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In subsurface anoxic environments, microbial communities generally produce methane

as an end-product to consume organic compounds. This metabolic function

is a source of biogenic methane in coastal natural gas aquifers, submarine

mud volcanoes, and methane hydrates. Within the methanogenic communities,

hydrogenotrophic methanogens, and syntrophic bacteria are converting volatile fatty

acids to methane syntrophically via interspecies hydrogen transfer. Recently, direct

interspecies electron transfer (DIET) between fermentative/syntrophic bacteria and

electrotrophic methanogens has been proposed as an effective interspecies metabolite

transfer process to enhance methane production. In this study, in order to stimulate

the DIET-associated methanogenic process at deep biosphere-aquifer systems in a

natural gas field, we operated a bioelectrochemical system (BES) to apply voltage

between an anode and a cathode. Two single-chamber BESs were filled with

seawater-based formation water collected from an onshore natural gas well, repeatedly

amended with acetate, and operated with 600mV between electrodes for 21 months,

resulting in a successful conversion of acetate to methane via electrical current

consumption. One reactor yielded a stable current of ∼200 mA/m2 with a coulombic

efficiency (CE) of >90%; however, the other reactor, which had been incidentally

disconnected for 3 days, showed less electromethanogenic activity with a CE of

only ∼10%. The 16S rRNA gene-based community analyses showed that two

methanogenic archaeal families, Methanocalculaceae and Methanobacteriaceae, were

abundant in cathode biofilms that were mainly covered by single-cell-layered biofilm,

implicating them as key players in the electromethanogenesis. In contrast, family

Methanosaetaceae was abundant at both electrodes and the electrolyte suspension

only in the reactor with less electromethanogenesis, suggesting this family was not

involved in electromethanogenesis and became abundant only after the no-electron-flow

event. The anodes were covered by thick biofilms with filamentous networks, with the
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family Desulfuromonadaceae dominating in the early stage of the operation. The family

Geobacteraceae (mainly genus Geoalkalibacter) became dominant during the longer-

term operation, suggesting that these families were correlated with electrode-respiring

reactions. These results indicate that the BES reactors with voltage application effectively

activated a subsurface DIET-related methanogenic microbiome in the natural gas field,

and specific electrogenic bacteria and electromethanogenic archaea were identified

within the anode and/or cathode biofilms.

Keywords: microbial electrosynthesis, electromethanogenesis, extracellular electron transfer, microbial

community dynamics, FIB-SEM, subsurface microbiome

INTRODUCTION

In most subsurface microbial ecosystems in oxygen-depleted
organic-rich sedimentary environments, heterotrophic
microbial communities generally produce methane as an
end-product of the microbial respirations via CO2 reduction.
This biogeochemical ecosystem function widely occurs on
Earth, including not only a wide range of terrestrial and marine
environments (e.g., rice paddy soils, cow rumen, wetlands,
natural forest soils, thawing permafrost, and coastal sediments;
see Matthews and Fung, 1987; Bartlett and Harriss, 1993) but
also anthropogenic microbial habitats (e.g., anaerobic digester,
agricultural and industrial wastewaters; see Mao et al., 2015).
To date, so called “biogenic methane” in anaerobic subsurface
systems has been largely explored as one of the energy sources;
e.g., coastal natural gas aquifers (Sano et al., 2017), submarine
mud volcanoes (Ijiri et al., 2018), methane hydrates (Kvenvolden,
1995) and coal/shale beds (Inagaki et al., 2015). Activity of
the naturally occurring microbial methanogenic processes is
generally extraordinarily low due to the low energy availability
in the deep biosphere (Lever et al., 2015). Nevertheless, several
methanogens have been successfully isolated from methane
hydrate-bearing sediment (Imachi et al., 2011), submarine mud
volcano (Ijiri et al., 2018), and formation water from a natural
gas field (Mochimaru et al., 2007). The widespread distribution
of biogenic methane clearly indicates that microorganisms play
an important role in biogeochemical carbon cycling on the Earth.

Within the methanogenic microbial communities, two
different types of methanogenic archaea are observed as
hydrogenotrophic (Equation 2) and aceticlastic (Equation 3)
methanogens.

CH3COO
−

+ 4H2O → 2HCO−

3 + 4H2 +H+
. . .

(syntrophic acetate oxidation) (1)

4H2 + CO2 → CH4 + 2H2O . . .

(hydrogenotrophic methanogenesis) (2)

CH3COO
−

+ H2O → CH4 +HCO−

3 . . .

(aceticlastic methanogenesis) (3)

Hydrogenotrophic (H2-consuming) methanogens syntrophically
convert volatile fatty acids, such as acetate and propionate, to
methane in conjunction with syntrophic bacteria (Equation 1 and
Equation 2) (Schink, 1997). Since H2 and formate are scavenged

mainly by the CO2 reduction of hydrogenotrophic methanogens,
an efficient interspecies transfer of electron equivalents (as H2

and formate) has been achieved by close physical contact between
syntrophs and methanogens (de Bok et al., 2004; Ishii et al., 2005,
2006).

In addition to hydrogen transfer, the possibility of a syntrophic
coupling through direct electron transfer (DIET) has recently
reported between methanogenic/methanotrophic archaea and
bacteria as well as between bacteria (Lovley, 2017; McGlynn,
2017). DIET and the associated microbial extracellular electron
transfer (EET) are both known to be accelerated by metal-
oxide nano-particles such as magnetite and ferrihydrite (Kato
et al., 2012, 2013), suggesting that the DIET and EET could
be particularly important processes in subsurface environments
where metal-oxide minerals are often abundant.

In order to identify and accelerate the DIET process, a
bioelectrochemical system (BES) could also be applicable by
using electrodes to add voltage between electrodes (Figure 1A).
Within the bioreactor, the electron-capturing anode enhances
the EET process from electrogenic microbes to the electrode
(Equation 4), while the electron-releasing cathode facilitates the
EET process from the electrode to electrotrophic methanogenic
microbes (Equation 5) (Logan, 2009; Rabaey and Rozendal,
2010).

CH3COO
−
+ 4H2O → 2HCO−

3 + 9H+
+ 8e− . . . (Anode) (4)

8H+
+ 8e− + CO2 → CH4 + 2H2O . . . (Cathode) (5)

The biocathodic reaction to produce methane from CO2 and
electrons is called as “electromethanogenesis” (Cheng et al.,
2009; Blasco-Gómez et al., 2017). In fact, electromethanogenic
microbes were stimulated by electric power input to increase
methane production in the anaerobic digesters (Yu et al., 2018),
as well as a subsurface methanogenic microbiome from oilfield
formation water (Sato et al., 2013; Kobayashi et al., 2017).
Blasco-Gomez et al. reviewed the studies of electromethanogenic
microbes within complex biocathodic communities and their
possible methanogenic routes (Blasco-Gómez et al., 2017),
concluding that further research is needed to identify the
electromethanogenic processes, especially in mineral-packed
subsurface methanogenic microbiomes.

In this study, in order to stimulate the subsurface DIET-
associated electromethanogenic process and identify the
EET-active members (Figure 1A), we inoculated the gas-rich
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formation water samples in Minami-Kanto gas field to duplicate
BES bioreactors that supplied a voltage (600mV) continuously
between an electron-accepting anode and an electron-donating
cathode (Figure 1B). Throughout the 2 years of BES operation,
we periodically analyzed both bioelectrochemical characteristics
and microbial community dynamics of the anode biofilm,
cathode biofilm, and planktonic cells based on 16S rRNA gene
phylogeny, which were systematically integrated. The results
offer new insights about how subsurface DIET-associated
microbes were stimulated by the voltage input and competed
against typical methanogenesis in the electromethanogenic BES
bioreactor (Figure 1A).

MATERIALS AND METHODS

BES Bioreactor Configuration and
Operation
Two single-chamber, double-electrode bioelectrochemical
system (BES) bioreactors (reactors A or B) were used
for enrichment of anodic electrogenic and cathodic
electromethanogenic communities with voltage input between
electrodes. The BES bioreactor was a bottle-type reactor (375-mL
in capacity) equipped with two electrodes made of carbon cloth
(3 cm × 7 cm, 42 cm2 projected surface area; TMIL, Japan). The
top of the bottle was sealed using a tight butyl-rubber stopper
pierced with two Ti wires (φ1mm), and the electrodes were
connected by the wires (Figure 1B). After sterilization of the BES
reactor, 190mL of gas-associated formation water KTG1 (30.5◦C,
pH 7.5, conductivity 74 mS/cm, Cl− 18.95 g/L), sampled from a
production well KTG1 at the Minami-Kanto Gas field (Chiba,
Japan), was anaerobically added to the duplicate BES reactors
without any pretreatment in an anaerobic glove box (COY
Laboratory Products, USA) equipped with Table KOACH open
cleaning system (KOACH T500-F, Koken Ltd., Japan), and two
electrodes were immersed in the formation water. The formation
water was anaerobically sampled at the production well and
stored at 4◦C before use. After adding 2 mmol of sodium acetate
as a carbon substrate, a multi-channel potentiostat (PS-08; Toho
technical research, Japan) was used to supply a voltage of 600mV
across the electrodes, and the generated current was monitored
and recorded every 5min. The BES reactors were gently agitated
with a magnetic stirrer and incubated at 30◦C.

When depletion of the substrates caused the electric current to
decrease, 2 mmol or 2.5 mmol of sodium acetate was re-injected.
When the current-consuming performance decreased because of
the accumulation of secondary metabolites and/or sodium ion,
the formation water was fully discarded in the anaerobic glove
box and refilled with the stored formation waters, KTG1, KTG2
(28.3◦C, pH 7.5, conductivity 75 mS/cm, Cl− 19.13 g/L) or KTG3
(19.2◦C, pH 8.2, conductivity 47 mS/cm, Cl− 11.83 g/L), which
were all anaerobically sampled from different production wells in
the Minami-Kanto gas field and stored at 4◦C before use.

Polarization Analysis
Potential step voltammetry analyses were conducted using a
potentiostat (PS-08; Toho technical research, Japan) to obtain
polarization curves. The applied voltage between electrodes was

changed from 0mV to +600mV in stepwise increments of
50mV for 15min or 5min, and the corresponding current was
recorded after stabilization (<1min). An Ag/AgCl reference
electrode (+200mV vs. standard hydrogen electrode [SHE], RE-
5B; BASi, USA) was placed at the side port of the BES reactors
(Figure 1B), and the anode and cathode potentials were also
recorded with a voltage logger (VR-71; T&D, Tokyo) during the
step voltammetry analyses. The total time of the voltammetry
analyses was 150min for 15min interval and 50min for 5min
interval, respectively.

Chemical Analyses
Acetate concentrations were measured with a high-pressure
liquid chromatography (HPLC) instrument equipped with a
multiple wavelength detector (Class VP; Shimadzu, Japan)
and a reverse-phase C18 column (TSKgel ODS-100V; Tosoh
Bioscience, Japan). The eluent was 0.1% phosphoric acid at a
flow rate of 1.0 mL/min. Gas production was quantified by
capturing the produced gas in a 1-L aluminum gas bag (AAK-
1; Asone, Japan) connected to the bioreactor with FDA viton
tubing (Masterflex L/S25, Cole-Palmer, Japan) (Figure 1B). The
methane concentration in the gas phase was monitored with
a methane sensor (BCP-CH4; BlueSens, Germany) that was
frequently inserted into the gas line.

Coulombic efficiency, CE (%), was calculated as CE =

Cp/Cth×100, where Cp (C) is the total charge consumed during
a single batch, and Cth (C) is the theoretical amount of charge
allowable from either complete acetate oxidation on the anode
or methane production on the cathode. The CEanode (%) was
calculated from the Cth from complete acetate oxidization (8
mmol of e− per 1 mmol of acetate, Equation 4). The CEcathode
(%) was calculated from the Cth theoretically required to produce
methane from CO2 (8 mmol of e− per 1 mmol of CH4,
Equation 5).

Microbial Composition Analysis
Small portions of anodic and cathodic carbon cloth (6mm
× 6mm) were collected by using ethanol-sterilized scissors
in an anaerobic glove box. Planktonic cells suspended in the
electrolyte solution were also collected and centrifuged to make
cell pellets. Total DNA was extracted from the electrode biofilms
or suspended cells by using the PowerBiofilmTM DNA Isolation
Kit (MO BIO, USA) with physical disruption by bead beating
for 2.5min. PCR amplification of the small subunit (SSU) rRNA
gene (V4–V5 regions) was performed using the LA Taq (TaKaRa
Bio, Japan) with universal primer pair 530F/907R (Nunoura
et al., 2012), which contains overhang adapters at the 5′ ends.
The PCR amplification conditions have been described elsewhere
(Hirai et al., 2017). After PCR amplification, PCR products
were purified enzymatically (ExoSAP-IT PCR Product Cleanup
Reagent; Thermo Fisher, USA). To add multiplexing indices and
Illumina sequencing adapters, a second PCR amplification was
performed with Ex Taq polymerase (TaKaRa Bio, Japan). The
amplified products were purified with the Agencourt AMPure
XP (Beckman Coulter, USA), and quantified using the Quant-iT
dsDNA High-Sensitivity Assay Kit (Thermo Fisher, USA). The
PCR products were subjected to DNA denaturing and sample
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FIGURE 1 | Single-chambered bioelectrochemical system (BES) reactor used in this study. (A) Schematic diagram of electromethanogenesis that is stimulated by

accelerating external electron flow with voltage input in a BES reactor. The EET flow for the electromethanogenesis is shown by solid arrow, while competitive

methanogenic reactions are shown by dashed lines. (B) The single-chambered BES reactors filled with formation water at natural gas field. Anode and cathode were

connected to potentiostat and apply 600mV between them. An Ag/AgCl reference electrode was used for monitoring electrode potentials.

loading on a sequencer using MiSeq v3 reagent (Illumina, USA),
and sequenced using the MiSeq platform (Illumina, USA) as the
300 bp paired end according to Illumina’s standard protocol.
The DNA nucleotide sequences have been deposited in the
NCBI Short Read Archive under accession number SRR7990743-
SRR7990766.

Analysis of SSU rRNA Gene Tag
Sequencing Data
After merging paired-end reads with PEAR (Zhang et al., 2014),
the regions of PCR primers were removed using Cutadapt v1.10
(Martin, 2011). Low-quality (Q score <30 in more than 3% of
sequences) and short (<150 bp) reads were filtered out using a
custom perl script. The SSU rRNA gene amplicon analysis was
performed using the QIIME software package v1.9.1 (Caporaso
et al., 2010). After the removal of chimeric sequences using
USEARCH (Edgar, 2010) in QIIME, operational taxonomic
units (OTUs) were selected at the 97% similarity level using
UCLUST (Edgar, 2010) and were subsequently assigned to a
taxon (at phylum, class, order, family, and genus levels) by
comparison with the non-redundant 16S rRNA small subunit
SILVA 128 database (Quast et al., 2013). Database searches for
related SSU rRNA gene sequences were further conducted using
the BLAST program to refer non-redundant nucleotide (nr/nt)
database excluding uncultured/environmental sample sequences.
Canonical correspondence analysis was performed using
XLSTAT (Addinsoft, USA) to evaluate the correlations between

community composition and environmental factors (Terbraak,
1986). The phylogenetic position of the OTUs was analyzed
using a maximum likelihood-based phylogenetic tree created
after alignment by MUSCLE in CLC Genomics Workbench
version 8.5 (CLC bio, USA). Bootstrap resampling analysis
for 100 replicates was performed to estimate the confidence
of tree topologies. The nucleotide sequences of dominant
OTUs have been deposited in the GSDB/DDBJ/EMBL/NCBI
nucleotide sequence databases under accession numbers
MK035761-MK035843.

Focused Ion Beam Scanning Electron
Microscopy (FIB/SEM)
A small portion of carbon cloth was collected from the anodes,
fixed for 2 h with 2.5% glutaraldehyde in filtered formation water,
and preserved in the same fixative till post-fixation at 4◦C.
Samples were then washed in filtered artificial seawater and post-
fixed with 2% osmium tetroxide in filtered artificial seawater for
2 h at 4◦C. After the specimens were rinsed with distilled water,
conductive staining was performed by incubating the specimens
in 0.2% aqueous tannic acid (pH 6.8) for 30min. After another
wash with distilled water, the specimens were further stained
with 1% aqueous osmium tetroxide for 1 h. Finally, the specimens
were dehydrated in a graded series of ethanol, gently dried with
a critical point dryer (JCPD5; JEOL, Japan), and coated with
osmium using an osmium plasma coater (POC-3; Meiwafosis,
Japan). SEM observations were carried out on a Helios G4 UX
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(Thermo Fisher, USA), an extreme high resolution (XHR) field-
emission scanning electron microscope (FE-SEM) equipped with
Focused Ion Beam (FIB), at an acceleration voltage of 3 kV.
The cross sectioning of the anodic and cathodic biofilms on
the carbon fibers were obtained by using the FIB milling at
acceleration voltage of 30 kV without deposition, and the FE-
SEM observations were carried out at an acceleration voltage of 1
kV after the FIB milling.

RESULTS

Long-Term BES Enrichment and Current
Generation
The gas-rich formation water sample (KTG1) was placed into
two BES bioreactors where it served as a microbial inoculum
as well as an electrolyte for the electromethanogenic operations.
Enrichment of both electromethanogenic and electrogenic
microbes was accomplished by establishing a voltage (600mV)
that was continuously applied between the cathode and the
anode in each of two single-chamber BES reactors (A and
B) (Figure 1). Current production was observed 7 days after
acetate addition and stabilized at ∼1.3mA for both reactors
(Figure 2). During initial four months, the current production
was notably unstable as the communities adapted to the
electrode environment, with operational currents that fluctuated
between 0.5mA and 2.0mA (Table 1). After step voltammetry
analysis of reactor B at day 149, the reactor B was accidentally
held at open-circuit conditions (no voltage input) for 3 days,
and subsequently returned to the applied voltage operation
(Figure 2). This EET-limited stimulus had a significant impact on
the electromethanogenic production for reactor B, with a drop
of current output from 1.36mA (phase B-I) to 0.76mA (phase
B-II), indicating a lowered level of electromethanogenesis after
the disconnection. However, the treatment time at phase B-II
was significantly shorter than that of phase B-I (10.3 day to 3
day) (Table 1). These changes suggest that the different types
of acetate-oxidizing methanogenesis such as hydrogen-mediated
syntrophic methanogenesis (Equations 1, 2) or aceticlastic
methanogenesis (Equation 3) outcompeted the EET-mediated
electromethanogenesis (Equation 4, 5) in reactor B after the
disconnection stimulus.

When the current output decreased during the long-term
operation, the electrolyte was replaced with stored formation
water in order to remove excess suspended cells and accumulated
secondary metabolites. Such electrolyte replacement occurred
three times for reactor A (initial replacement was to KTG1,
and the other two were to KTG2), and five times for
reactor B (all replacements were to KTG3), and all the
treatments were carried out after the 270-day operational
period. After the electrolyte replacement, current output
was restored to the previously observed current output,
thereafter enhanced current outputs were routinely observed
(Figure 2).

During each batch cycle of the reactors, acetate decreased
concomitantly with current output, and the current production
was falling to near zero when acetate was fully consumed

(Supplementary Figure S1). Methane concentration in the gas
phase also showed consistent increase with current consumption,
stopping the increase when the current output fell to near
zero (Supplementary Figure S2). Thus, methane production
was directly correlated with the current output and/or acetate
degradation. The treatment time of one batch cycle was
significantly correlated with the current output throughout the
long-term operation for reactor A, but only phase B-I for reactor
B (Supplementary Figure S3), which is also consistent with
the notion that that current-independent acetate-consuming
methanogenesis became the dominant process in reactor B after
the disconnection event.

After the long-term BES operation, dense biofilms
were visibly apparent at both anode and cathode surfaces
(Supplementary Figure S4), which might lead to a reduction of
current output due to an overall increase in an internal resistance
by electron, proton, and substrate transport limitation (Figure 2).
Denser biofilms were observed in less-electromethanogenic
reactor B, suggesting that non-electromethanogenic cells
were growing at a distance from the electrode surfaces. Red-
colored biofilms were observed at only anodes in both reactors
(Supplementary Figure S4), suggesting that the red molecules
such as c-type cytochromes were accumulated within the
electrogenic anode biofilms.

Bioelectrochemical Performance
The anodic electron-releasing and cathodic electron-capturing
yields were calculated as coulombic efficiency (CE) based on
the estimated half reactions of DIET (Equation 4 and Equation
5), which was found to be stable at 80–100% for both half
reactions in reactor A throughout the operation (Table 1). These
high CEs clearly indicate that almost all of electron flows were
associated with the acetate oxidation by electrogenic microbes
on the anode (Equation 4) and with the methane production by
electromethanogenic microbes on the cathode (Equation 5). This
result also suggests that other competing reactions such as typical
acetate-oxidizing methanogenesis (Equations 1–3, Figure 1A),
oxygen respiration, anaerobic respiration with soluble electron
acceptors such as sulfate and nitrate, and/or anabolic biosynthesis
rarely occurred in reactor A.

On the other hand, reactor B showed different trend of
CEs for both half reactions after the 3-day disconnection event
(Table 1). Before the disconnection, the CEanode of reactor B
was 73%; however, the CEanode dropped to 15% at phase B-
II and subsequent decrease to ∼10% after the 350-day BES
operation. The cathodic CE showed over the 850% after phase
B-IV, while another way of CEcathode calculation (consumed
electron per methane production) showed that only 11–12%
of the methane was generated via current consumption with
electromethanogenic reaction in reactor B (Table 1). These poor
CEs indicate that current-independent methanogenesis mainly
carried out during the operational periods from phase B-II to
phase B-V.

During the long-term operations, anodic, cathodic, and whole
electrochemical cell polarization curves were determined three
times via step-wise increase by 50mV of applied voltages
(Figure 3). The current generation trends were notably different
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FIGURE 2 | Long-term electrical current output in duplicate BES reactors fed with acetate. Current generation with 600mV of voltage application in duplicate

single-chambered BESs is shown as red (reactor A) and black (reactor B) lines. Filled arrowheads above charts indicate feeding of acetate to the BES. Filled arrows

indicate biofilm and suspension sampling for DNA extraction, and the numbers above the arrow indicate IDs for the microbial community composition analysis. Open

arrowheads indicate exchange of formation water in the BESs. Stars indicate step voltammetry. Dashed lines indicate methane concentration logging. The marks with

red color indicate reactor A, while marks with black color indicate reactor B.

over 300mV of applied voltage among the three operational
phases (Figure 3A), implying that different internal resistances
were yielded by the biocatalytic features on both electrodes.
Current generation was first observed at 120mV of applied
voltage, −320mV vs. SHE of anode potential, and −440mV
vs. SHE of cathode potential, respectively (Figure 3B). The
anode potential was stable by the −320mV vs. SHE between
100mV and 350mV of applied voltage, suggesting that the anode
potential was controlled by the anodic biocatalytic reaction of
acetate-oxidizing electrode reduction. In fact, the operational
anode potential during the batch cycle with 600mV of applied
voltage suddenly changed from −250mV to 0mV vs. SHE when
acetate was totally consumed (Supplementary Figure S1B). In
contrast, the cathode polarization curve showed consistent
decrease with more voltage input to reach −800mV vs. SHE,
which allowed hydrogen production on the cathode. These
results imply that anodic biocatalytic reaction with acetate
oxidation was a key for producing hydrogen on the cathode and
achieving the electromethanogenic reaction in the BES reactors.

Microbial Community Dynamics
To compare microbial community composition dynamics of
the anode biofilm, cathode biofilm and planktonic cells,
we conducted SSU rRNA gene-based tag-sequencing (iTAG)
analysis for the samples collected at day 56 (time 1), day
132 (time 2), day 280 (time 3, only for reactor B), day 307
(time 4), and day 561 (time 5) (Figure 2). The iTAG analysis
was also performed from the stored formation water samples
KTG1, KTG2, and KTG3, which functioned as inoculum sources
for the enrichments. The phylum- or class-level community
compositions clearly revealed that only three taxonomic groups,
Gammaproteobacteria (25%), Deltaproteobacteria (19%), and
Euryarchaeota (19%), were highly abundant within the BES
reactors (Figure 4). As minor members in the BES communities,
Synergistetes (9%), Alphaproteobacteria (4%), and Bacteroidetes
(4%) were also frequently seen. In total, these six taxa accounted
for about 80% of the BES communities established from
subsurface natural gas-associated microbiome throughout the
long-term operation.
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TABLE 1 | Summary of electromethanogenic profiles of BESs with 600mV voltage input.

REACTOR A

Phase A-I A-II A-III A-IV A-V

Periods day 15-195 day 195-376 day 376-492 day 492-513 day 513-561

Cycles 10 8 4 2a 2a

Current (mA) ± SD 1.49 ± 0.53 0.97 ± 0.06 0.76 ± 0.14 2.17 ± 0.07 0.67 ± 0.12

Current density (mA/m2)b ± SD 354 ± 126 243 ± 15 200 ± 37 571 ± 18 176 ± 32

Treatment time (Day)c ± SD 12.3 ± 2.9 16.3 ± 1.0 25.9 ± 2.9 7.5 ± 0.5 22.0 ± 2.0

Power input (Wh) ± SD 0.29 ± 0.05 0.24 ± 0.01 0.29 ± 0.05 0.23 ± 0.00 0.21 ± 0.00

CH4 producing rate (ml/d)d 3.40d 2.21d 2.10 4.76 1.53d

Coulombic efficiency (%) ± SD

Anode (e−/acetate) 108 ± 17 93 ± 3 108 ± 24 90 ± 1 83 ± 1

Cathode (CH4/e
−)e nd nd 85 79 ± 3 nd

REACTOR B

Phase B-I B-II B-III B-IV B-V

Periods day 0-149 day 156-280 day 289-342 day 347-462 day 468-638

Cycles 8 23 11 21 30

Current (mA) ± SD 1.36 ± 0.60 0.76 ± 0.20 1.54 ± 0.23 0.94 ± 0.33 0.54 ± 0.14

Current density (mA/cm2 )b ± SD 324 ± 143 190 ± 50 395 ± 59 247 ± 87 142 ± 37

Treatment time (Day)c ± SD 10.3 ± 3.6 3.3 ± 1.3 2.2 ± 0.9 2.0 ± 0.6 2.8 ± 0.7

Power input (Wh) ± SD 0.17 ± 0.09 0.04 ± 0.02 0.05 ± 0.02 0.03 ± 0.00 0.03 ± 0.00

CH4 producing rate (ml/d)d 3.64d 1.80d 3.22d 3.69 1.67

Coulombic efficiency (%) ± SD

Anode (e−/acetate) 73 ± 31 15 ± 6 21 ± 7 10 ± 2 9 ± 2

Cathode (CH4/e
−)e nd nd nd 894 ± 93 871 ± 93

Cathode (e−/CH4)
e,f nd nd nd 11 ± 1 12 ± 3

a Since only two cycles per the phase, median ± difference is shown.
b Current density is calculated by using projected surface area of one side of the electrodes.
c Treatment times are normalized for 2 mmol of acetate consumption per cycle.
d Estimated methane producing rate based on current and cathodic coulombic efficiency of 85%.
e nd, not determined.
f Since aceticlastic methanogenesis was occurred for reactor B, ratio of electrotrophy in methanogenesis was also shown.

With regard to the class Deltaproteobacteria, only two
families, Desulfuromonadaceae and Geobacteraceae, were
abundant in the BES reactors, with the former dominating in the
early stages of enrichment, and the Geobacteraceae increasing
to nearly 50% at later stage of the enrichments (Figure 4). In
phylum Euryarchaeota, three families, Methanobacteriaceae,
Methanocalculaceae, and Methanosaetaceae, occupied 40–
70% of the cathode biofilms after 250-day operation
(Figure 4). Interestingly, the family Methanosaetaceae was
only seen after the 3-day disconnection event that occurred
between B2 and B3 in reactor B, and these cells were also
seen in the anode biofilm and as planktonic cells. In class
Gammaproteobacteria, ten different families were frequently
shown in the BES reactors. Within them, the families
Solimonadaceae and Ectothiorhodospiraceae were initially
abundant in the planktonic cells to occupy over 40%. Although
the families Alteromonadaceae and Oceanospirillaceae were
highly dominant in the source formation waters (Figure 4),
they were never seen as dominant forms in any of the
enrichments. The portion of the two Gammaproteobacteria

families decreased to only ∼10% after the long-term
enrichment.

Correlation Between Microbial Families
and Locations
Weighted canonical correspondence analysis (wCCA) is a
comparative evaluation tool that can be used to represent
correlations between key environmental variables, such as
locations (anode, cathode or planktonic), inocula, operation
time, and associated microbial taxa compositions (Ishii et al.,
2013b, 2014, 2017; Suzuki et al., 2013). Figure 5A shows
associations between the variables as five vectors and highly
abundant families in reactor A with weighting by sum of relative
frequencies, while Figure 5B shows associations between the
valuables and abundant microbial families in reactor B. As
expected, the relatively abundant families in the inoculated
formation water (Alteromonadaceae, Flavobacteriaceae,
Oceanospirillaceae, and Rhodobacteraceae) were not associated
with neither the operational time nor any of the locations in both
BES enrichments.
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FIGURE 3 | Polarization curves via potential step voltammetry in the

electromethanogenic BESs. (A) During potential step voltammetry, current

generation after 5min (for reactor a) or 15min (for reactor b) with applying

different voltages is plotted for different phases of the BESs (box for labels).

(B) Anodic (blue dashed lines and blue labels) and cathodic (green dashed

lines and green labels) potentials are plotted during the potential step

voltammetry. OCAP indicates open circuit anode potentials.

Among the three locations, two Deltaproteobacteria families
(Geobacteraceae and Desulfuromonadaceae) were clearly
correlated with anode biofilms in both BES reactors, while
family Geobacteraceae became more abundant with time
(Figure 5). This trend indicates that family Geobacteraceae
was more functional within the electrogenic anode biofilms.
Two Gammaproteobacteria families were associated with
the planktonic niche, while family Solimonadaceae was
more frequent in reactor A and Ectothiorhodospiraceae
was abundantly observed in reactor B. Two Euryarchaeota
families (Methanobacteriaceae and Methanocalculaceae)
were tightly associated with cathode biofilm, suggesting
that these two families were both important groups for the
electromethanogenic reactions on the cathode. Strikingly, we
found that another Euryarchaeota family, Methanosaetaceae,

which was only shown in the poorly electromethanogenic reactor
B and tightly correlated with the time valuable (Figure 5B). This
trend is consistent with what Methanosaetaceae microbe was
only presented after the 3-day disconnection event in reactor B.

OTUs in the Electromethanogenic and
Electrogenic Communities
Figure 6 shows the OTUs (>97% cut-off value) that were
abundant in the three different niches in the BES reactors. The
minor OTUs (i.e., lower relative abundance) are summarized
in Supplementary Table S1. The preferable location (anode,
cathode, biofilm, suspension, or source) was estimated from
the wCCA diagram (Supplementary Figure S6) by using
all 84 OTUs. These abundant OTUs occupied 84–98% of
the community compositions for all thirty communities
(Supplementary Table S1).

In class Deltaproteobacteria, eleven different OTUs were
enriched in anode biofilms of both BES reactors, and five
were relatively abundant (Figure 6). The dominance of these
OTUs changed over time from two Desulfuromonadaceae OTUs
(BRdel2 and BRdel3) to two Geobacteraceae OTUs (BRdel10 and
BRdel11). From their phylogenetic positions, highly abundant
GeobacteraceaeOTUs are both affiliated to genusGeoalkalibacter,
while the Desulfuromonadaceae OTUs BRdel2 and BRdel3 were
not affiliated with any known genus (Figure 7).

In the phylum Euryarchaeota, six different OTUs were
observed mainly in the cathodic biofilm (Figure 6); three of these
OTUs were placed in the genus Methanobacterium, and one
each to the genera Methanobrevibacter, Methanocalculus, and
Methanosaeta (Figure 8). From them, the Methanosaeta OTU
BReur6 was comprised over 10% at all three locations only in the
reactor B after the disconnection event, which trends are likely
correlated with the lower coulombic efficiency of reactor B.

In the class Gammaproteobacteria, eighteen different
OTUs were found to be community members at source
formation water and/or suspended cells in the BES reactors
(Supplementary Table S1), while six OTUs were relatively
abundant among them (Figure 6). Two OTUs, Marinobacter
KTGgam8 and Marinobacterium KTGgam14, comprised over
40% of the inoculum community, but these OTUs decreased the
frequencies in all locations of both BES reactors. Two different
OTUs, Solimonas BRgam1 and Thioalbus BRgam4, were highly
abundant in the planktonic niches of both BES reactors;
however, both OTUs decreased their relative frequencies in
later stages of the enrichment process (Figure 6). Thus, while
diverse Gammaproteobacteria OTUs were introduced from the
formation water, they were not seen at later stages, and it is
unlikely that these taxa play an important role in electrogenic or
electromethanogenic biofilms.

SEM Observation of Anodic and Cathodic
Biofilms
In order to examine the morphology of EET-active anode
and cathode biofilms in both BES reactors, biofilm samples
were taken on day 516 (phase A-V or B-V, time 5 for the
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FIGURE 4 | Taxonomic distributions of 16S rRNA community profile within anode biofilm, suspension, and cathode biofilm of electromethanogenic BESs. The

family-level taxonomic profiles (three unclassified families are shown by using upper level taxonomy) for anode biofilms (Anode), planktonic cell suspensions

(suspension) and cathode biofilm (Cathode) within the duplicate BESs at day 56 (1), day 132 (2), day 280 (3), day 310 (4), and day 566 (5) of enrichment, and the

original inoculum source of formation water at different natural gas production wells (Source). Several abundant families are also described in the bars. Class

Alphaproteobacteria, Deltaproteobacteria, Gammaproteobacteria, and phylum Euryarchaeota are tied by brackets above the bars.

community analyses) and subjected to observe by using a FE-
SEM. Focused ion beam (FIB) equipped with the FE-SEM was
used for cutting the biofilms to observe the cross-sectional images
(Supplementary Figures S7, S8). The electron micrographs of
reactor A (Figure 9) and reactor B (Figure 10) revealed different
biofilm morphologies, electrode surface structures, and cell
shapes for the two reactors.

In reactor A, the anode biofilm was attached on graphite fibers
in the form of big aggregates along withmorphologically different
microbes at the surface of the aggregates (Figure 9A), while
the cross-sectional image showed the dense anode biofilm with

thickness of 10 to 50µm (Supplementary Figure S7B) and the
unique rod-shaped microbe inside the biofilm (Figure 9B). On
the other hand, the cathode biofilm was fully covered with single-
layered microbes (Figure 9D), and three different morphologies
(irregular coccoid, thin filament, and rod-shaped with a lot of
membrane vesicles) were seen on the covered microbes in the
vicinity of the carbon fibers (Figure 9E). The dense biofilms were
also observed sparsely at the interspace of the graphite fiber
(Supplementary Figure S7C). Magnified electron micrographs
after FIB cutting revealed the presence of a filamentous mat
structure of thin, thread-like appendages in the anode biofilms
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FIGURE 5 | Weighted canonical correspondence analysis (wCCA) diagram correlating microbial taxa and the environmental factors. wCCA diagrams show

relationships between operational variables (red arrows) and dominant microbial taxa (filled bubbles) in BES reactor A (A) and reactor B (B). The bubble colors indicate

families that described in Figure 4. Bubble sizes indicate sum of relative frequencies (%) within the microbial community analyses for each reactor with the inoculated

formation waters (maximum 1,500% for reactor A, and 1,800% for reactor B). Family names of the taxa of the abundant members (sum of relative frequencies over

20%) are depicted near bubbles, and the full list of the family names is shown in Supplementary Figure S5. Gray open circles indicate samples for microbial

community analyses.
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FIGURE 6 | Heatmap table of major phylotypes in the microbial communities. The major phylotypes were selected as those with frequencies that summed to over

20% in all 30 clone libraries. The calculation of frequency (%) was conducted based on Supplemental Table S1. Best matched sequence was identified by BLAST to

nr/nt excluding Uncultured/environmental sample sequences (black letters) or including them (blue letter).
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FIGURE 7 | Maximum likelihood based phylogenetic trees showing positions of major DIET-related Deltaproteobacteria OTUs representing anodic electrogenic

microbial populations. Branch points supported with bootstrap values (100 trials) of >90% are indicated with closed circles, while those between 70 and 90% are

indicated with open circles. Accession numbers of reference sequences are indicated in parentheses.

that connected microbial cells to one another, and to the anode
electrode (Figure 9C), while the mesh-patterned structure was
seen as a visible layer on the cathode surface (Figure 9F). These
images indicate that different types of microbes performed EET
process from/to the electrodes by using different ways in the BES
reactor A.

In reactor B, different biofilm morphologies were observed
on both anode and cathode electrodes, where the surfaces
of bio-mats were fully covered by cylindrical microbes
(Supplementary Figure S8). Below the cylindrical microbes, the
egg-shaped microbes with thin filamentous appendages were
abundantly observed inside the anode biofilm (Figures 10A,B),
while the rod-shaped microbes formed an orderly single-layered
biofilm onto the cathode (Figures 10D,E). The magnified
cross-sectional image of the anode revealed the bridges between
microbial cells and the electrodes by using the filamentous
appendages (Figure 10C), while that of the cathode revealed the
bridge between the rod-shaped microbe and the electrode by
using polar filaments (Figure 10F).

The SEM observations revealed a variety of filamentous
structure in the anode and cathode biofilms, and the filaments
seem to be important for the EET processes between
microbes and electrodes in the electromethanogenic BES
reactors.

DISCUSSION

The Minami-Kanto gas field, where gases are dissolved
in seawater-based formation water, is characterized by the
accumulation of biogenicmethane in subsurfacemarine turbidite
sand layers interbedded with mud layers (Mochimaru et al.,
2007; Katayama et al., 2015; Sano et al., 2017). Here, we
report for the fist time, the long-term electromethanogenic
processes at ambient temperature and associated EET-active
community members enriched from subsurface microbiome in
the seawater-based formation water (Table 2). Duplicate BES
reactors were operated for 21 months, and we successfully
stimulated and enriched DIET-associated members of the
subsurface microbes where methane is naturally produced
biologically (Mochimaru et al., 2007; Katayama et al., 2015;
Sano et al., 2017). Even though three methanogenic pathways
are possible when acetate was amended as a substrate to
the BES operation (Figure 1A, Equations 1–5), EET-related
electromethanogenesis was highly dominant (CE >80%) in
reactor A (Table 1), which implies stimulation of DIET via
voltage input outcompeted other two typical methanogenic
pathways, hydrogenotrophic methanogenesis with syntroph
and aceticlastic methanogenesis. However, in reactor B, the
electromethanogenesis was remarkably limited (CE<15%) when
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FIGURE 8 | Maximum likelihood based phylogenetic trees showing positions

of major DIET-related Euryarchaeota OTUs representing cathodic

electromethanogenic microbial populations. Branch points supported with

bootstrap values (100 trials) of >90% are indicated with closed circles, while

those between 70 and 90% are indicated with open circles. Accession

numbers of reference sequences are indicated in parentheses. Euryarchaeal

clones observed in different formation water from Minami-Kanto gas field

(Mochimaru et al., 2007) were highlighted by blue letter, and the relative

frequency within the formation water (%) was described after accession

number. Methanobacterium clones observed in other electromethanogenic

community or iron-oxidizing methanogenic community were highlighted by red

letter.

electron flow was accidentally stopped for 3 days (Table 1). The
electromethanogenic performance was not recovered even after
re-establishment of the voltage to the electrodes, indicating that
the activation of the other competitive reactions (Equations 3–5)
was irreversible. The effect of no EET flow in the BES reactor and
electromethanogenesis-related microbial community functions
are separately discussed as below.

Effect of No Electron Flow to
Electromethanogenic Community
For an electromethanogenic biocathode community,
Bretschger et al reported similar trends to show 87% drop
in volumetric methane production rates after 45-min open-
circuit perturbation, and recovery of the electromethanogenic
performance after four months under poised-potential
operation (Bretschger et al., 2015). On the other hand, we
have also studied the effects of open-circuit no-EET stimulus
to the electrogenic communities by using state-of-the-art
Meta-Omics approaches, demonstrating that EET-active
microbes quickly sensed and responded to the stimulus (Ishii
et al., 2013a, 2015, 2018). These previous observations suggest
that EET-active microbes are quite sensitive to an open-
circuit perturbation that halts EET between microbes and
electrodes.

After the open-circuit event in reactor B, the abrupt increase
at all locations of the relative abundances of the euryarchaeal

OTU BReur6 (affiliated to the genus Methanosaeta) were seen
(Figure 6). In addition, the associated abrupt drops of both
anodic and cathodic CEs were only shown after the open-
circuit perturbation (Table 1). The SEM images of both anodic
and cathodic biofilms revealed cylindrical microbes, similar in
morphology to the marine Methanosaeta strain (Kita et al.,
2016), only in reactor B (Supplementary Figure S8), and the
cylindrical microbes did not adhere to the electrode surface
as well as EET-active biofilms (Figure 10). These results imply
that OTU BReur6 was not involved with EET on the electrodes
(Figure 1A). The genus Methanosaeta was originally reported
to be a strict aceticlastic methanogen (Equation 3) (Smith and
Ingram-Smith, 2007). Recently, co-cultures of Methanosaeta
harundinacea and electrogenic Geobacter metallireducens were
shown to convert ethanol to methane via interspecies electron
and acetate transfers, suggesting that DIET is possible for
at least one member of the genus Methanosaeta (Rotaru
et al., 2014). Our results demonstrate that the enriched
subsurface Methanosaeta OTU BReur6 did not carry out DIET
or EET, leading to poor electromethanogenic performance
on the cathode. The high abundance of Methanosaeta was
only shown in reactor B, and the population did not
decrease with time even after reconnection of the electric
circuit (Figures 4–6). We suspect that the higher amounts
of the aceticlastic Methanosaeta population will increase
tolerance or accelerate their metabolic rates, and they are
possible to overcome the electrode-assisted electromethanogenic
metabolism in reactor B.

Electromethanogenic Microbes on
Cathode Biofilm
Our community dynamics analyses and the associated wCCA
diagrams clearly show that family Methanobacteriaceae,
including genera Methanobacterium and Methanobrevibacter,
were key methanogenic members responsible for
the electromethanogenic reaction on the cathode
(Figures 4–6, Supplementary Figure S5). Although the genus
Methanobacterium is known as a hydrogenotrophic methanogen
(Thauer et al., 2008), the genus has been frequently observed
within electromethanogenic cathode biofilms that carry out
methanogenesis from e−/H+/CO2 (Siegert et al., 2015; Blasco-
Gómez et al., 2017) (Table 2). The phylogenetic positions of
the dominant Methanobacterium OTUs in our BES reactors
revealed that the most frequently observed OTUs (BReur1 and
BReur3) were different from reported electromethanogenic
Methanobacteriummicrobes but close relatives of the subsurface
methanogens enriched from the Minami-Kanto Gas Field
(Mochimaru et al., 2007) or isolated from marine sediments
(Shlimon et al., 2004) (Figure 8). Thus, previously unidentified
subsurface electromethanogenic Methanobacterium microbes
were enriched in our BES operation fed with seawater-based
formation water from natural gas field.

The genera Methanocalculus and Methanobrevibacter, which
are reported to be strictly hydrogenotrophic methanogens
(Equation 1) (Thauer et al., 2008), were also abundant in
cathode biofilms (Figures 4–6). The direct attachment on the
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FIGURE 9 | FE-SEM images for anode and cathode biofilms adhering onto carbon cloth electrodes in the electromethanogenic BES reactor A. Anode (A–C) and

cathode (D–F) samples were collected from BES reactor A after 19-month enrichment process. B,C,F are cross-section images of biofilms that were processed by a

focused ion beam, and (C) shows a magnified image near electrode [rectangle region in (B)]. Arrows in (C,E,F) indicate microbes close to the electrodes. Filled

arrowheads in (C) indicate filamentous mat structures in the anode biofilm, while open arrowhead in (F) indicates mesh-patterned structure in the cathode surface.

Bars (A,D) =10µm. Bars (B,E) = 5µm. Bars (C,F) = 1µm.

cathode electrode of many irregular clumps (Figures 9E,F)
similar to Methanocalculus (Sorokin et al., 2015) suggests that
this methanogen was playing a role in the electromethanogenic
cathode of the reactor A, although this genus has not been
reported in electromethanogenic communities (Blasco-Gómez
et al., 2017) (Table 2). The phylogenetic positions of the
BReur4 and BReur5 (Figure 8) revealed close relationship
to the methanogens enriched from the Minami-Kanto Gas
Field (Mochimaru et al., 2007) or isolated from sub-seafloor
sediments (Imachi et al., 2011), which also implies that seawater-
based formation water of the natural gas field introduced
electromethanogenic archaea different from frequently observed
Methanobacterium andMethanothermobacter (Table 2).

Two EET mechanisms have been proposed for the
electromethanogenic reaction on a poised cathode electrode; one
is direct electron uptake from the electrode to methanogens,
the other is hydrogen/formate production on the cathode

followed by a hydrogenotrophic methanogenic reaction (Blasco-
Gómez et al., 2017). Our polarization analyses indicate that
a cathodic potential of −800mV vs. SHE at an input voltage
of 600mV (Figure 3) allowed hydrogen production on the
cathode. Hydrogen-mediated methanogenesis was thereby
made possible for the enriched subsurface methanogens. In
contrast, the electromethanogenic biocathodes revealed single-
layered biofilms anchored on the carbon fiber via filamentous
appendages (Figures 9, 10). The inclusion among the cathodic
communities of numerous (>40%) methanogenic microbes
suggests that direct electron transport from the electrode to the
methanogens likely occurred in addition to hydrogen-mediated
methanogenesis as reported elsewhere (Uchiyama et al., 2010;
Lohner et al., 2014). Identification of the mechanism associated
with the electromethanogenic reaction will require further
investigation via electrochemical, biocatalytic, and MetaOmics
analyses.
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FIGURE 10 | FE-SEM images for anode and cathode biofilms adhering onto carbon cloth electrodes in the electromethanogenic BES reactor B. Anode (A–C) and

cathode (D–F) samples were collected from BES reactor B after 19-month enrichment process. B,E,F are cross-section images of biofilms that were processed by a

focused ion beam, and (F) shows a magnified image near electrode [rectangle region in (E)]. Arrows in B,C,E,F indicate microbes close to the electrodes. Filled

arrowheads in (C,F) indicate filamentous structures in the anode biofilm, while open arrowhead in (F) indicates heterogeneous deposit on the cathode surface. Bars

(A, D) =10µm. Bars (B, E) = 5µm. Bars (C, F) = 1µm.

Acetate-Oxidizing Electrogenesis in Anode
Biofilm
In the acetate-consuming electrogenic anodes, SEM images
revealed remarkably thick biofilms with pili-like filamentous
structures intertwined among the microbes and also between
the electrode and microbes (Figures 9, 10). Such morphologies
have frequently been observed in EET-active anodic biofilms
dominated by model acetate-oxidizing electrogenic Geobacter
microbes (Ishii et al., 2008, 2014; Torres et al., 2009;
Lovley, 2012). However, none of the abundantly observed
Deltaproteobacteria OTUs was affiliated with genus Geobacter
in this study (Figure 7). The two highly abundant OTUs
in the anode biofilms were closely related to Geoalkalibacter
subterraneus, which was isolated from a petroleum reservoir as
an anaerobic metal reducing bacterium (Greene et al., 2009).
The Geoalkalibacter microbe has also been used as a halophilic,
anode-respiring bacterium for electricity production in a BES
reactor with a controlling anode potential of +200mV vs.

SHE (Carmona-Martínez et al., 2013), which produced a higher
current density (4.7 A/m2) under saline conditions (3.5% NaCl)
compared to the current density in this study (0.2–0.6 A/m2,
Table 1). The lower anode potential (−250mV vs. SHE) in our
BES reactors (Figure 3) and/or lower biocatalytic activity for
cathodic electromethanogenic reaction may contribute to the
difference.

In the early stage of the BES operation, various
Desulfuromonadaceae OTUs dominated the electrogenic
anode communities, but the two Geoalkalibacter OTUs
subsequently became the key electrogenic microbial members
(Figures 4–6). The shift of dominant Deltaproteobacteria

members from Desulfuromonadaceae to Geobacteraceae was

a common occurrence throughout community development

in the BES reactors (Ishii et al., 2014, 2017). Holmes et al.

reported that various Desulfuromonas phylotypes are enriched

in an electrogenic biofilm inoculated with marine and saltmarsh
sediments (Holmes et al., 2004). These features imply that these
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two genera, Geoalkalibacter and Desulfuromonas, likely function
as an electrogenic microbe under saline conditions such as the
formation waters of the natural gas field. The salinity of the
formation water was seawater level (∼50 mS/cm), while that of
freshwater medium was only ∼4 mS/cm (Ishii et al., 2014). This
difference likely introduce Geoalkalibacter and Desulfuromonas
microbes in the electrogenic anodic communities in this study
instead of well-known Geobacter microbes (Table 2).

Features of Planktonic Cells
In the planktonic cells of the BES reactors and the inoculated
formation waters, diverse Gammaproteobacteria OTUs were
shown (Figure 6, Supplementary Table S1), and many of them
are affiliated with well-characterized marine bacteria (Evans
et al., 2008; Miyazaki et al., 2008). This result is appropriate for
the enrichment process in the seawater-based formation water.
Several Gammaproteobacteria microbes have been thoroughly
studied as electrogenicmicrobes, including Shewanella oneidensis
(Fredrickson et al., 2008) and Aeromonas hydrophila (Pham
et al., 2003). In contrast, several marine Gammaproteobacteria
species have been reported as electrotrophic members within
biocathodic biofilms that consumed electrons via oxygen
respiration: namely, “Ca. Tenderia electrophaga” in the family
Chromatiaceae (Wang et al., 2015; Eddie et al., 2017) and
Marinobacter spp. in the family Alteromonadaceae (Strycharz-
Glaven et al., 2013). Although oxygen was not provided in this
study, the appearance of diverse Gammaproteobacteria species in
our BES system (Figure 6) suggests that they might be involved
in the EET reaction by using another electron donor/acceptors.

Rare Microbial Taxa
OTUs belonging to phyla Synergistetes, Chloroflexi,
and Bacteroidetes were frequently observed in the
electromethanogenic BES reactors (Figure 6). The family
Synergistaceae in phylum Synergistetes was abundantly observed
in the reactor A, and the family has been reported as amino
acid degraders (Dahle and Birkeland, 2006; Jumas-Bilak et al.,
2009). Several microbes affiliated with family Anaeroliniaceae
in phylum Chloroflexi were frequently observed in both anode
and cathode biofilms (Figure 6). Members of this family are
know to be fermenters, consuming sugars and/or peptides
(Yamada et al., 2006), and have been documented as members
of methanogenic consortia from deep subsurface microbiomes
(Imachi et al., 2011) (Supplementary Table S1). The general
role of Bacteroidetes (which were also commonly seen in the
BES reactors) is the fermentation of sugars (Xu et al., 2003).
The potential metabolic capabilities of these three taxa suggest
that they may play important roles in stabilizing biofilms via
degradation of cell lysate released by dead cells, secondary
metabolites, and excess polysaccharide produced by other
microbes.

Electromethanogenesis by Subsurface
Microbiome
Deep subsurface biosphere is one of the frontiers for examining
the DIET process to convert organic compounds to biogenic
methane. If the DIET-related methanogenesis is occurring in

subsurface environments, the process is possible to be stimulated
by voltage addition in BES reactors. Recently, Sato et al.
(2013) have proposed storing CO2 in a subterranean geological
reservoir and biologically converting the stored CO2 to methane
via in situ electromethanogenesis. Electromethanogenesis
in a thermophilic, single-chamber BES under high-pressure
conditions has been successfully carried out with an inoculation
of subsurface microbes in the formation water from a petroleum
reservoir. Electrogenic bacteria affiliated with the genus
Thermincola were present on the anode, and a thermophilic
methanogen belonging to the genus Methanothermobacter
was present on the cathode (Kobayashi et al., 2017) (Table 2).
The temperatures of used formation waters in this study
are much lower (15–35◦C) than the temperature of oil
reservoir formation waters (45–91◦C), while the formation
waters at the Minami-Kanto gas field include a wide variety
of methanogenic archaea among different production wells
(Katayama et al., 2015). In this study, we identified that
mesophilic subsurface methanogens affiliated with the genera
Methanobacterium and Methanocalculus that enabled the
electromethanogenic process to take place on the cathode,
whereas the metabolism of mesophilic subsurface bacteria
affiliated with the genus Geoalkalibacter released electrons on
the anode. The taxonomic difference in the electromethanogenic
enrichments between an oil reservoir and natural gas field
was likely due to the different temperatures and salinity
under the BES operations and/or in situ environments
(Table 2).

CONCLUSION

We successfully stimulated EET-active subsurface microbes
from the Minami-Kanto Gas field, and enriched the DIET-
associated electromethanogenic microbes in the BES reactor.
We used community dynamics and statistical analyses to
correlate the genera Methanobacterium, Methanobrevibacter,
and Methanocalculus with the electromethanogenic biocathode,
while the genera Geoalkalibacter and Desulfuromonas were
dominant at the acetate-oxidizing electrogenic bioanode. The
genus Methanosaeta was a major competitor for the DIET-
associated members by performing aceticlastic methanogenesis.
The dominance of the Methanosaeta was induced by only a
three day period of no-electron-flow (open circuit), and was
not reversed by the voltage application during the time of our
experiment. These discoveries are important for understanding
the fundamental nature of EET-active communities established
from an active subsurface microbiome. In addition, these DIET-
associated subsurface microbiomes and the BES bioreactor
system would be possible to apply bioelectrochemical power-
to-gas (BEP2G), which is a potentially convenient way of
storing renewable surplus electricity in the form of methane
(Geppert et al., 2016). We will use MetaOmics approaches to
further examine the metabolic roles and EET mechanisms in the
electrogenic/electromethanogenic members (Ishii et al., 2013a,
2015, 2018), and try to apply the processes for the BEP2G in the
near future.
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