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An electromethanogenesis (EM) system was successfully established using non-acclimated anaerobic digestion
sludge as the inoculum. This study aimed to evaluate the EM performance by varying the electrolyte composition
and the applied voltage. Alterations in the microbial community associated with CH4 generation and bio-
electrochemchemical performance were also investigated. The findings indicated that the use of organic-rich
electrolyte with a low applied voltage of 0.15 V showed a positive correlation with enhanced CH4 generation
up to 59 % and a CHy yield of 223.13 mmol day ™ m~2 which was ten times higher than the operation using the
same electrolyte with an applied voltage of 0.35 V. Microbial community analysis revealed a shift of dominant
methanogens from Methanosaeta to Methanosarcina and Methanoculleus at the cathodic biofilms when operated
with organic-rich electrolyte at low voltage of 0.15 V. The presence of electroactive bacteria, such as DMER64
and JGI-0000079-D21, and syntrophic bacteria, including Desulfovibrio and Petrimonas, suggested the develop-
ment of syntrophic interactions that strengthen biofilm resilience and the overall performance of the EM system.
The microbial interaction network also emphasized the significance of electrolyte composition and adequate
applied voltage in shaping microbial biofilms for efficient CH4 generation. The findings of this study accentuate
the roles of sufficient electrolyte composition and low-voltage in enhancing the EM performance and corroborate

the synergistic advantages of the EM system.

1. Introduction

While renewable energy production continues to increase globally,
the reliable storage of surplus electricity to meet energy demand re-
mains an essential challenge owing to the oscillation of renewable en-
ergy sources [1]. Power-to-gas technology offers a viable solution for
transforming renewable energy into storable chemical energy, such as
methane (CH4) [2], and has attracted attention owing to its potential
economic and environmental benefits when integrated into the energy
sectors [3].

Electromethanogenesis (EM) is an emerging power-to-gas technol-
ogy that can efficiently store surplus renewable electricity and transform
CO, into CH4 by engaging methanogenic biofilms [4-6]. Bio-
electrochemical reactions in the combined EM-anaerobic digestion (AD)
with a low-voltage supply can boost CH4 production by enhancing mi-
crobial activity and promoting the degradation rate of organic matters,
including volatile fatty acids (VFAs), toxic compounds, and less

* Corresponding authors.

degradable matter [7-9]. The applied voltage affects the extracellular
electron transfer, which encourages methanogens, in the EM [10].
Several studies have confirmed that the EM system can improve CHy
content up to 84.81 % [11],88.5 + 1.4 % [12], and 98.9 + 0.9 % [13],
demonstrating biogas upgrade with EM.

To achieve efficient CH4 production in an EM system, it is essential to
construct and maintain an EM microbial community composed of
diverse microbial populations associated with complex EM pathways
[14]. Acclimatization has been commonly employed to establish EM
microbial communities under different settings including inoculum
sources, substrates, reactor configurations, electrode materials, and
operating parameters [15-17]. However, due to the involvement of
diverse microbial populations and their competitions in the EM systems
[18], acclimatization generally requires a prolonged period of tens to
hundreds of days [19-21], which is a significant issue to be addressed.

AD sludge is a potentially useful inoculum for the EM systems
because it is composed of diverse synergistic anaerobic microorganisms
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that are involved in CH4 production. It has been successfully used as an
inoculum for the EM systems that produce CH4 from different substrates,
such as acetate and cattle manure [22], chicken manure [23], glucose
[24], pre-treated waste activated sludge [25], and fishery processing
wastewater [26]. However, these studies have employed specific reactor
settings and operating variables. To date, no study has systematically
evaluated the impact of key operating factors, particularly the influence
of organic matter-dependent electrolyte, on the start-up and perfor-
mance of EM systems inoculated with AD sludge, nor identified the
critical parameters required to achieve rapid and stable EM
performance.

Expanding upon current knowledge, this study aimed to 1) evaluate
the effects of EM operating parameters in the start-up period with non-
acclimatized AD sludge as the inoculum and 2) identify the core mi-
croorganisms in the EM system. Addressing the knowledge gap con-
cerning the influence of organic matter-dependent electrolyte, this
study investigated the effects of non-organic and organic-rich electro-
lytes under varying applied voltages. The findings provide novel insights
to reveal the critical factors that govern the start-up and enhance the
performance of EM system. The occurrence of core functioning micro-
organisms in the cathode biofilms for efficient CH4 generation was
analyzed using 16S rRNA amplicon sequencing.

2. Materials and methods
2.1. Inoculum and electrolyte composition

The AD sludge obtained from a mesophilic anaerobic digester in a
municipal wastewater treatment plant in Japan was used as the inoc-
ulum. The AD sludge was centrifuged (4000 x g, 10 min) and washed
twice with 0.9 % NaCl solution. The pH, total suspended solids (TSS)
concentration and volatile suspended solids (VSS) concentration of the
AD sludge were 7.10, 42 g L ™! and 33 g L™}, respectively. The AD sludge
was inoculated into the reactor at 4 g L1 VSS at an inoculum-to-medium
ratio of 1:5 (v/v).

Two different media were used as the electrolytes. The first medium
was EM-electrolyte (EME) modified slightly from those of Alonso et al.
[19] and Van Eerten-Jansen et al. [27], with the composition per liter of
0.87 g KyHPO4, 0.68 g KHyPO4, 0.04 g CaCly-2 Hy0, 0.1 g KCl, 0.453 g
MgCly-6 H20, 0.25 g NH4CI, 0.5-2.25 g KHCO3, and 10 mL each of

Carbon felt

Magnetic
stirrer
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vitamin and mineral solutions. Vitamin and mineral solutions were
prepared as described by Marshall et al. [28]. The other medium was
PY-electrolyte (PYE), with the composition per liter of 2.2 g yeast
extract, 1.8 g peptone, and 2.25 g KHCOs. During the replacement of the
electrolyte at the start of each cycle, N, gas purging was performed for
30 min including 20 min (liquid phase) and 10 min (gas phase), to
ensure anaerobic conditions. The pH of the medium ranged between 7.1
and 8.0 at the beginning of each cycle with no pH adjustment was made
during the reactor operation.

2.2. Reactor configuration and operation

The schematic diagram of the reactor configuration is shown in
Fig. 1. A single chamber-type reactor with an effective volume of 500 mL
was set up. Two pieces and one piece of carbon felt (6 x2 x0.28 cm, F-
350-1, Asahi Industry Co., Ltd., Japan) were used as working electrode
and counter electrode, respectively, which were connected with tita-
nium wire (inner diameter of 0.08 cm). The electrodes were pretreated
by sequential immersion in 1 M nitric acid, 1 M acetone, and 1 M ethanol
in sequence for 24 h each to avoid hydrophobicity and eliminate im-
purities, after which they were stored in distilled water until use. The
reactor was placed inside an incubator maintained at 35 + 1 °C. The
reactor was continuously stirred using a magnetic stirrer (MLS-100C,
ASONE, Japan) at 200 rpm to prevent mass transfer limitations. An
ECStat-302 potentiostat (EC Frontier Co., Ltd., Japan) was used to pro-
vide the voltage to the reactor and record the cyclic voltammetry data.
The gas generated from the reactor was collected using a 1 L aluminum
gas bag (GL Sciences Inc, Japan).

The reactor was operated in the batch mode. The operating condi-
tions are summarized in Table 1. The operation consisted of five stages

Table 1

Operations of experimental reactor.
Operation Stage I Stage II Stage III  Stage IV Stage V
Number of cycles 5cycles  5cycles 4 cycles 4 cycles 6 cycles
Duration (d) 36 30 24 28 30
Applied Voltage (V) 0.7 0.7 0.7 0.35 0.15
Electrolyte EME EME EME EME — PYE PYE
KHCOs3 (g L 0.5 1.5 2.25 2.25 2.25

Note: EME: EM-electrolyte; PYE: PY-electrolyte.

1

Potentiostat

Fig. 1. Schematic of the reactor configuration.
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with different electrolytes (EME and PYE) and applied voltages
(0.15-0.7 V). Each stage consisted of 4-6 cycles with a duration of 3-10
days per cycle, depending on the current stability and CH4 generation.
Electrolyte replacement was performed when the current generation
reached a steady-state level (fluctuations less than 5 % over 24 h) and no
significant increase of CH4 production, indicating the completion of a
cycle. These indicators reflect stabilized electron transfer and meth-
anogenic activity, marking the end of substrate turnover and justifying
electrolyte replacement. The electrolyte was replaced at the beginning
of each cycle to mitigate any limitations imposed by nutrient de-
ficiencies or pH changes.

2.3. Analytical methods

The composition of the gas samples (Hy, CO2, and CH4) was
measured at the end of each cycle using a GC-2010 Plus gas chroma-
tography system (Shimadzu, Japan) equipped with a barrier discharge
ionization detector and a MICROPACKED-ST capillary column (Shinwa
Chemical Industries, Japan). The aqueous samples were centrifuged
(4000 xg, 10 min) and the supernatant was filtered through a 0.45 pm
cellulose acetate filter (Advantec, Japan) prior to measurements of VFAs
and soluble chemical oxygen demand (sCOD) concentrations. The con-
centration of VFAs was measured using a GC-2014 gas chromatography
system (Shimadzu) with a flame ionization detector and a Stabilwax-DA
capillary column (Restek, USA). The concentrations of acetate, propio-
nate, butyrate, and valerate were calculated as COD (mg L1 with
conversion coefficients of 1.07, 1.51, 1.82, and 2.04, respectively. The
sCOD concentration was determined using a Merck COD Spectroquant
test kit and a Move 100 colorimeter (Merck, Germany). The pH was
measured at the beginning and end of each cycle using a TPX-999i pH
meter (Toko Chemical Laboratories Co., Ltd., Japan). The TSS and VSS
concentrations were measured using the gravimetric method following
standard methods [29]. The energy conversion efficiency was calculated
based on the density (0.09 kg m~> and 0.72 kg m~3) and the calorific
value (142 kJ g~ and 55.6 kJ g~ 1) of the H, and CHy gases, respectively
[30]. The energy recovery rate (kJ m~2d~1) was also calculated as the
energy recovery per the total cathode surface area (m?), which serves as
the working electrode, and time (d). The H; conversion was estimated
based on the stoichiometry of hydrogenotrophic methanogenesis (CO2 +
4 Hy — CH4 + 2 H40) and the hydrogen mass conservation equation (Ha
converted = Total Hy produced — Hy measured) to estimate the effi-
ciency of Hy utilization for CH4 generation. Total Hy production was
estimated from the sum of measured Hy accumulation in the headspace,
gas bag, and the stoichiometric Hy required for measured CH4. Gas
volumes were normalized to standard temperature and pressure and
expressed in moles (22.414 L-mol ™).

The bioelectrochemical performance at the initial and end of each
cycle were analyzed based on cyclic voltammetry (CV) curve by using
the potentiostat with the scan rate of 10 mV/s and voltage range of
-0.5-1.2 V vs Ag AgCl™! (3 M KCl, + 0.208 V vs standard hydrogen
electrode (SHE)) at 35+ 1 °C. CV was also performed using a bare
anode and a cathode filled with fresh medium to obtain an abiotic CV
curve. Measurements of gas composition, pH, and sCOD and VFAs
concentrations were performed in duplicate to confirm reproducibility,
minimize analytical uncertainty, and verify data consistency. Mean-
while, CV analysis was conducted in triplicate to confirm electro-
chemical reproducibility.

Biofilm formation on the surface of the cathode was observed using
scanning electron microscopy (SEM). The samples were pretreated using
the procedures described by Kas and Yilmazel [31] and Isozumi et al.
[32] with some modifications. Briefly, the electrodes were pretreated
with 2 % paraformaldehyde (PFA) in 0.1 M cacodylate buffer at pH 7.4
for 1 h, after which they were completely covered with 2 % glutaral-
dehyde (GA) in 0.1 M cacodylate buffer at pH 7.4, and then refrigerated
at 4 °C for approximately 8 h. After removing the PFA and GA solution,
the samples were washed with 0.1 M cacodylate buffer for three times
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with 5-min intervals. The post fixation was performed with 1 % OsO4 in
0.1 M cacodylate buffer (pH 7.4) for 2 h. Afterwards, a series of de-
hydrations was performed with 25 %, 50 %, 75 %, 95 % ethanol for
10 min each. The samples were then incubated twice with 100 %
t-butanol for 15 min at room temperature and coated with a 4-5 nm
palladium coating. SEM was performed using a JCM-6000Plus NeoScop
microscope (JEOL, Tokyo, Japan).

2.4. Microbial community analysis

Microbial DNA was extracted from 0.5 mL samples using the
FastDNA Spin Kit for Soil (MP Biomedicals, USA). The PCR primers
515 F and 806 R were used to amplify the V4 region of the 16S rRNA
genes [33,34]. Amplicon libraries were subjected to Illumina NextSeq
1000 sequencing (Illumina, USA) at the Bioengineering Lab. Co. Ltd.,
Kanagawa, Japan. The sequencing reads were quality filtered and
exclude chimeric and noise sequences were checked by using DADA2
plugin in QIIME2 (ver 2024.2). The representative sequences were
grouped into amplicon sequencing variants (ASVs). The taxonomic
classification was assigned based on the SILVA database (ver 138.1) with
99 % identity. Sequencing depth was evaluated using rarefaction curves
of ASVs for each sample plotted against sequence reads and Good’s
coverage, both were performed using R (ver 4.4.1, R Foundation, USA)
with “vegan” package, to ensure that microbial diversity was sufficiently
captured in all samples. In addition, the Kyoto Encyclopedia of Genes
and Genomes (KEGG)-based metabolic pathway analysis using PIC-
RUSt2 method [35] through QIIME2 was performed to predict the
relative abundance of key enzymes involved in the EM system and po-
tential metabolic mechanisms underlying the EM process. Raw
sequencing data were deposited in the DNA Data Bank of Japan (DDBJ)
with links to the BioProject accession number PRJDB35931.

2.5. Statistical analysis

All the statistical analyses were performed using R. The Pearson
correlation matrix for each defined parameter were generated using the
“corr_coef” function of the “metan” package. In the Pearson correlation
analysis, the electrolyte type was coded as 1 and 2 for EME and PYE,
respectively. The ASVs with Pearson correlation coefficient r > 0.5 and
p < 0.05 (confidence interval of 95 %) were considered statistically
significant and used for microbial co-occurrence network analysis. The
networks were visualized wusing Gephi 0.10.1 [36]. The
Fruchterman-Reingold layout was applied to optimize, sort, and detect
distinct modules of microbial populations within each network.
Redundancy analysis (RDA) was performed to investigate the relation-
ship between CHy4 generation and microbial communities.

3. Results and discussion
3.1. EM reactor performance

The reactor started operating with EME as electrolyte at stage I with
a stepwise increasing of inorganic carbon source (KHCO3) concentration
from 0.5 to 2.25 g L™} and an applied voltage of 0.7 V (Table 1). Upon
five consecutive cycles of stage I, the production of H, reached 98.13 %,
accompanied by a low CO; (1.9 %) and no CH4 generation. The pH
performance demonstrated that increasing KHCO3 from 0.5 to
2.25 g L1 notably affected the initial pH in each cycle (Fig. S1). Spe-
cifically, the initial pH ranged from 7.10 to 7.30 at 0.5 g L™* of KHCOs,
slightly raised to 7.25-7.42 when KHCO3 concentration was increased to
1.5 g L7, and further increased to 7.49-8.04 at 2.25 g L™ of KHCOs.
This was likely due to the enhanced buffering capacity by the increment
of KHCOj3 concentration, which in turn stabilized the pH and mitigated
acidification caused by VFAs accumulation and thus might support
stable microbial metabolic activities including promote EM
performance.
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The operation was continued with EME until stage III with the gas
generated in each cycle fluctuated from 48.73 to 290.47 mL that con-
sisted exclusively of Hy up to 97.4 %, with no CH4 (Fig. 2a). VFAs
accumulation was generally low, except for temporal high accumulation
at the end of stages II and III, reaching total VFAs concentrations of 2029
and 3125 mg L™}, respectively (Fig. 2b). This suggests the vigorous
occurrence of water electrolysis along with the consequent abiotic and
biotic Hy generation in the reactor.

At cycle 1 of stage 1V, the applied voltage was decreased to 0.35 V
without changing the electrolyte type. This resulted in a further increase
in Hy gas content to 99.1 % with no CH4 production. Generation of Hy
under biological conditions theoretically requires an applied potential of
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0.14 V, however practical operation requires applied voltage above this
threshold owing to cathodic overpotentials [37]. Along with high Ha
generation, the pH fluctuated between 7.2 and 8.5, which gradually
increased during stage IV- cycle 1. An increase in the pH above 8.0 al-
lows to generate more energy for electrogenic Hy conversion, providing
electrogens with a greater energy advantage over methanogens [38].
The dominance of water electrolysis and abiotic-biotic Hy generation at
the cathode can slow down or inhibit methanogens when CO- is not
readily available. This is due to the shift in the equilibrium of the re-
action towards the reactants, making it more difficult for methanogens
to produce CHy. Carrillo-Pena et al. [20] demonstrated that the absence
of carbon source led to high Hz generation up to 98 %. Similarly, limited
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Fig. 2. Performance of experimental reactor in repeated cycles with different electrolyte compositions and applied voltages: a) gas content composition and gas
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CO:-feeding condition resulted in the dominance of H. production
reaching up to 96 % [39].

Reactor performance with EME was also deteriorates owing to no
organic matter addition, leading to the famine condition over a pro-
longed time. This is consistent with the findings of Hao et al. [40] and
Wang et al. [41], who observed a declined performance associated with
a decrease in active bacteria (biomass decay) and a reduction in
specialized activity through starvation. The results obtained without the
external addition of organic substrates contradicted with those in pre-
vious studies [8,19], both of which utilized a similar electrolyte
composition but with external organic substrates and succeeded in CHy
generation. This suggests that organic substrates are essential for CHy
generation in EM system.

To confirm the hypothesis, the electrolyte was changed to PYE in
stage IV-cycle 2, while maintaining the addition of 2.25 mg L™! KHCO;
and the applied voltage at 0.35 V. Resultantly, CH4 was generated at
37.3 % (23.2 mL), with a decline in H gas to 39.7 % (106.7 mL) at the
end of stage IV (Fig. 2a). Meanwhile, VFAs accumulation reached
4510 mg L' at cycle 2 and thereafter alleviated to 1636 mg L™ at cycle
4, with an enhancement of sCOD removal of 1930 L1 (91.4 %) (Fig. 2b-
c). In stage V, the applied voltage was lowered to 0.15 V. Consequently,
CH4 generation increased to 58.9 % (71.9 mL) in stage V-cycle 6. The
sCOD removal and pH were maintained at approximately 96 %
(2185 mg L™!) and 7.6-7.8, respectively. At the end of stage V, the
accumulation of VFAs was decreased to 262 mg L™}, with the major
composition of acetate (120.4 mg L™1) and propionate (141.5 mg L™1).

The decrease in VFAs accumulation along with enhanced sCOD
removal indicates beneficial effects on acetogenesis. The decreased
concentration of VFAs also aligned with the results of microbial analysis,
which revealed an increased abundance of acetogens (ACE) and
propionate-oxidizing bacteria (PRO-OB), which will be discussed below.
VFAs in the EM system are first degraded into intermediate compounds
such as hydrogen, formate, and acetate before generation of CH4. The
presence of electroactive bacteria (EAB) facilitate electron transfer
during this process, enhancing the syntrophic oxidation of VFAs to Hy
and CO,, which are then utilized by methanogens to produce CHy. In
contrast, under the EME condition without organic carbon, the available
VFA concentration was extremely low, suggesting minimal substrate
availability for syntrophic oxidation and subsequent methanogenesis.
This resulted in reduced electron supply for COy reduction to CHy.
Therefore, the observed CH, generation under the PYE-0.15 V condition
can also be attributed to the efficient conversion of VFAs into interme-
diate electron donors, which in turn drove hydrogenotrophic and direct
interspecies electron transfer (DIET) pathways during EM process. Thus,
the utilization of PYE successfully encouraged CH4 generation.

The PYE is composed of sufficient amounts of easily degradable
organic matters. The high degradability of organic substrates in the EM
systems is linked to the high activity of EAB, consequently electrons can
be efficiently transferred to the cathode with high current density [42].
The yeast extract in PYE is rich in organic compounds and includes
flavins and quinones that may function as electron shuttles to potentially
facilitate extracellular electron transfer in electroactive microbial com-
munities [43,44]. In contrast, EME lacking organic carbon failed to
generate CH4 and resulted in low electrochemical performance. These
findings indicate that enhanced CH4 generation is primarily driven by
the use of PYE, which provides essential substrates, electrons, and pro-
tons for microbial metabolisms. Additionally, redox-active compounds
such as flavins and quinones in PYE may facilitate extracellular electron
transfer, further supporting enhanced CH4 generation.

Meanwhile, the increase of CH4 productivity by applying a lower
applied voltage in EM systems was demonstrated in Liu et al. [10] and
Villano et al. [45]. Our results also found that the enhanced substrate
hydrolysis and CH4 productivity occurred with the applied voltage of
0.15V compared to 0.35 V. Therefore, the combination of PYE and
reduced applied voltage proved effective for obtaining an enhanced EM
performance. However, as the PYE was assessed under 0.35V and
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0.15V, its role in promoting EM performance requires further studies
across varied applied voltage to clarify its effect on CH4 generation.

Moreover, the Hy conversion analysis indicated that the efficiencies
of Hy conversion were remarkably high under the PYE-0.15 V condition,
with more than 80 % in most cycles and the maximum value of 94.4 %
in cycle 6 (Table S1). These findings demonstrated that the majority of
the generated Hy was effectively utilized for CH4 production rather than
accumulated in the headspace or lost. This indicates an efficient
coupling between bioelectrochemical Hy generation and methanogenic
H, consumption. High Hy conversion efficiency under low-voltage PYE
conditions suggests the dominance of syntrophic and hydrogenotrophic
methanogenesis pathways, where bioelectrochemically produced Hpy
serves as an immediate substrate for methanogens. The synergistic effect
of organic-rich electrolyte (PYE) and low voltage (0.15V) likely
enhanced electron transfer and maintained a stable redox environment
that favored efficient Hy utilization and CH4 formation.

Based on the results of Hy and CHy4 generation, the energy recovery
under different operating conditions was estimated (Table 2). The Hy
energy recovery is noticeably lower than that of CH4 due to Hy offers less
energy per unit volume [46]. Consequently, the highest total energy
recovery (215 kJ/mz/d) was obtained using PYE at stage V with an
applied voltage of 0.15V, proving the positive effect of combining
organic electrolyte and a lower applied voltage.

3.2. Bioelectrochemical performance and biofilm formation

The CV analysis revealed that the redox peaks did not appear during
stage I to stage IV-cycle 1, consistent with the dominant generation of Hy
gas, as found in the abiotic control using a bare electrode and fresh
medium (Fig. 3a). These results corroborated the exclusive occurrence
of water electrolysis during this period. No observable redox peaks
indicated a lack of electron shuttles linked to the biocathodes [28].
Meanwhile, after the electrolyte was changed to PYE and notable CH4
generation occurred (stage IV-cycle 3 onwards), the CV graph exhibited
a clear sigmoidal shape with redox peaks (Fig. 3b). The CV profile under
the PYE conditions displayed clear oxidation (~ +0.52 V) and reduction
(~0.42 V and —0.36 V) peaks with peak current up to 0.038 mA, indi-
cating enhanced electrochemical activity relative to the EME condition
(0.003 mA). These observations confirmed the enhancement of
redox-active biofilm and electron transfer capacity by the use of PYE.

The sigmoidal current-generation profile and plateau catalytic cur-
rent demonstrated microbial catalysis of direct electron transfer from
the cathode to the microorganisms [28]. Direct electron transfer re-
flected by a sigmoidal CV curve has been observed in exoelectrogens,
such as Geobacter [47]. The voltammogram width also increased sub-
stantially compared to the earlier stages with dominant Hy generation
and abiotic electrode, indicating an enhanced electrical capacitance that
was linked to the development of electroactive biofilms. Higher current
performance that was also obtained at the end of operation suggesting

Table 2
Total energy recovery with different electrolyte composition and applied
voltage.

Operation H, production CH,4 production Total
H, yield Energy CH, yield  Energy :::;§Zry
(mmol/ recovery (mmol/ recovery (kJ /m2/d)
m?/d) kJ /m%d)  m?/d) (kJ /m?/d)
EME - 270.95 77.56 0.00 0.00 77.56
0.7V
EME - 471.16 134.88 0.00 0.00 134.88
0.35V
PYE - 99.25 28.41 21.59 19.36 47.77
0.35V
PYE - 52.96 15.16 223.13 200.08 215.24
0.15V

Note: EME: EM-electrolyte; PYE: PY-electrolyte.
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Fig. 3. Cyclic voltammetry of a) high H, production b) enhanced CH4 generation, and c) biofilm formation.

the prevalence of EAB [48]. The fluctuations observed in the CV curves
might have resulted from biological variations and non-uniform biofilm
distribution on the electrode surface rather than from electrochemical
instability. The overall redox profile showed consistent trends across
replicates. SEM analysis also confirmed the biofilm formation on the
cathode surface at the end of the reactor operation (Fig. 3c).

3.3. Characteristics of microbial community

3.3.1. Microbial diversity and predominant populations

The microbial community was analyzed in the inoculum and at the
end of stage IlI-cycle 4 (EME-0.7 V), stage IV-cycle 4 (PYE-0.35 V), and
stage V-cycle 6 (PYE-0.15 V). The rarefaction curves of ASVs for the
samples reached a plateau (Fig. S2) with the Good’s coverage values
ranging from 0.98 to 1.00, indicating sufficient sequencing depth to
capture the observed microbial diversity. Furthermore, the alpha di-
versity of microbial communities estimated by the Shannon and Simp-
son indices was lower for the reactor samples than for the inoculum and
tended to be higher when PYE was used than when EYE was used
(Table S2).

In all the samples analyzed, bacteria accounted for at least 92.5 % of
the total microbial community. The phyla Bacteroidota, Campylo-
bacterota, Desulfobacterota, Firmicutes, Proteobacteria, Synergistota
and Halobacteriota were predominant, accounting for 57.3-93.7 % of
the total community (Fig. S3). Bacteroidota, Firmicutes, and Proteo-
bacteria include typical fermentative bacteria (FEB), exoelectrogens,
and hydrogen-producing bacteria (HYD-PB) [49-51]. Among them,
Proteobacteria were the most dominant when EYE was used. After
changing the electrolyte to PYE, Bacteroidota and Firmicutes became
dominant, and Desulfobacterota, Halobacteria, and Synergistota were
also increased. Synergistota can degrade small molecules, such as pro-
pionic acid and butyric acid, and can interact with methanogens in
mutual metabolism [52].

The genera with relative abundances greater than 2 % in at least one

sample are summarized in Fig. 4a. Bacillus showed higher relative
abundance in the cathode biofilm with EME — 0.7 V (5.12 %) than in
PYE - 0.15 V (3.17 %). Bacillus can exhibit high hydrolytic activities and
are regarded as excellent candidates for biological Hy production [53].
Meanwhile, the operation with PYE-0.15 V led to the increased relative
abundance of Desulfovibrio, which was categorized as syntrophic bac-
teria (SYB), and Geobacter at the cathode biofilms from 0.12 % to 4.00 %
and from 0.31 % to 0.74 %, respectively. Geobacter is well-known to
donate electrons to methanogens via a DIET pathway [54,55]. The
abundance of Petrimonas was also increased to 6.2 % under operation
with PYE - 0.15 V, respectively. This increase can enhance the conver-
sion of VFAs into acetate which can be utilized by methanogens to
generate CH4 [56]. The syntrophic reactions of Petrimonas and Meth-
anosarcina have been reported to cause efficient VFAs degradation and
CH,4 yield increment [57].

Additionally, the relative abundance of EAB, such as JGI-0000079-
D21 and DMERG64, at the cathode biofilms increased from 0.2 % and 0 %
at EME-0.7 V to 3.6 % and 4.4 % at PYE-0.15 V, respectively. This in-
crease promoted the degradation of sCOD and VFAs, followed by an
increase of CH4 generation. JGI-0000079-D21 was reported as EAB with
an extracellular electron transfer (EET) potential in electrochemical
system [58]. Meanwhile, the enrichment of DMER64 was reported to
promote methanogen growth, which potentially accelerates CH4 pro-
duction and facilitates the DIET pathway [59].

Within the archaeal communities, the dominant methanogens at
cathode biofilms were shifted from Methanosaeta at EME-0.7 V (70 %) to
Methanosarcina and Methanoculleus at PYE-0.15 V (57.9 % and 36.2 %,
respectively). Methanosaeta is a typical acetoclastic methanogens (ACE-
METs), whereas Methanosarcina is a versatile methanogen that can uti-
lize a variety of substrates, such as acetate, methanol, and hydrogen for
methanogenesis [60]. Methanosarcina is also known as a
cytochrome-containing methanogen that can engage in the direct EET
and DIET pathways within syntrophic communities [61,62], and is
involved in EM through directly acquiring extracellular electrons from
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oxidizing bacteria.

electrodes [63]. The pathways of methanogenesis and interspecies Hy
transfer (IHT) were strongly enhanced by DMER64 and Methanosarcina
as the main Hj carrier and dominant methanogens, respectively [64,65].

A KEGG-based metabolic pathway prediction was performed to
identify key enzymes potentially involved in the EM system and to
elucidate the metabolic mechanisms underlying the enhanced EM per-
formance (Fig. S4a). The analysis revealed that the key enzymes
involved in mediated interspecies electron transfer (MIET) (formate
dehydrogenase, EC:1.2.1.2; hydrogenase, EC:1.12.1.3) were relatively
higher in PYE-0.15 V than in EME, supporting the promotion of inter-
species electron transfer via hydrogen/formate (Fig. S4b). Meanwhile,
DIET-associated enzymes (cytochrome-c oxidase, EC:7.1.1.9; riboflavin
kinase/synthase, EC:2.5.1.9, EC:2.7.7.2, and EC:2.7.1.26) were also
enriched in PYE, suggesting enhanced electron shuttles and DIET
through redox-active cofactors.

The enzymes associated with hydrogenotrophic methanogenesis
pathway (EC:1.2.99.5, EC:2.1.1.86, EC:2.8.4.1, and EC:1.8.98.1) were
also abundant under the PYE-0.15 V condition, indicating a metabolic
preference of increased CHy4 production via CO2 reduction by Hy. These
findings support the proposed mechanism in which syntrophic and
electroactive microorganisms synergistically contribute to efficient
electron transfer and CH,4 generation in the EM system. The KEGG-based

metabolic prediction confirms the involvement of these key enzymes in
promoting EM process and provides evidence supporting both MIET and
DIET-driven methanogenic pathways under the PYE-0.15 V condition.

3.3.2. Distribution of functional genera

The genera listed in Fig. 4a were categorized based on their potential
functions, and the total abundance of each functional group in the
inoculum and cathode biofilms is shown in Fig. 4b. The abundance of
FEB and HYD-PB was decreased from 61.1 % and 5.1 % in EME-0.7 V to
42.4 % and 3.2 % in PYE - 0.15 V, respectively. In contrast, the opera-
tion in PYE-0.15V enhanced the abundance of EAB, SYB, PRO-OB,
hydrogenotrophic methanogens (HYD-METs), and ACE-METs to 8.7 %,
10.3 %, 2.9 %, 3.0 %, and 4.3 %, respectively. These results indicate
that the combination of PYE as an electrolyte and low-voltage can
suppress the development of FEB and HYD-PB and stimulate EAB.
Recent studies have reported that the application of low-voltage EAB
and SYB are interconnected with other microorganisms as core pop-
ulations [66], and the metabolic activities of EAB are stimulated, which
leads to the increased production of electron transfer mediators (e.g.,
c-type cytochromes, cysteines, and flavins) and consequently more
efficient transfer of electrons to electrodes [67]. Additionally. the use of
PYE, which is rich in organic carbon, might promote the growth of
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methanogens and PRO-OB. HYD-METs can effectively use electrons in
the cathode that provided by the EAB, which increases their competitive
edge for generating CHy [68].

3.3.3. Microbial co-occurrence network

The microbial co-occurrence network analysis revealed that the in-
teractions between microbes in the cathode biofilm varied drastically
with the changing operating conditions (Fig. 4b-c). Within the network
formed in EME-0.7 V, Bacillus, a HYD-PB, showed significant positive
interactions with six types of FEB, whereas EAB and SYB were not pre-
sent (Fig. 4b). Bacillus also had a significant negative interaction with
M2PT2-76 termite group as FEB, suggesting their competition for the
same substrates/nutrients.

Meanwhile, in PYE-0.15 V, two types of EAB and SYB in addition to
four types of HYD-METs and one type of ACE-METs showed significant
positive correlations (Fig. 4c). Thus, the use of PYE with at a low-voltage
likely promotes symbiotic interactions and collaboration with HYD-
METs in generating CH4. Especially, Geobacter exhibited a positive
linkage with both of Petrimonas (as SYB) and HYD-METs. This indicated
that Geobacter promotes CH4 generation by enabling positive syntrophic
associations with HYD-METs. Geobacter can produce several redox-
active proteins and form nanowire networks in its extracellular ma-
trix, which mediates EET to the syntrophic companions [69]. The syn-
trophic mechanism between SYB and HYD-METs is another essential
process for higher CH,4 generation.

In contrast to HYD-METs, Methanosaeta showed negative in-
teractions with 12 genera in the PYE-0.15 V. This might be caused by

Pearson's
Correlation
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the negative response of Methanosaeta to the high acetate concentration
when PYE was applied, owing to their higher affinity to acetate and
suppressed dominance under high acetate levels [70]. In addition, one
type of PRO-OB exhibited positive associations with multiple functional
bacteria with the EET potential, including SYB, FEB, and EAB. Enhanced
CH4 generation with PYE and a low applied voltage might be primarily
impacted by dominant positive interactions in the microbial ecological
network.

3.4. Correlations between operating conditions, reactor performance, and
functional microorganisms

The RDA and Pearson correlation analyses were performed to iden-
tify correlations between operating conditions, reactor performance,
and functional microorganisms. Similar results were obtained in both
analyses (Fig. 5; Fig. S5). Notably, SYB demonstrated significant
responsiveness with PYE and applied voltage of 0.15 V, which revealed a
positive association with CH,4 generation, whereas the operation with
EME at 0.7 V showed strong correlation with Hy generation.

In the Pearson correlation analysis, the use of EME as an electrolyte
showed a positive correlation with Hy generation (r = 0.97), whereas
the use of PYE was positively correlated with CH4 production (r = 0.94).
Meanwhile, a low applied voltage was positively correlated with the
abundance of SYB (r = 0.91), which had a positive correlation with CHy4
production (r = 0.93). Applying a low-voltage of 0.15V showed a
higher correlation (r = 0.79) with the increasing abundance of EAB.
There were also positive correlations between EAB and HYD-METs
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Fig. 5. Correlation analysis between different electrolyte compositions and applied voltages to environmental conditions, and functional microbial communities.
ACE: acetogens; ACE-METs: acetoclastic methanogens; EAB: electroactive bacteria; FEB: fermentative bacteria; HYD-METs: hydrogenotrophic methanogens; HYD-PB:
hydrogen-producing bacteria; PRO-OB: propionate-oxidizing bacteria; SYB: syntrophic bacteria.
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(r = 0.78), EAB and SYB (r = 0.75), and SYB and HYD-METs (r = 0.27),
suggesting their cooperative associations for enhanced CHy4 generation.
Furthermore, the abundance of PRO-OB was positively correlated with
SYB (r = 0.83), EAB (r = 0.97), HYD-METs (r = 0.71), and CHy4 pro-
ductivity (r = 0.86). Collectively, these results indicate that enhanced
CH4 production in the EM system was achieved through the complex
collaborative interactions of multiple functional groups, including EAB,
SYB, PRO-OB, and HYD-METs, which were supported by organic-rich
conditions and a lower applied voltage.

4. Conclusions

The findings of this study indicated the use of PYE at a low applied
voltage of 0.15V offers great potential for the establishment of EM
system. An organic-rich electrolyte revealed the significance of the
substrate composition in shaping the electrode biofilm; hence, it is
essential to carefully select the electrolyte composition for the successful
start-up of the EM system. Meanwhile, a low applied voltage (0.15 V)
promoted electrochemically active microbial activity in the EM system,
which was beneficial for promoting CH4 generation. Methanosarcina
(57.9 %) and Methanoculleus (36.2 %) dominated at the biocathode
archaeal community with PYE at applied voltage 0.15 V. SYB and EAB
also exist and are putatively involved in the electron transfer for CHy4
generation that facilitated by the DIET pathway. These findings high-
light the critical role of microbial community dynamics in promoting
CH4 generation and imply that the development of reliable renewable
energy storage systems can be aided by the operation of EM with low-
voltage and organic-rich electrolyte composition.
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