn, comes from the surroundings of
the research facility (Song et al. 2019b; Li et al. 2020c; 1zadi
et al. 2021b). In addition, samples from brewery wastewater,
stormwater pond sediments, and defined cultures are also
utilized as inoculum (Jourdin et al. 2015; Deutzmann and
Spormann 2017; LaBelle and May 2017). Commonly, the
undefined mixed cultures are selectively enriched to estab-
lish a stable performing community for the acetate produc-
tion, and to avoid a competition of acetogenesis and metha-
nogenesis in MES (Marshall et al., 2013). Patil et al. (2015)
were able to completely stop the production of methane over
2 months by the used enrichment protocol, which also led
to an average APR of 19 + 1.7 g day~! m™2. Compared with
other unmodified carbon cathode and reactor concepts, this
average APR is supported by a good coulombic efficiency
value of 58 + 5 % recovered in acetate (30 + 10 in H,).

Besides the simple enrichment of acetogenic organisms,
several studies also analyzed the exact composition of mixed
cultures in MES by genomic analysis techniques. As a result,
important families and genera were identified, and differ-
ences between the composition of an inoculum and the final
sample were revealed. Among others, the core community,
which is usually present in acetogenic MES, includes Aceto-
bacterium, Pseudomonas, Clostridium, Sporumusa, Desulfo-
vibrio, and Sulfurospirillum (Mateos et al. 2019; Song et al.

2019b; Roy et al. 2021; Izadi et al. 2021b). The genera Spo-
rumusa and Clostridium have been identified as acetogenic
bacteria with species that are confirmed as bioelectrochemi-
cally active. Thus, they most likely play an important role
in the electron transfer and the acetate production of the
system (Nevin et al. 2011; Tremblay and Zhang 2015; Engel
et al. 2020). The genus Pseudomonas has been reported in
several MES studies. It is assumed to be involved in the
extracellular electron transfer process through its hydroge-
nase enzymes and the secretion of mediators (Mateos et al.
2019). Desulfovibrio are often described as the main sul-
fate-reducing organisms in the mixed culture community,
which are enriched because of sulfate-containing media.
However, a positive effect on MES is assumed, as members
of this genus can accept electrons directly from an electrode
to reduce H™ ions to H,. Furthermore, some Desulfovibrio
strains are able to metabolize formate. Both products could
be used by the acetogenic bacteria in the cathodic biofilm to
further increase the acetate production (Labelle et al. 2020;
Roy et al. 2021). Nevertheless, the different studies exhibit a
large variation among the microbiological communities, due
to the influence of different inoculum origins and operation
modes of MES. Simultaneously, this fact indicates the prob-
ably untapped potential of mixed cultures for the production
of acetate in MES.

One possible way to improve the comparability of the
performance of mixed culture MES is to use defined mixed
cultures as biocatalysts. This approach has been adopted in
a few studies, and some of them only rely on the additional
supplementation of an undefined mixed culture with selected
strains. Thus, Bajracharya et al. (2017) supplemented a long-
term operation of MES with a pre-culture of C. [jungdahlii
to ensure the activity and presence of homoacetogens. With
this semi-defined mixed culture, a maximum APR of 23.81 g
day~! m™ was achieved within two days of a long-term
experiment operated over 300 days. This contrasts with the
experimental series of Deutzmann & Spormann (2017), who
investigated the application of a defined co-culture in MES.
For this purpose, they utilized Desulfopila corrodens 1S4
for the production of the intermediate hydrogen by an elec-
tron uptake at the cathode. As a counterpart, the acetogenic
bacterium Acetobacterium woodii was used for the acetate
production since the genus Acetobacterium occurred in
many mixed culture community analyses (Patil et al. 2015).
Although the co-cultivation of these organisms resulted in
an only low biofilm formation, since most of the electron
transfer occurred via hydrogen, an APR of 10.67 g day™!
m~2 was achieved. This suggests that only a combination
of a variety of specialized organisms leads to a functional
biofilm for DET in MES.

Whether pure or mixed cultures perform better in MES is
a difficult question to answer. It is best solved by comparing
both conditions in an identical experimental setup. To date,

@ Springer



4434

Applied Microbiology and Biotechnology (2022) 106:4427-4443

to the best of our knowledge, there are no known publica-
tions directly comparing pure and mixed culture MES under
same conditions. Common differences include pH value,
reactor design, and media composition, which are adapted
to the needs of the organisms (Bajracharya et al. 2015; Roy
et al. 2021). However, if minor differences are overlooked,
the results show a positive influence of the microbial mixed
culture in MES. Experiments with CO,-rich brewery gas
showed an improved production of acetate with an enriched
mixed culture, dominated by the Acetobacterium species
compared to a pure culture of C. ljungdahlii. The mixed
culture with an APR of 66 + 5.7 g day~! m™2 outperformed
the pure culture by nearly doubling the APRof 34.6 + 1.1 g
day~! m~2. This was also reflected in a significant difference
in electron recovery. In mixed culture MES, more than 84
+ 13% of the electrons were recovered in acetate, whereas
the pure culture recovered only 42 + 14% (Roy et al. 2021).

In many cases, the reactor design varies regarding the
type of cathode used, as the goal of numerous studies is
to find new cathode materials, to optimize known materi-
als with different coatings, or to try new cathode setups for
MES (Wang et al. 2020; Bajracharya et al. 2022). Mostly, the
cathode optimization is performed, independent of the fact,
whether mixed or pure cultures are used. Still, the general
literature on MES tends to be dominated by mixed cultures,
which is also reflected in the optimization experiments. In
addition to the typical graphite rod or carbon cloth cathode,
the initial experiments were conducted with an additional
stainless-steel mesh, gas diffusion electrodes, or reticulated
vitreous carbon (RVC) as the electrode (Bajracharya et al.
2015; LaBelle and May 2017; Fontmorin et al. 2021).With
685 + 30 g day~! m~2 Jourdin et al. (2015) were able to
achieve one of the highest maximum APRs by utilizing an
RVC electrode in mixed culture MES. When considering the
result, the small projected surface area of 1.36 cm® should be
taken into account. Another study with modified electrode
surfaces obtained a maximum APR of 622.5 g day™' m~2in
mixed culture MES. Thereby, they used a combination of
carbon felt and stainless-steel mesh, both coated with cobalt
oxide (Anwer et al. 2021b). Nevertheless, it is difficult to
compare experiments with different setups in terms of the
influence of pure or mixed cultures in MES. Therefore, in
addition to the acetate production, it is worthwhile to further
investigate the methane production by methanogenesis to get
a better insight into pure and mixed culture MES.

Methane as main product in MES

Methane is the main compound of natural gas and can be
efficiently utilized for heat and electricity production. In
combination with methanogens, MES offers a sustainable
and selective process for the production of methane, and
could serve as storage technology for excess electricity
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(Enzmann et al. 2018; Gomez Vidales et al. 2019). In lit-
erature, the approach of the bio-catalyzed reduction of CO,
to methane is performed with both pure and mixed cultures.
For this section, MES studies with the highest methane
production rate (MPR) and space-time yield (STY) were
selected and listed by the usage of pure or mixed cultures
(Table 2). Studies with specific features and upstream con-
cepts were added to the table for discussion and comparison.
From our literature research, the first difference between
pure and mixed cultures is a considerably higher number
of publications on methane-producing mixed cultures than
on pure cultures, as reflected in Table 2. In contrast in bio-
technology, mixed cultures have been gradually replaced
by pure cultures, as the process control of the cultivation
is simplified by the exclusion of interspecies interaction.
In applying pure cultures, one cultivation optimum can be
established, while a contamination of the fermentation prod-
uct is avoided. However, it is estimated that 90-99.8% of
microbes cannot be grown in a pure culture with the current
technology, hence a great number of microorganisms cannot
be exploited for biotechnology as a pure culture (Streit et al.
2004). Additionally, natural mixed cultures can have several
advantages over pure cultures, as they are (i) more flexible
and resilient, (ii) can utilize a broad spectrum of low-cost
substrates, and (iii) generate possible higher production rates
through synergistic effects (Wael and An-Ping 2014; Zhao
et al. 2015; Jiang et al. 2017; ter Heijne et al. 2019).
Another characteristic of mixed cultures is the ability
to form biofilms on biocompatible surfaces. Frequently,
studies related to a pre-inoculated cathode in a mixed cul-
ture suspension until a biofilm was established (Baek et al.
2017; Schlager et al. 2017; Nelabhotla and Dinamarca
2019). The positive influence of a biofilm on the perfor-
mance of MES was demonstrated by repeatedly inoculat-
ing a cathode for developing a biofilm, resulting in higher
MPR each cycle (Baek et al. 2017; Vasiliadou et al. 2021).
The benefit of an established biofilm is a cell-to-electrode
contact, enabling a DET. The unmediated integration of
electrons into the metabolism of microorganisms has the
advantage of omitting the electrochemical production of
hydrogen as an intermediate for methanogenesis. Although
H, can be efficiently utilized by hydrogenotrophic metha-
nogens as an energy carrier, it has many disadvantages
as a gas in biotechnological processes, such as (i) the
temperature-dependent H, solubility in a culture medium,
(ii) the loss of H, through the fuming of bubbles, and (iii)
an overall higher energy input for the electrochemical H*
reduction than in a direct electron transfer system (Sonne-
Hansen et al. 1999; Siegert et al. 2014b; Kracke et al.
2021a). A drawback of biofilms is the slow development,
which can lie between weeks to several months (Cheng
et al. 2009; Liu et al. 2017), hence a slow start-up of MES
is observed (Jiang and Zeng 2019). Another critical aspect



Applied Microbiology and Biotechnology (2022) 106:4427-4443

4435

is the obtained thickness of the biofilm, which determines
the maximal current density (Jourdin et al. 2015; Claas-
sens et al. 2019). By reversing the applied potential, Li
et al. (2019) were able to reduce the startup time by 40%
and achieve a higher current density, which suggested a
thicker biofilm. Initially, the electrode was developed as
a bioanode, with acetate as an electron donor promoting
an anodic biofilm formation. In the cathodic mode, the
bioelectrode showed an improved cathodic biofilm forma-
tion, attributed to the symbiotic association of an anodic
and a cathodic consortium. Compared to the control, the
reverse biocathode produced 1.2 times higher amounts of
methane. In contrast, almost all pure methanogen cultures
are suspension cultures in which the IDET is via H,.

To target the question, whether pure or mixed cultures
perform better in MES, a comparison of both conditions
in the same system would be necessary. As of today, our
literature research has not revealed a study of that kind for
methane-producing MES systems. However, one possibility
is the comparison of production rates and yields of experi-
ments with either pure or mixed cultures, but with similar
parameters. Vasiliadou et al. (2021) and Mayer et al. (2019)
used both similar systems in comparable operational modes.
Herein, the enriched mixed culture produced 3.5-fold more
methane than Methanococcus maripaludis S2 (considering
the difference in active cathodic surface). For the pure cul-
ture, the CE was substantially lower compared to the mixed
culture. Other species investigated by Mayer et al. reached
lower production rates, but higher CEs. These results indi-
cate that in a standard type reactor (H-cell reactor) with
unmodified cathodes, mixed cultures outperform pure cul-
tures regarding methane production rate and CE.

However, simply comparing mixed and pure cultures with
similar parameters can be misleading. One system alone
might not be optimal for both conditions, as the prevailing
electron transfer differs between each condition, assuming
that pure cultures are suspended rather than sessile cells
(Beese-Vasbender et al. 2015). The group of Bai et al. (2020)
aimed to promote a direct cell-to-cathode contact for a pure
culture, as the theoretical thermodynamic energy input of
DET is lower than that for IDET via H, (van Eerten-Jansen
2014). For the DET, a cage-type electrode was constructed,
which facilitated the attachment of Methanosarcina barkeri
and simultaneously enabled the nutrient supply. The results
showed that DET was the main route for methanogenesis
when potentials were higher than — 0.6 V (vs. Ag/AgCl).
At — 0.6 V or lower, the proportion of IDET dominated the
methane production. Noticeably, the MPR increased more
than 10-fold as the potential was increased from — 0.4 to
— 1.2 V (Ag/AgCl), showing that the methane synthesis of
M. barkeri is more effective via a H, electron transfer mech-
anism than via DET. Overall, the performance of the cage
cathode enabled MPR comparable to other studies, but at

higher potentials, which implies the requirement of a higher
energy input.

Instead of promoting a DET in pure cultures, an enhanced
electrochemical H, production is another approach for
improving production rates in MES, as hydrogenotrophic
methanogens are efficient H, scavengers (Tartakovsky et al.
2011; Jourdin et al. 2016; Kracke et al. 2021b; Bajracharya
et al. 2022). Kracke et al. (2019) successfully demonstrated
that inexpensive metal alloy catalyzes the H" reduction at
low overpotentials with a 100% selectivity for H,. In a sub-
sequent study, the application of a NiMo graphite rod led to
one of the highest STY reached for pure culture, with 56,557
mmol-day_lom_3 up to date (Table 2) (Kracke et al. 2020).
Furthermore, the group focused on the geometrical optimi-
zation of the cathode. Cylindrically shaped carbon aerogel
(CA) cathodes with a NiMo-alloy, but varying amounts of
cavities, resulted in different surface areas and revealed the
influence of the current density on methanogenesis in MES
(Kracke et al. 2021b). A stable methane production was
reached at a low current density within 24 h, whereas high
current densities led to a fluctuating production. The pro-
portion of unused hydrogen also increased with an elevated
current density. Both findings were explained by the passiva-
tion of the electrode surface through H, bubbles, a low pH
at the electrode surface, and a loss of hydrogen through bub-
ble formation at higher hydrogen evolution reaction (HER)
rates (Angulo et al. 2020). At lower current potentials, the
consumption rate of hydrogenotrophs is above the HER rate,
resulting in a rapid H, consumption and in an avoidance of
bubble development. The STY of 90,160 mmolsday'em™>
of the study was the highest among pure cultures, and one
of the highest compared to mixed culture conditions, con-
cluding that the local physical conditions at the electrode
limit the metabolic capacity of methanogens rather than their
metabolic capacity.

Cathode optimization has also been performed under
mixed culture conditions. The aim of the studies was either
to find new cathode material, or tuning known material
with metals or mediators (Alqahtani et al., 2018; Vu et al.,
2020; Yang et al., 2020). With regard to stable long-term
performance, Liu et al. (2018a) examined granular acti-
vated carbon as a cathode material, which yielded high
MPR and STY. With 66%, the CE was one-third lower
than for the previously described pure culture. Hydrogen
was not detected, which supports the DET mechanism or
efficient H, scavenging, but also the occurrence of side
reactions channeling the electron flow towards an unde-
sired product, which reduces the efficiency of methane
production as expressed in the lower CE (Yang et al.
2020). A mix of products was observed in other studies as
besides methanogens (Song et al. 2019a). A diverse group
of microorganisms were present in native mixed cultures
that were capable of reducing CO, to acetate or higher
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L2 8 E:o volatile acids in MES reactors (Arends et al. 2017; Batlle-
= = - E = %D S Vilanova et al. 2017; Gavilanes et al. 2019; Vassilev et al.
o o 5} 5 8= .
] 2= 22| §5&g~ g 2019; Mateos et al. 2019). To avoid more than one prod-
4 < O 2K . . .
& g5 g9 EES e uct, the consortium of microorganisms must be selected
5 S = g beforehand. As methane-producing MES are dominated
T - _Lé E E 8 by hydrogenotrophic methanogen species (ter Heijne
P g 3 S g g5 et al. 2019), the selection can be realized by incubating
© A= S 3% 8 the mixed culture in defined media, with H, as the sole
- Ko ope
o 4 & g 23 energy source. Additionally, the process parameters have
= B IS = . .
= £ 'g 2 €223 to be adjusted to promote methane formation over other
5 S8 . . . .
E § §‘ E g5 E“é products. The applied potential during startup determined
S S =< . . .
£ 23 ? bt the electron transfer mechanisms of the biocathode with
. L . ele .
E %‘)@%j@ lower initial potentials (— 0.7, — 0.8 V vs Ag/AgCl) ena-
g _ _ | 8EEs bling DET, whereas higher potentials (- 0.9, — 1.0, — 1.1
s2|8 s 3¢k = V vs Ag/AgCl) promoted IDET (Li et al. 2020a). For the
558 § methane production, potentials higher than — 0.95 V (vs.
o . .
E § = t, E Ag/AgCl) should be applied to avoid by-products such as
3.5 S| % § =) & acetate (Jiang et al. 2013). Furthermore, a stable pH at
<1 S o = = . .1 . . ..
2z|dn &3 25 8E slight acidic to neutral provides the optimal condition for
0= © < . .
gb '@ 2525 methanogenesis (Visser et al. 1993).
> 4 8 .
g é =1 § % ; ﬁ By comparing the mode and the type of reactor between
3 é& g1ls= [ g TED ZS pure and mixed cultures, one noticeable difference is the
o = o~ - . . . .
%; _ S = § &~ application of various reactor types for mixed cultures,
g ; = 2 é %ﬁ § ranging from single-chambered (SC) to classical double-
Sz 7 == g5 B
- = 29| © g 23 chambered (DC) reactors. Also, three-chambered reactors
(5} L 3 3 122] —
S| 2 S it < § § E 2 (TC), plate reactors, CSTR, and membraneless reactors have
Q . . .
£83 gn been applied (Batlle-Vilanova et al. 2015; Liu et al. 2017;
— s = = . . .
® - 9 S E <] _§ Gomez Vidales et al. 2020). The diversity of reactor types
. g . == . .
3 3 & b 3 E = E is generally attributable to the greater amount of research
— S Bl g § with mixed cultures, but is also driven by the idea of inte-
= g o g [: k=) grating MES into existing wastewater treatment plants and
il == . . .
o % 53 ; § i anaerobic digesters (AD) (He et al. 2019; Vu and Min 2019).
gl 2z $85 9 E A study by Nelabhotla and Di 2019) showed that
B 25 . SETYE study by Nelabhotla and Dinamarca ( ) showed tha
3] % o} =) = . . . . .
= E g S § = % g using reject wastewater from anaerobic digesters increases
St} [} . .
E 5 ~ES & § o  the methane content of biogas > 90%. Additionally, the
o Q . . . . . .
£ & - 5 §0 B % i § influence of the hydraulic retention time (HRT) was investi-
k3] =] Lol = .
E £ —q'; 3 Eﬁ £ g % 2 8 gated for an integrated AD-MES process (Nelabhotla et al.
< 2= 8 2 [ e . .
% I?? % 8 g E 3 w 8 S 2 2020). The highest production rate was detected at 3- and
= 3 o S g < Q
E y E . - 2 2 5 g 5 5 g £ S 6-h HRT, although, correlated to the feed, 18-h HRT had
g ! = o A R
S|EE|2 2 —9: =2 g _;ij 22 8 S theoptimal MPR and the highest COD removal. The study
SZg § E 98’ %‘) E 5 outlined that besides high MPR, other values have to be
2. 2.8 go g E o 5 @ 2 considered when integrating MES into waste streams. As
S & S & A s 2 9 =T 5t . .
£ 88 8= ) EEg® § 8 3 § another reactor type, a continuous stir tank reactor (CSTR)
‘O iz @ .2 = - 2 J . .. . .
S < < == E 8 5 é’ £ g g ERS was utilized frequently, but with the limitation in the gas
o S8R 8% % g 235 7 £ (distribution for upscaling (Rittmann et al. 2012; Kim et al.
g & Sc=Sd 22273 £ 8 . o
EZ2 £ 284 xE 25 °%8 =% 2013). The optimal reactor type for gas fermentation is the
2 0 S 0= s .= 2 . T .
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z| |EE|252 52| EEE285 % 52 <€ 5 8  additional mixing (Lee etal. 2012; Alitalo et al. 2015; Kou-
: 22222323 & % % S 7§ .§ £ f TE E gias et al. 2017). The developed electrolytic-hydrogen-fed
Sl :ié sz82 g 2 g & E 3 moving bed biofilm reactor (electro-MBBR) by Cai et al.
o~ = e =% = 9 . . .
L f:}’ £ .| 3 3 2 Z'g S g _5 g § % 2 (2022) combined an electrochemical cell with an MBBR on
CRERRCEA - S |REEESX R ED Z & topand was designed to increase the hydrogen mass transfer

@ Springer



Applied Microbiology and Biotechnology (2022) 106:4427-4443

4439

for an efficient methane production. The achieved maximal
MPR was one of the highest, but the CE for methane was
below 50%.

Furthermore, the characteristics of mixed consortia con-
tribute to the diversity of applicable reactor types, as mixed
cultures are more oxygen-tolerant due to facultative anaero-
bic bacteria than pure cultures (Li et al. 2019). This feature
allows the utilization of SC reactors and membraneless reac-
tors, which have the advantage of a lower internal resist-
ance, resulting in a decrease of the current drain, an unre-
stricted ion transport, and lower material costs by omitting
a cation exchange membrane (Gomez Vidales et al. 2019;
Song et al. 2019a). The highest MPR and STY listed were
reported from SC reactors, but due to the small volume of
5 mL (Siegert et al. 2014a), the electrode surface to reactor
volume ratio is large by comparison, resulting in high MPR
and STY.

For pure cultures, the dominant reactor type is a double-
chambered reactor. An exception is the reactor developed
by Enzmann et al. (2019b), which consists of a bubble
column as the cathodic chamber and a surrounding basin
as the anodic chamber. Its design enables a flexible use of
electrode and membrane material, while it is scalable for
industrial production through dimensionless numbers. The
type of reactor is advantageous for gaseous substrates and
can be applied as a microbial fuel cell (MFC) or MES. In a
subsequent study, the long-term stability of the system was
demonstrated as well as its recovery after failure scenarios,
such as a potential or a gas shut-off. Furthermore, a scale-up
of the reactor was performed, which showed high amounts
of methane, but comparably low MPR and STY.

The bubble column reactor was operated in a batch mode,
which is the predominant mode for a pure culture MES.
Differently, both studies of Kracke et al. (2020 and 2021b)
used a continuous mode, which might be another reason
for the high MPR and STY. For mixed cultures, the effect
of the operational mode was tested. Switching the opera-
tional mode from batch to continuous increased the methane
production rate and the STY 3-fold (Batlle-Vilanova et al.
2015). A possible explanation is a steady pH throughout the
experiment, which is beneficial for the organism’s metabo-
lism (Jones et al. 1983; Izadi et al. 2021a).

The microbial composition of the original mixed cultures
changes when used in BES, as a genomic analysis showed
(Yang et al. 2020). Especially for the group of archaea, the
hydrogenotrophic Methanobacterium genus was primarily
identified in mesophilic mixed cultures (van Eerten-Jansen
et al. 2013; Batlle-Vilanova et al. 2015; Algahtani et al. 2018;
Li et al. 2020b). Further, the genus Methanobrevibacter and
the order Methanosarcinales were ascertained, but at lower
percentages (Jiang et al. 2014; Liu et al. 2020; Yang et al.
2020; Dykstra and Pavlostathis 2021). The group of bacte-
ria was more diverse in MES cultures (van Eerten-Jansen

et al. 2013; Baek et al. 2017). A readily occurring phylum
is the Proteobacteria, which is one of the largest phyla in
the domain bacteria (Batlle-Vilanova et al. 2015; Yang et al.
2020). The Proteobacteria are subdivided into many more
classes, orders, and genera, but none can be specifically
determined for being dominant in the cathodic chambers
of MES, except for the genus Geobacter and Sporumosa
(Siegert et al. 2014a; Li et al. 2019; Cai et al. 2022). Further-
more, Bacteroidetes and Firmicutes have been proposed to
produce H, in autotrophic electroactive biofilms (Xafenias
and Mapelli 2014; Wang et al. 2021). Another frequently
identified bacteria genus was Desulfovibrio, which could be
involved in hydrogen production at potentials smaller than
—0.44 V (vs. NHE) (van Eerten-Jansen et al. 2013; Li et al.
2020b). However, not all organisms could be identified, and
the role of each microorganism can be different in mixed cul-
tures and in pure cultures, leaving a huge untapped potential
for improving MPR by defined mixed cultures in the future.

Conclusion and outlook

Over years of intensive global efforts, MES has been devel-
oped more and more to be turned into a potential replace-
ment for specific branches of the chemical and energy
industry based on fossil resources. Especially the potential
of microbial electrosynthesis to use CO, from industrial
exhaust gases for production holds many possibilities and
would be a further step towards bioeconomy. However, a
detailed understanding of the advantages and disadvantages
of pure and mixed cultures in MES is essential for indus-
trial applications, but until today, it still remains incomplete.
Research activities of recent years show a quantitative focus
on mixed culture MES compared to pure culture MES. In a
standard bioelectrochemical H-cell reactor, pure cultures are
outcompeted by mixed cultures regarding production yields
and the efficiencies of acetate and methane. Various reactor
types were used with mixed culture conditions, enabling a
broad spectrum of applications. Furthermore, the common
use of undefined mixed cultures shows low risks in terms of
contamination hazards, but possibly variations in the com-
position of cultures over the cultivation time. This is also
reflected in the production specificity of undefined mixed
cultures, which is lower compared to pure culture MES, cre-
ating an obstacle for an industrial use of undefined mixed
cultures for a single target production. In contrast, the low
susceptibility to contamination could be exploited to use
MES with undefined mixed cultures as an integral down-
stream process of production plants with CO, exhaust gases
or wastewater treatment plants. For pure cultures, high pro-
duction rates and space-time yields were achieved in a well-
adjusted H-cell reactor, demonstrating the competitiveness
of pure conditions in MES systems. Due to a better product
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specificity, pure cultures could be more suitable for indus-
trial applications than undefined mixed cultures. However,
first experiments in a scale-up reactor for a methane produc-
tion showed a significantly lower production compared to
mixed cultures, revealing the necessity of a reactor optimiza-
tion for a scale-up production. However, the scale-up that is
highly important in order to realize the potential discussed
above in terms of decarbonization and electrification.

Based on the conducted literature research and own
experience, one of the key challenges for the future of MES
could be the development of a perfectly adjusted defined
mixed culture to overcome some of the main problems of
MES. Therefore, further studies need to focus on the role of
different species in a consortium used for MES and on the
impact of interspecies interactions between members of the
consortium. The knowledge gained through these studies
could be used to finally establish a defined mixed culture for
an industrial use of MES.

Author contribution RU and DH conceived and designed the review,
JNH and BSB wrote the first draft, DH wrote the introduction, and all
authors commented on the manuscript and reviewed it. All authors read
and approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work is funded by the German Ministry for Education
and Research (BMBF) (Project GAMES, 033RC031A).

Declarations

Ethics declarations This article does not contain any studies with
human participants or animals performed by any of the authors.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alitalo A, Niskanen M, Aura E (2015) Biocatalytic methanation of
hydrogen and carbon dioxide in a fixed bed bioreactor. Bioresour
Technol 196

Algahtani MF, Katuri KP, Bajracharya S, Yu Y, Lai Z, Saikaly PE
(2018) Porous hollow fiber nickel electrodes for effective supply

@ Springer

and reduction of carbon dioxide to methane through microbial
electrosynthesis. Adv Funct Mater 28

Angulo A, van der Linde P, Gardeniers H, Modestino M, Fernandez
Rivas D (2020) Influence of bubbles on the energy conversion
efficiency of electrochemical reactors. Joule 4

Anwer AH, Khan N, Khan MD, Shakeel S, Khan MZ (2021a) Redox
mediators as cathode catalyst to boost the microbial electro-syn-
thesis of biofuel product from carbon dioxide. Fuel 302

Anwer AH, Khan N, Umar MF, Rafatullah M, Khan MZ (2021b) Elec-
trodeposited hybrid biocathode-based CO, reduction via micro-
bial electro-catalysis to biofuels. Membranes (Basel) 11:NA

Arends JBA, Patil SA, Roume H, Rabaey K (2017) Continuous long-
term electricity-driven bioproduction of carboxylates and iso-
propanol from CO, with a mixed microbial community. J] CO2
Util 20

Aryal N, Tremblay PL, Lizak DM, Zhang T (2017) Performance
of different Sporomusa species for the microbial electrosyn-
thesis of acetate from carbon dioxide. Bioresour Technol
233:184-190

Aryal N, Tremblay PL, Xu M, Daugaard AE, Zhang T (2018) Highly
conductive poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate polymer coated cathode for the microbial electrosynthesis
of acetate from carbon dioxide. Front Energy Res 6:72

Baek G, Kim J, Kim J, Lee C (2018) Role and potential of direct inter-
species electron transfer in anaerobic digestion. Energies 11

Baek G, Kim J, Lee S, Lee C (2017) Development of biocathode dur-
ing repeated cycles of bioelectrochemical conversion of carbon
dioxide to methane. Bioresour Technol 241

Bai Y, Zhou L, Irfan M, Liang TT, Cheng L, Liu YF, Liu JF, Yang
SZ, Sand W, Gu JD, Mu BZ (2020) Bioelectrochemical methane
production from CO, by Methanosarcina barkeri via direct and
H,-mediated indirect electron transfer. Energy 210

Bajracharya S, Krige A, Matsakas L, Rova U, Christakopoulos P (2022)
Dual cathode configuration and headspace gas recirculation for
enhancing microbial electrosynthesis using Sporomusa ovata.
Chemosphere 287:132188

Bajracharya S, Ter Heijne A, Dominguez Benetton X, Vanbroekhoven
K, Buisman CJN, Strik DPBTB, Pant D (2015) Carbon dioxide
reduction by mixed and pure cultures in microbial electrosyn-
thesis using an assembly of graphite felt and stainless steel as a
cathode. Bioresour Technol 195:14-24

Bajracharya S, Yuliasni R, Vanbroekhoven K, Buisman CJN, Strik
DPBTB, Pant D (2017) Long-term operation of microbial elec-
trosynthesis cell reducing CO, to multi-carbon chemicals with
a mixed culture avoiding methanogenesis. Bioelectrochemistry
113:26-34

Batlle-Vilanova P, Ganigué R, Rami6-Pujol S, Bafieras L, Jiménez G,
Hidalgo M, Balaguer MD, Colprim J, Puig S (2017) Microbial
electrosynthesis of butyrate from carbon dioxide: Production and
extraction. Bioelectrochemistry 117:57-64

Batlle-Vilanova P, Puig S, Gonzalez-Olmos R, Vilajeliu-Pons A, Bal-
aguer MD, Colprim J (2015) Deciphering the electron transfer
mechanisms for biogas upgrading to biomethane within a mixed
culture biocathode. RSC Adv 5

Beese-Vasbender PF, Grote JP, Garrelfs J, Stratmann M, Mayrhofer
KJJ (2015) Selective microbial electrosynthesis of methane by
a pure culture of a marine lithoautotrophic archaeon. Bioelec-
trochemistry 102

Bian B, Alqahtani MF, Katuri KP, Liu D, Bajracharya S, Lai Z, Rabaey
K, Saikaly PE (2018) Porous nickel hollow fiber cathodes coated
with CNTs for efficient microbial electrosynthesis of acetate from
CO, using: Sporomusa ovata. ] Mater Chem A 6:17201-17211

Cai W, Cui K, Liu Z, Jin X, Chen Q, Guo K, Wang Y (2022) An
electrolytic-hydrogen-fed moving bed biofilm reactor for effi-
cient microbial electrosynthesis of methane from CO,. Chem
Eng J 428


http://creativecommons.org/licenses/by/4.0/

Applied Microbiology and Biotechnology (2022) 106:4427-4443

4441

Chen L, Tremblay PL, Mohanty S, Xu K, Zhang T (2016) Electrosyn-
thesis of acetate from CO, by a highly structured biofilm assem-
bled with reduced graphene oxide-tetraethylene pentamine. J
Mater Chem A 4:8395-8401

Cheng S, Xing D, Call DF, Logan BE (2009) Direct biological conver-
sion of electrical current into methane by electromethanogenesis.
Environ Sci Technol 43

Claassens NJ, Cotton CAR, Kopljar D, Bar-Even A (2019) Making
quantitative sense of electromicrobial production. Nat Catal 2

Costa KC, Leigh JA (2014) Metabolic versatility in methanogens. Curr
Opin Biotechnol 29:70-75

Das S, Chatterjee P, Ghangrekar MM (2018) Increasing meth-
ane content in biogas and simultaneous value added product
recovery using microbial electrosynthesis. Water Sci Technol
77:1293-1302

Deutzmann JS, Spormann AM (2017) Enhanced microbial elec-
trosynthesis by using defined co-cultures. ISME J 11:704-714

Drake HL, Kiisel K, Matthies C (2002) Ecological consequences of
the phylogenetic and physiological diversities of acetogens.
Antonie Van Leeuwenhoek, Int J] Gen Mol Microbiol 81

Dykstra CM, Pavlostathis SG (2021) Hydrogen sulfide affects the
performance of a methanogenic bioelectrochemical system
used for biogas upgrading. Water Res 200

Engel M, Gemiinde A, Holtmann D, Miiller-Renno C, Ziegler C, Tip-
pkotter N, Ulber R (2020) Clostridium acetobutylicum’s con-
necting world: cell appendage formation in bioelectrochemical
systems. ChemElectroChem 7:414-420

Enzmann F, Gronemeier D, Holtmann D (2019a) Process stability
examinations of bioelectromethanogenesis using a pure culture
of M. maripaludis. Biochem Eng J 151:107321

Enzmann F, Holtmann D (2019) Rational Scale-Up of a methane
producing bioelectrochemical reactor to 50 L pilot scale. Chem
Eng Sci 207

Enzmann F, Mayer F, Rother M, Holtmann D (2018) Methanogens:
biochemical background and biotechnological applications.
AMB Express 8

Enzmann F, Mayer F, Stockl M, Mangold KM, Hommel R, Holtmann
D (2019b) Transferring bioelectrochemical processes from
H-cells to a scalable bubble column reactor. Chem Eng Sci 193

Faraghiparapari N, Zengler K (2017) Production of organics from
CO, by microbial electrosynthesis (MES) at high temperature.
J Chem Technol Biotechnol 92:375-381

Fildes P (1956) Production of tryptophan by Salmonella typhi and
Escherichia coli. J Gen Microbiol 15:636-643

Fontmorin JM, Izadi P, Li D, Lim SS, Farooq S, Bilal SS, Cheng S,
Yu EH (2021) Gas diffusion electrodes modified with binary
doped polyaniline for enhanced CO, conversion during micro-
bial electrosynthesis. Electrochim Acta 372

Gavilanes J, Reddy CN, Min B (2019) Microbial electrosynthesis of
bioalcohols through reduction of high concentrations of vola-
tile fatty acids. Energy and Fuels 33

Gomez Vidales A, Omanovic S, Tartakovsky B (2019) Combined
energy storage and methane bioelectrosynthesis from carbon
dioxide in a microbial electrosynthesis system. Bioresour
Technol Reports 8

Gomez Vidales A, Omanovic S, Tartakovsky B (2020) In-situ elec-
trodeposition of nickel on a biocathode to enhance methane
production from carbon dioxide in a microbial electrosynthesis
system. ECS Trans 97

He W, Dong Y, Li C, Han X, Liu G, Liu J, Feng Y (2019) Field
tests of cubic-meter scale microbial electrochemical system in
a municipal wastewater treatment plant. Water Res 155

Izadi P, Fontmorin JM, Lim SS, Head IM, Yu EH (2021a) Enhanced
bio-production from CO, by microbial electrosynthesis (MES)
with continuous operational mode. Faraday Discuss 230

Izadi P, Fontmorin JM, Virdis B, Head IM, Yu EH (2021b) The effect
of the polarised cathode, formate and ethanol on chain elonga-
tion of acetate in microbial electrosynthesis. Appl Energy 283

Jiang LL, Zhou JJ, Quan CS, Xiu ZL (2017) Advances in industrial
microbiome based on microbial consortium for biorefinery.
Bioresour. Bioprocess. 4

Jiang Y, Su M, Li D (2014) Removal of sulfide and production of
methane from carbon dioxide in microbial fuel cells-microbial
electrolysis cell (MFCs-MEC) coupled system. Appl Biochem
Biotechnol 172

Jiang Y, Su M, Zhang Y, Zhan G, Tao Y, Li D (2013) Bioelectro-
chemical systems for simultaneously production of methane
and acetate from carbon dioxide at relatively high rate. Int J
Hydrogen Energy 38:3497-3502

Jiang Y, Zeng RJ (2019) Bidirectional extracellular electron transfers
of electrode-biofilm: Mechanism and application. Bioresour.
Technol. 271

Johnravindar D, Patria RD, Lee JTE, Zhang L, Tong YW, Wang C-H,
Ok YS, Kaur G (2021) Syntrophic interactions in anaerobic
digestion: how biochar properties affect them? Sustain Envi-
ron 7

Jones WJ, Nagle DP, Whitman WB (1987) Methanogens and the diver-
sity of archaebacteria. Microbiol. Rev. 51

Jones WJ, Paynter MJB, Gupta R (1983) Characterization of Metha-
nococcus maripaludis sp. nov., a new methanogen isolated from
salt marsh sediment. Arch Microbiol 135

Jourdin L, Grieger T, Monetti J, Flexer V, Freguia S, Lu Y, Chen J,
Romano M, Wallace GG, Keller J (2015) High acetic acid pro-
duction rate obtained by microbial electrosynthesis from carbon
dioxide. ACS Publ 49:13566-13574

Jourdin L, Lu Y, Flexer V, Keller J, Freguia S (2016) Biologically
induced hydrogen production drives high rate/high efficiency
microbial electrosynthesis of acetate from carbon dioxide.
ChemElectroChem 3

Kim S, Choi K, Chung J (2013) Reduction in carbon dioxide and
production of methane by biological reaction in the electronics
industry. Int J] Hydrogen Energy 38

Kougias PG, Treu L, Benavente DP, Boe K, Campanaro S, Angelidaki
1(2017) Ex-situ biogas upgrading and enhancement in different
reactor systems. Bioresour Technol 225

Kracke F, Deutzmann JS, Gu W, Spormann AM (2021a) Correction:
In situ electrochemical H, production for efficient and stable
power-to-gas electromethanogenesis . Green Chem 23

Kracke F, Deutzmann JS, Gu W, Spormann AM (2020) In situ elec-
trochemical H, production for efficient and stable power-to-gas
electromethanogenesis. Green Chem 22

Kracke F, Deutzmann JS, Jayathilake BS, Pang SH, Chandrasekaran S,
Baker SE, Spormann AM (2021b) Efficient Hydrogen Delivery
for Microbial Electrosynthesis via 3D-Printed Cathodes. Front
Microbiol 12

Kracke F, Wong AB, Maegaard K, Deutzmann JS, Hubert MKA, Hahn
C, Jaramillo TF, Spormann AM (2019) Robust and biocompat-
ible catalysts for efficient hydrogen-driven microbial electrosyn-
thesis. Commun Chem 2

Krieg T, Sydow A, Faust S, Huth I, Holtmann D (2018) CO, to terpe-
nes: autotrophic and electroautotrophic a-humulene production
with Cupriavidus necator. Angew Chemie - Int Ed 57:1879-1882

Krieg T, Sydow A, Schroder U, Schrader J, Holtmann D (2014) Reactor
concepts for bioelectrochemical syntheses and energy conver-
sion. Trends Biotechnol 32:645-655

Krige A, Rova U, Christakopoulos P (2021) 3D bioprinting on cathodes
in microbial electrosynthesis for increased acetate production
rate using Sporomusa ovata. J Environ Chem Eng 9

Labelle E V., Marshall CW, May HD (2020) Microbiome for the elec-
trosynthesis of chemicals from carbon dioxide. Acc Chem Res 53

@ Springer



4442

Applied Microbiology and Biotechnology (2022) 106:4427-4443

LaBelle E V., May HD (2017) Energy efficiency and productivity
enhancement of microbial electrosynthesis of acetate. Front
Microbiol 8

Lee JC, Kim JH, Chang WS, Pak D (2012) Biological conversion of
CO, to CH, using hydrogenotrophic methanogen in a fixed bed
reactor. J Chem Technol Biotechnol 87

LiJ, LiZ, Xiao S, Fu Q, Kobayashi H, Zhang L, Liao Q, Zhu X (2020a)
Startup cathode potentials determine electron transfer behaviours
of biocathodes catalysing CO, reduction to CH, in microbial
electrosynthesis. ] CO2 Util 35

Li Q, Fu Q, Kobayashi H, He Y, Li Z, Li J, Liao Q, Zhu X (2020b) GO/
PEDOT modified biocathodes promoting CO, reduction to CH,
in microbial electrosynthesis. Sustain Energy Fuels 4

Li S, Song YE, Baek J, Im HS, Sakuntala M, Kim M, Park C, Min B,
Kim JR (2020c) Bioelectrosynthetic conversion of CO, using
different redox mediators: electron and carbon balances in a bio-
electrochemical system. Energies 13

Li X, Angelidaki I, Zhang Y (2018) Salinity-gradient energy driven
microbial electrosynthesis of value-added chemicals from CO,
reduction. Water Res 142:396-404

Li Z, Fu Q, Kobayashi H, Xiao S, Li J, Zhang L, Liao Q, Zhu X (2019)
Polarity reversal facilitates the development of biocathodes in
microbial electrosynthesis systems for biogas production. Int J
Hydrogen Energy 44

Liew FM, Martin ME, Tappel RC, Heijstra BD, Mihalcea C, Kopke
M (2016) Gas fermentation-a flexible platform for commercial
scale production of low-carbon-fuels and chemicals from waste
and renewable feedstocks. Front. Microbiol. 7

Liu C, Yuan X, Gu Y, Chen H, Sun D, Li P, Li M, Dang Y, Smith
JA, Holmes DE (2020) Enhancement of bioelectrochemical CO,
reduction with a carbon brush electrode via direct electron trans-
fer. ACS Sustain Chem Eng 8

Liu D, Roca-Puigros M, Geppert F, Caizan-Juanarena L, Na Ayud-
thaya SP, Buisman C, Heijne A (2018a) Granular carbon-based
electrodes as cathodes in methane-producing bioelectrochemical
systems. Front Bioeng Biotechnol 9

Liu D, Zheng T, Buisman C, Ter Heijne A (2017) Heat-treated stain-
less steel felt as a new cathode material in a methane-producing
bioelectrochemical system. ACS Sustain Chem Eng 5

Liu H, Song T, Fei K, Wang H, Xie J (2018) Microbial electrosynthe-
sis of organic chemicals from CO, by Clostridium scatologenes
ATCC 25775T. Bioresour Bioprocess 5:1-10

Lyu Z, Shao N, Akinyemi T, Whitman WB (2018) Methanogenesis.
Curr Biol 28:R727-R732

Marshall CW, Ross DE, Fichot EB, Norman RS, May HD (2012) Elec-
trosynthesis of commodity chemicals by an autotrophic microbial
community. Appl Environ Microbiol 78:8412-8420

Marshall CW, Ross DE, Fichot EB, Sean Norman R, May HD (2013)
Long-term operation of microbial electrosynthesis systems
improves acetate production by autotrophic microbiomes. ACS
Publ 47:6023-6029

Marshall CW, Ross DE, Handley KM, Weisenhorn PB, Edirisinghe
JN, Henry CS, Gilbert JA, May HD (2017) Norman RS (2017)
Metabolic reconstruction and modeling microbial electrosynthe-
sis. Sci Reports 71(7):1-12

Mateos R, Sotres A, Alonso RM, Moran A, Escapa A (2019) Enhanced
CO, conversion to acetate through microbial electrosynthesis
(MES) by continuous headspace gas recirculation. Energies 12

Mayer F, Enzmann F, Lopez AM, Holtmann D (2019) Performance of
different methanogenic species for the microbial electrosynthesis
of methane from carbon dioxide. Bioresour Technol 289

Mclnerney MJ, Sieber JR, Gunsalus RP (2009) Syntrophy in anaerobic
global carbon cycles. Curr. Opin. Biotechnol. 20

Morris BEL, Henneberger R, Huber H, Moissl-Eichinger C (2013)
Microbial syntrophy: interaction for the common good. FEMS
Microbiol. Rev. 37

@ Springer

Nagarajan H, Embree M, Rotaru AE, Shrestha PM, Feist AM, Palsson
B, Lovley DR, Zengler K (2013) Characterization and modelling
of interspecies electron transfer mechanisms and microbial com-
munity dynamics of a syntrophic association. Nat Commun 4

Nelabhotla ABT, Dinamarca C (2019) Bioelectrochemical CO, reduc-
tion to methane: MES integration in biogas production processes.
Appl Sci 9

Nelabhotla ABT, Khoshbakhtian M, Chopra N, Dinamarca C (2020)
Effect of hydraulic retention time on MES operation for biom-
ethane production. Front Energy Res 8

Nevin KP, Hensley SA, Franks AE, Summers ZM, Ou J, Woodard
TL, Snoeyenbos-West OL, Lovley DR (2011) Electrosynthesis
of organic compounds from carbon dioxide is catalyzed by a
diversity of acetogenic microorganisms. Appl Environ Microbiol
77:2882-2886

Nevin KP, Woodard TL, Franks AE, Summers ZM, Lovley DR (2010)
Microbial electrosynthesis: Feeding microbes electricity to
convert carbon dioxide and water to multicarbon extracellular
organic compounds. MBio 1

Nozhevnikova AN, Russkova Y1, Litti Y V., Parshina SN, Zhuravleva
EA, Nikitina AA (2020) Syntrophy and interspecies electron
transfer in methanogenic microbial communities. Microbiol.
Russian Fed. 89

Park JH, Kang HJ, Park KH, Park HD (2018) Direct interspecies elec-
tron transfer via conductive materials: a perspective for anaerobic
digestion applications. Bioresour. Technol. 254

Patil SA, Arends JBA, Vanwonterghem I, Van Meerbergen J, Guo K,
Tyson GW, Rabaey K (2015) Selective enrichment establishes a
stable performing community for microbial electrosynthesis of
acetate from CO,. Environ Sci Technol 49:8833-8843

Ragab A, Katuri KP, Ali M, Saikaly PE (2019) Evidence of spatial
homogeneity in an electromethanogenic cathodic microbial com-
munity. Front Microbiol 10

Rittmann S, Seifert A, Herwig C (2012) Quantitative analysis of media
dilution rate effects on Methanothermobacter marburgensis
grown in continuous culture on H, and CO,. Biomass and Bio-
energy 36

Rosenberg E, DeLong EF, Lory S, Stackebrandt E, Thompson F (2012)
The prokaryotes: prokaryotic communities and ecophysiology.
Springer, Heidelberg

Roy M, Yadav R, Chiranjeevi P, Patil SA (2021) Direct utilization of
industrial carbon dioxide with low impurities for acetate produc-
tion via microbial electrosynthesis. Bioresour Technol 320

Sato K, Kawaguchi H, Kobayashi H (2013) Bio-electrochemical con-
version of carbon dioxide to methane in geological storage res-
ervoirs. Energy Convers Manag 66

Schiel-Bengelsdorf B, Diirre P (2012) Pathway engineering and syn-
thetic biology using acetogens. FEBS Lett

Schink B (1997) Energetics of syntrophic cooperation in methanogenic
degradation. Microbiol Mol Biol Rev 61:262-280

Schlager S, Haberbauer M, Fuchsbauer A, Hemmelmair C, Dumitru
LM, Hinterberger G, Neugebauer H, Sariciftci NS (2017) Bio-
electrocatalytic application of microorganisms for carbon dioxide
reduction to methane. ChemSusChem 10

Schroder U, Harnisch F, Angenent LT (2015) Microbial electrochem-
istry and technology: terminology and classification. Energy
Environ Sci 8:513-519

Schuchmann K (2014) Miiller V (2014) Autotrophy at the thermody-
namic limit of life: a model for energy conservation in acetogenic
bacteria. Nat Rev Microbiol 1212(12):809-821

Schuchmann K, Miiller V (2016) Energetics and application of hetero-
trophy in acetogenic bacteria. Appl Environ Microbiol 82:4056—
4069 4E88

Siegert M, Li XF, Yates MD, Logan BE (2014a) The presence of
hydrogenotrophic methanogens in the inoculum improves



Applied Microbiology and Biotechnology (2022) 106:4427-4443

4443

methane gas production in microbial electrolysis cells. Front
Microbiol 5

Siegert M, Yates MD, Call DF, Zhu X, Spormann A, Logan BE (2014b)
Comparison of nonprecious metal cathode materials for methane
production by electromethanogenesis. ACS Sustain Chem Eng 2

Song H, Choi O, Pandey A, Kim YG, Joo JS, Sang BI (2019) Simulta-
neous production of methane and acetate by thermophilic mixed
culture from carbon dioxide in bioelectrochemical system. Biore-
sour Technol 281

Song T shun, Wang G, Wang H, Huang Q, Xie J (2019b) Experimental
evaluation of the influential factors of acetate production driven
by a DC power system via CO, reduction through microbial elec-
trosynthesis. Bioresour Bioprocess 6

Sonne-Hansen J, Westermann P, Ahring BK (1999) Kinetics of sul-
fate and hydrogen uptake by the thermophilic sulfate- reduc-
ing bacteria Thermodesulfobacterium sp. strain JSP and Ther-
modesulfovibrio sp. strain R1Ha3. Appl Environ Microbiol 65

Sowers KR (2009) Methanogenesis. Encycl Microbiol 265-286

Stams AJM, De Bok FAM, Plugge CM, Van Eekert MHA, Dolfing
J, Schraa G (2006) Exocellular electron transfer in anaerobic
microbial communities. Environ. Microbiol. 8

Stockl M, Claassens NJ, Lindner SN, Klemm E, Holtmann D (2022)
Coupling electrochemical CO, reduction to microbial product
generation — identification of the gaps and opportunities. Curr
Opin Biotechnol 74:154-163

Storck T, Virdis B, Batstone DJ (2016) Modelling extracellular limi-
tations for mediated versus direct interspecies electron transfer.
ISMEJ 10

Streit WR, Daniel R, Jaeger KE (2004) Prospecting for biocatalysts
and drugs in the genomes of non-cultured microorganisms.
Curr. Opin. Biotechnol. 15

Sydow A, Krieg T, Mayer F, Schrader J, Holtmann D (2014) Elec-
troactive bacteria—molecular mechanisms and genetic tools.
Appl Microbiol Biotechnol 98:8481-8495

Tartakovsky B, Mehta P, Santoyo G, Guiot SR (2011) Maximizing
hydrogen production in a microbial electrolysis cell by real-
time optimization of applied voltage. Int ] Hydrogen Energy 36

ter Heijne A, Geppert F, Sleutels THJA, Batlle-Vilanova P, Liu D,
Puig S (2019) Mixed culture biocathodes for production of
hydrogen, methane, and carboxylates. In: Advances in Bio-
chemical Engineering/Biotechnology

Thauer RK, Kaster AK, Seedorf H, Buckel W (2008) Hedderich R
(2008) Methanogenic archaea: ecologically relevant differences
in energy conservation. Nat Rev Microbiol 68(6):579-591

Tremblay PL, Zhang T (2015) Electrifying microbes for the produc-
tion of chemicals. Front Microbiol 6

van Eerten-Jansen M, Veldhoen AB, Plugge CM, Stams AJM, Buis-
man CJN, Ter Heijne A (2013) Microbial community analysis
of a methane-producing biocathode in a bioelectrochemical
system. Archaea 2013

van Eerten-Jansen M, (2014) Bioelectrochemical methane produc-
tion from CO,. Wageningen University

Vasiliadou IA, Kalogiannis A, Spyridonidis A, Katsaounis A,
Stamatelatou K (2021) Effect of applied potential on the

performance of an electroactive methanogenic biocathode
used for bioelectrochemical CO, reduction to CH,. J Chem
Technol Biotechnol.

Vassilev I, Hernandez PA, Batlle-Vilanova P, Freguia S, Kromer JO,
Keller J, Ledezma P, Virdis B (2018) Microbial electrosynthesis
of isobutyric, butyric, caproic acids, and corresponding alcohols
from carbon dioxide. ACS Sustain Chem Eng 6:8485-8493

Vassilev I, Kracke F, Freguia S, Keller J, Kromer JO, Ledezma P, Virdis
B (2019) Microbial electrosynthesis system with dual biocathode
arrangement for simultaneous acetogenesis, solventogenesis and
carbon chain elongation. Chem Commun 55

Visser A, Gao Y, Lettinga G (1993) Effects of pH on methanogenesis
and sulphate reduction in thermophilic (55°C) UASB reactors.
Bioresour Technol 44

Vu HT, Min B (2019) Enhanced methane fermentation of municipal
sewage sludge by microbial electrochemical systems integrated
with anaerobic digestion. Int J Hydrogen Energy 44

Vu MT, Noori MT, Min B (2020) Magnetite/zeolite nanocomposite-
modified cathode for enhancing methane generation in microbial
electrochemical systems. Chem Eng J 393:124613

Wael S, An-Ping Z (2014) Chapter 7: Mixed microbial cultures for
industrial biotechnology: success, chance, and challenges. Ind
Biocatal 1:

Wang G, Huang Q, Song TS, Xie J (2020) Enhancing microbial elec-
trosynthesis of acetate and butyrate from CO, reduction involv-
ing engineered Clostridium ljungdahlii with a nickel-phosphide-
modified electrode. Energy and Fuels 34:8666-8675

Wang H, Liu Y, Du H, Zhu J, Peng L, Yang C, Luo F (2021) Exploring
the effect of voltage on biogas production performance and the
methanogenic pathway of microbial electrosynthesis. Biochem
EngJ 171

Xafenias N, Mapelli V (2014) Performance and bacterial enrichment of
bioelectrochemical systems during methane and acetate produc-
tion. Int J Hydrogen Energy 39

Yang HY, Hou NN, Wang YX, Liu J, He CS, Wang YR, Li WH, Mu
Y (2021) Mixed-culture biocathodes for acetate production from
CO, reduction in the microbial electrosynthesis: impact of tem-
perature. Sci Total Environ 790

Yang HY, Wang YX, He CS, Qin Y, Li WQ, Li WH, Mu Y (2020)
Redox mediator-modified biocathode enables highly efficient
microbial electro-synthesis of methane from carbon dioxide.
Appl Energy 274

Yu L, Yuan Y, Tang J, Zhou S (2017) Thermophilic Moorella ther-
moautotrophica-immobilized cathode enhanced microbial elec-
trosynthesis of acetate and formate from CO,. Bioelectrochem-
istry 117:23-28

Zhao Z, Zhang Y, Wang L, Quan X (2015) Potential for direct interspe-
cies electron transfer in an electric-anaerobic system to increase
methane production from sludge digestion. Sci Rep 5

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Microbial electrosynthesis of methane and acetate—comparison of pure and mixed cultures
	Abstract 
	Key points
	Introduction
	Acetogens and methanogens
	Electron transfer and types of interspecies interactions
	Syntrophic interaction of anaerobic consortia
	Electron transfer mechanism


	Comparison of pure and mixed culture MES performances
	Acetate as main product in MES
	Methane as main product in MES

	Conclusion and outlook
	References


