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a b s t r a c t

Cathodic methanogenesis is a promising method for accelerating and stabilising bioenergy recovery in
anaerobic processes. The change in composition of microbial (especially methanogenic) communities in
response to an applied potentialdand especially the associated pH gradientdis critical for achieving this
goal, but is not well understood in cathodic biofilms. We found here that the pH-polarised region in the
2mm surrounding the cathode ranged from 6.9 to 10.1, as determined using a pH microsensor; this
substantially affected methane production rate as well as microbial community structure. Miseq
sequencing data of a highly conserved region of the mcrA gene revealed a dramatic variation in alpha
diversity of methanogens concentrated in electrode biofilms under the applied potential, and confirmed
that the dominant microbes at the cathode were hydrogenotrophic methanogens (mostly basophilic
Methanobacterium alcaliphilum). These results indicate that regional pH variation in the microenviron-
ment surrounding the electrode is an ecological niche enriched with Methanobacterium.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Electrosynthesis converts CO2 to methane with the aid of an
externally applied voltage as well as a methanogenic community
(Nevin et al., 2010), which plays a critical role in this process (Lu and
Ren, 2016). An externally applied voltage can alter community
composition (Guo et al., 2017). Hydrogenotrophic and acetoclastic
methanogens are enriched at cathodes and anodes, respectively
(Cai et al., 2016c; Zhao et al., 2015). The former are important for
electron flow and the function of bacterial and archaeal commu-
nities in the bioelectrochemical system (BES) (Dykstra and
Pavlostathis, 2017); within cathode communities, electrons flow
to methane with or without hydrogen as an intermediate (Cheng
et al., 2009; Lohner et al., 2014). Metabolism in methanogens is
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diverse and differs from that in conventional bioreactors. Most
studies on methanogens in BES are based on sequencing of the 16S
rRNA gene (Cai et al., 2016d; Liu et al., 2016), which is conserved in
bacteria and archaea (Siegert et al., 2015) and can reveal changes in
methanogen community composition in response to stimuli such
as an externally applied voltage (Cai et al., 2016c, 2016d; Guo et al.,
2017; Liu et al., 2016). However, 16S sequencing does not provide
sufficient information for classification at the species levels (Cai
et al., 2016c).

Although high concentration buffer solution facilitate the ion
diffusion in suspended solution in BES (Ambler and Logan, 2011),
electrochemical impedance spectroscopy shows that proton
transfer was still the dominant resistance in the production of
hydrogen (Borole and Lewis, 2017a). Proton transport is as impor-
tant as electron transfer in this system, especially in electrode
biofilms. The cathodemicroenvironment differs from the rest of the
solution or conventional anaerobic conditions; robust hydrogen
generation results in the rapid consumption of protons, thereby
limiting their diffusion within a biofilm. In acidic medium, protons
are more rapidly transferred in the form of H3þO; however, once
the pH exceeds approximately 5, H2O itself is the source of protons,
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leading to the generation of OH� as the conjugate-base product
after electron transfer (Conway and Tilak, 2002). A buffer solution is
used to maintain the pH value at 7 in most methanogen bioreactors
(Cai et al., 2016a). A low diffusion rate may be the limiting factor in
the performance of bioelectrochemical reactors (Borole and Lewis,
2017b). Lowering the pH of the cathodic chamber markedly
increased hydrogen production and energy efficiency in a microbial
electrolysis cell (MEC) (Ruiz et al., 2015). However, electrochemical
impedance spectroscopy analysis indicated that proton transfer
rate was the major barrier for hydrogen production (Borole and
Lewis, 2017b); thus, pH may be polarised on the surface of the
cathode where hydrogen generation is robust. Methanogens are
sensitive to pH changes in the environment. The function and
community composition of methanogens could be affected by the
change in proton gradient from the cathode surface through biofilm
to the solution, which in turn influences energy and electron flow
in the whole system.

The nine methanogen orders identified to date have been clas-
sified as hydrogenotrophic or acetoclastic (facultative and obligate)
based on their substrates (Browne et al., 2016; McCalley et al., 2014)
and comprise more than 26 genera and many species (Demirel and
Scherer, 2008). In all methanogens, the alpha subunit of methyl
coenzyme M reductase (encoded by mcrA) is active in the terminal
step of methane generation, as described in the following reaction
(Wongnate et al., 2016):

Methyl� SCoM þ CoBSH/CH4 þ CoBS� SCoM……DG00

¼ �30kJ=mol:

Thus, sequencing the mcrA gene can improve taxonomic reso-
lution and provide accurate real-time information on methanogen
activity (Wilkins et al., 2015) and community diversity. In previous
studies, the mcrA gene has been sequenced using a clone library or
454 platform (Sundberg et al., 2013; Wilkins et al., 2015); however,
sequencing has been facilitated by next-generation sequencing
technologies. Many methanogens use the electron transfer
pathway for cathodic methane generation, although more specific
tools are required for a detailed investigation of the underlying
mechanisms. Sequencing the mcrA gene could compensate for the
low resolution and accuracy in 16S sequencing, and potentially
clarify the correlation between proton levels and changes in com-
munity composition.

Based on the observation that bioelectrosynthesis is triggered
by the cathodic reaction of electrons and protons, we speculated
that methanogen communities are altered by the pH gradient
within the cathode biofilm. We tested this hypothesis in the pre-
sent study by measuring the pH within the micrometre scale sur-
rounding the cathode surface and by mcrA gene sequencing. The
results provide insight into the effects of pH polarisation on bio-
cathodic methanogenic community composition.

2. Materials and methods

2.1. Reactor construction and operation

Reactors were made of glass shaped into cylinders with a total
volume of 1 l and working volume of 700ml, whose tops and side
sample pores were sealed with butyl rubber (Cai et al., 2016a),
shown in Fig. S7. There was no membrane between the anode and
cathode. Gas bags were connected to the top to collect biogas from
the reactors. A carbon brush (length and diameter: 2.5� 2.5 cm)
was used as anode, and a carbon cloth coated with Pt/C was used as
the cathode (3 cm diameter, thick 410 mm). The anode was pre-
treated by immersion in acetone for 24 h followed by burning in
amuffle furnace for 30min at 450 �C (Wang et al., 2009b). Cathodes
were fabricated as previously described (Liu et al., 2012). The
substrate for methane generation was 1.5 g/l acetate dissolved in
50mM phosphate-buffered solution (PBS), which is commonly
used in MECs (Cai et al., 2016b). Thewaste activated sludge used for
inoculation was obtained from Gaobeidian municipal wastewater
treatment plant in Beijing.

The coupling reactor was operated in fed-batch mode to main-
tain methanogen activity, and 10% of the working volume of sub-
strate solution was changed every 3 days. The initial acetate
concentration was 1.5 g/l in each cycle, with almost no acetate
detected in the effluent. The volume of exchange liquid was
maintained within 10% of the total effective volume in each 72-h
batch for methanogenesis to prevent acetotrophic methanogens
from being washed out. The external voltage of the reactor was
constant at 0.8 V (with switch-off power supply provided).
2.2. Chemical measurements and calculations

Methane was detected on a GC4000A gas chromatograph (East
& West Analytical Instruments, Beijing, China) as previously
described (Cai et al., 2016d). The current was automatically moni-
tored with a Keithley model 2700 multimetre (Tektronix, Beaver-
ton, OR, USA). The pHwas measured with a pHmicrosensor (model
pH-50-5343; Unisense, Aarhus, Denmark). Samples were collected
close to the cathode by moving the microsensor down to contact
the electrode surface (until the electrode moved), and moving the
microsensor up in the opposite direction away from the electrode
surface. Three measurements were made per 1-mm distance. The
methane generated by the current was calculated with the
following equation:

Vmethane ¼
It
nF

Vm

where Vmethane is the theoretical volume of methane generated by
the current; I is the current; It is the coulombs produced by the
current; F is the Faraday constant (96485 C/mol); n is the number of
electrons needed to generate one mole methane by reducing car-
bon dioxide (n¼ 8); and Vm is the gas constant (22.4 l/mol). Acetate
conversion efficiency was determined with the following equation:

x ¼ n Vmethane
Vm

n CacetateVliquid

M

� 100%

where x is the efficiency; n is the single mole of acetate or methane
that yields 8mol electrons; M is relative molecular mass; and
Cacetate is acetate concentration.

The thermodynamic calculation was as follows:

1
8
CO2 þ Hþ þ e� ¼ 1

8
CH4 þ

1
4
H2O……DG00

CH4 ¼ 23:53kJ
.
e�eq

DG00 ¼ �nFE0
0 � DG00

CH4

where DG00
is the standard Gibbs free energy referenced to the

standard condition (pH¼ 7); n is the number of the electrons
transferred; F is the Faraday constant; and E0

0
is the standard po-

tential of the cathode. All potentials were referenced to the
reversible hydrogen electrode (RHE) according to the following
equation (Zhang et al., 2016):



W. Cai et al. / Water Research 136 (2018) 192e199194
E0
0 ¼ Evs Ag=AgCl þ 0:059*pH þ 0:197V :

2.3. DNA sample collection

Samples were collected from the reactor after nearly 4 months
of operation when stable methane production was achieved. The
electrodes were cut into pieces, the biofilms were vortexed and
washed, and the suspensions were centrifuged (4000 rpm for
5min). Samples were randomly selected from three different sites
and mixed before DNA extraction to avoid stochastic effects. DNA
was extracted using the FastDNA SPIN kit (MP Biomedicals, Solon,
OH, USA) according to the manufacturer's instructions.

2.4. PCR amplification, sequencing, and quantification

Community composition was determined based on 16S gene
sequencing using the primer pair 515F and 806R, which can detect
nearly all bacterial and most archaeal 16S sequences (Cai et al.,
2016d; Liang et al., 2015; Zheng et al., 2016). The amplification
protocol has been previously described (Cai et al., 2016c). Primers
for amplifying themcrA gene were synthesised by Biomed (Beijing,
China) and had the following sequences: MLf,
GGTGGTGTMGGATTCACACARTAYGCWACAGC and MLr,
TTCATTGCRTAGTTWGGRTAGTT (Luton et al., 2002). The thermal
cycling program was as follows: 5min at 95 �C, followed by 35
cycles of 60 s at 95 �C, 45 s at 55 �C and 60 s at 72 �C. The length of
the mcrA product was approximately 470 bp. The PCR products
contained barcodes between the adapter and forward primer.
Sequencing was performed with the MiSeq platform (Illumina, San
Diego, CA, USA). Expression of the mcrA gene was quantified by
quantitative (q)PCR as previously described (Cai et al., 2016c) with
the same primers as those used for sequencing.

2.5. Sequence analysis

Total raw reads obtained by 16S sequencing were processed
with the Galaxy pipeline (http://mem.rcees.ac.cn:8080/root) using
the default parameters. The FASTA data were used to generate an
operational taxonomic unit table with UParse based on 97% simi-
larity. The taxonomy of the 16S OTU was assigned using the RDP
classifier. A library was constructed for mcrA by downloading all
mcrA sequences excluding environmental samples from the Func-
tional Gene Repository (website: http://fungene.cme.msu.edu)
(Wilkins et al., 2015). ThemcrAOTU data were searched against the
local database, and sequences were verified in the National Center
for Biotechnology Information (NCBI) non-redundant database.
Taxonomic assignment was carried out by setting the cut-off value
at 85% for species and 80% for genus (Webster et al., 2016; Yang
et al., 2014), which were calculated from the 16S rDNA sequence
identity of 97% and 95% according to the fitting line. Raw
sequencing data have been deposited in the NCBI Sequence Read
Archive (accession no. SRP097099).

3. Results and discussion

3.1. Reactor performance and electron flux in
electromethanogenesis

The reactor was operated over 1 month after inoculation and
methane generation was determined over 2 months' batch cycles
when a stable performance was achieved (Figs. 1 and S1). The
theoretical methane is only the sum of methane generated from
current; therefore, the value of it is lower than the measured
methane, which consisted of the part of methane generated from
current, and part of methane directly from acetate. During the
start-up period, average methane production rate increased
(Figs. S2AeC) from 1.92 to 4.06mmol methane/m3 reactor/day
within 33 days before stabilising at 7.10mmol methane/m3 reactor/
day over the period of 40e110 days (R2> 0.99). Methane produc-
tion was enhanced in the closed circuit; electron balance analysis
confirmed the enrichment of hydrogenotrophic methanogens (Guo
et al., 2017). These results suggest that hydrogen is the key factor
regulating methanogen growth and electron flow from the elec-
trode into methane.

Hydrogen was detected in the initial days; hydrogen in the gas
bag was collected after determining gas composition by gas chro-
matography, while hydrogen in the headspacewas likely consumed
by hydrogenotrophic archaea (Fig. 2A). The hydrogen level
increased with current but then rapidly decreased with methane
generation on day 6 (Fig. S2). Hydrogen in the headspace was
clearly consumed by scavengers, suggesting that hydrogenotrophic
methanogens were acclimated. The maximum current increased
from 12 to 25mA after day 40 (Figs. 1 and S3). In theory, one mole
acetate can produce one mole methane; hence, the conversion ef-
ficiency of the electron flux from acetate into methane was
0.80± 0.08mol methane/mole acetate. In the hybrid reactor,
methane was directly produced from acetate via acetoclastic
methanogenesis and from electrons or hydrogen via hydro-
genotrophic methanogenesis at the cathode, which is dependent
on acetate oxidation by the bioanode (Cai et al., 2016a, 2016c). In
each batch cycle, electron production from anodophilic conversion
of organic substrate was calculated based on current measurement,
which reflected substrate degradation from fuel input to con-
sumption (Fig. 1). The calculated contribution of electron flux
(current) to the final methane product was 29.57%± 7.36%,
exceeding the 50% methane that was produced via the acetoclastic
pathway. The lower percentage demonstrated the limited role of
bioelectrochemistry in the coupling reactor, which was mainly due
to the small anode (6.25 cm3) and cathode (7 cm2) relative to the
working volume of 700ml.

Electrode spacing and surface area are critical parameters for
bioelectrochemical applications (Logan et al., 2015) that can be
optimized to improve power density; this reflects greater electron
flux into the current, which could be converted to methane via the
hydrogenotrophic pathway. The key to this coupling system for
enhanced methane generation depends on the enrichment of
hydrogenotrophic methanogens, which are more effective in pro-
ducing methane than acetotrophic methanogens (Cai et al., 2016c).
Although the Monod maximum uptake rate of acetotrophic
methanogens (km_ac) was <8 chemical oxygen demand per day
(COD$day�1)dwhich is lower than the km_H2¼ 35 COD$day�1 for
hydrogenotrophic methanogens according to the ADM1 model
(Batstone et al., 2002; Guo et al., 2017)dand using hydrogen and
acetate as precursors for methane generation resulted in a ~13.55
times higher yieldwas (Pan et al., 2016), most studies have reported
limited improvement (Clauwaert and Verstraete, 2009; Guo et al.,
2017; Zhao et al., 2014) when introducing a BES into a conven-
tional reactor. This can be ascribed to rapid proton consumption,
which blocks the diffusion of protons and inhibits methane for-
mation by methanogens. Protons transported out of the biofilm
were shown to limit current production by bioanodes (Torres et al.,
2008); thus, the cathodic microenvironment is expected to exhibit
a similar phenomenon including altered proton concentration that
could affect community evolution.

http://mem.rcees.ac.cn:8080/root
http://fungene.cme.msu.edu


Fig. 1. Performance of the hybrid reactor.

Fig. 2. (A) Hydrogen generation and consumption in the initial days. (B) pH gradient around the electrode surface.
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3.2. Zone of pH polarisation surrounding the cathode

We first examined the zone of pH polarisation surrounding the
cathode, which was generated by proton consumption with an
insufficient diffusion rate (Fig. 2B). The pH increased sharply from
6.9 to 9.1 at a distance of 1mm from the electrode surface; the
maximum pH was 10.2 at the surface. The standard Gibbs energy
(DG00) varied with pH. The DG00 at pH 6.9 was �33.89 kJ/mol but
declined to �21.47 and �15.32 kJ/mol at pH 9.1 and 10.2,
respectively.

The alkaline conditions increased the external voltage required
to maintain the energy barrier at the value of the neutral envi-
ronment by 0.192 V, which was higher than the theoretical value of
0.114 V required for hydrogen evolution coupled with acetate
oxidation (�0.414 V vs. �0.3 V) (Call and Logan, 2008). A high
concentration of PBS is commonly used to reduce solution resis-
tance and prevent proton shortage, and limits cathodic reactions
(Ahn and Logan, 2013; Cai et al., 2016a). However, the polarisation
zone surrounding the cathode biofilm cannot be discounted, as it
may substantially alter cathodic reactions in deep within the bio-
film (cathode surface) and impact the growth of microorganisms
that rely on these reactions. The pH gradient may be the limiting
factor in hydrogenotrophic methane generation, which prefer a
neutral environment. Many studies have shown that cathodic
methanogens were the main source of methane in BES. It is thus
expected that the methanogen community composition at the
cathode would differ from that of the rest of the solution.
Additionally, the found of pH-polarization could provide insights
into how to improve the performance in bioenergy recovery. Pre-
vious studies implied the proper stir and applied voltage, which
directly influence the pH-polarization, could increase hydrogen
production rate at cathode (Ajayi et al., 2010; Linji et al., 2013).
Therefore, it was clear that the regulation of external voltage and
diffusion could be the optimized methods for eliminating the pH-
polarization not only occurred at cathode, but also anode (Dhar
et al., 2017).
3.3. Genus and species identification based on mcrA gene
sequencing

The alpha diversity indices of 16S and mcrA genes indicated low
diversity of bacteria and methanogens in cathodic biofilm (Table 1),
suggesting that there were other organisms that had colonised the
cathodic biofilm. The mcrA sequencing results revealed the taxo-
nomic distribution of methanogens in all samples based on cut-off
values for genus and species (80% and 85%, respectively) (Yang
et al., 2014). Most OTUs related to mcrA have been classified at
the genus and species levels, except for OTUs 35 and 75, which are
relegated to uncultured taxonomy (Table S1). In the rarefaction
curve ofmcrA, sequencing reached a plateau earlier than in the 16S-
based process (Fig. S4), indicating that there was sufficient infor-
mation to capture the overall diversity of samples (Wilkins et al.,
2015). The phylogenetic tree constructed from the mcrA gene se-
quences was phylogenetically diverse (Fig. 3), and taxa were



Table 1
Alpha diversity of 16S and mcrA genes.

Samples 16S mcrA

Rarefaction Chao Shannon PD Rarefaction Chao Shannon PD

Anode 1121 1549.70 3.38 58.80 59 60.2 2.38 4.12
Cathode 433 718.76 1.95 28.35 52 53 1.77 3.93
Suspension 1232 1747.27 4.26 62.61 56 82 2.02 4.189

Fig. 3. Phylogenetic tree of mcrA sequences in methanogens.
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grouped into three clusters including Methanosarcina, Meth-
anosaeta, and Methanobacterium. The relative abundances of
Methanosarcina accounted for 35.16%, 1.37%, and 49.43% of the
anode, cathode, and suspension organisms with 0.8 V as the
external voltage. Methanosaeta were found to have a relative
abundance of 21.31% in anodic biofilm, while the relative abun-
dance ofMethanobacterium reached 96.21% in the cathodic biofilm.
The result based on 16S sequencing was consistent with previous
study. Siegert et al. did the qPCR with mcrA primers and 16S
sequencing for different inocula-MECs, which revealed the domi-
nant ofMethanobacterium in the cathodic community (Siegert et al.,
2014). At the species level,Methanosarcina mazei LYC predominated
in the acetoclastic methanogen communities of all samples; how-
ever, Methanobacterium alcaliphilum and other hydrogenotrophic
methanogens were enriched at the cathode, accounting for 71.03%
of the all species.
3.4. Electro-driven hydrogenotrophic and acetoclastic
methanogenesis

The sequencing results of the suspension revealed Meth-
anosarcina as the dominant genus (49.43%) and the major producer
of methane. Methanosaeta are obligate acetoclastic methanogens
that produce lower levels of methane at high acetate concentration
as compared to conventional anaerobes (Demirel and Scherer,
2008). Biofilms at cathodes differed from those at the anode com-
munities and in suspension. The enrichment of hydrogenotrophic
methanogens can be ascribed to both hydrogen evolution and
electrons derived from the cathode; several methanogens of
Methanococcus spp. andMethanobacterium-like archaea are known
to accept electrons from electrodes (Beese-Vasbender et al., 2015;
Lohner et al., 2014). Importantly, hydrogen evolution readily occurs
under neutral conditions (with cathodic potential varying
from �500 to �600mV vs. RHE); the pH gradient inhibited but did



Fig. 4. Taxonomic abundance coupling relative and absolute quantification.
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not completely block this reaction, resulting in an increase in the
corrected potential to nearly �430mV vs. RHE, which favoured
hydrogen evolution. Overall, hydrogen evolution and direct elec-
tron transfer induce hydrogenotrophic methanogen growth, lead-
ing to enrichment of diverse hydrogenotrophic methanogens at the
cathode (Lee and Rittmann, 2009; Liu et al., 2016; Wang et al.,
2009a). The pH surrounding the cathode ranged from 7 to nearly
10; only Methanobacterium can tolerate this range. Although
Methanosarcina can compete with Methanobacterium since it can
derive hydrogen or electrons from the electrode (Rotaru et al.,
2014a), the optimum pH values of M. barkeri and M. mazei are
5e7 and 5.5e8, respectively (De Vrieze et al., 2012), making
Methanosarcina less dominant in the biofilm.

M. alcaliphilum, which thrives in an alkaline environment (pH
8.3e9.9) (Worakit et al., 1986), was enriched in the cathodic com-
munity (Fig. 4). This corresponded to the increase in pH resulting
from the proton-consuming cathodic hydrogen evolution reaction
(Cai et al., 2016a; Call and Logan, 2008; Rozendal et al., 2007).
Although the single chamber was considered as a better way to
eliminate pH variation than the dual chamber, pH polarisation
around the cathode may still act as a barrier for microbes in the
biofilm due to the higher pH value (Liu et al., 2007). Few studies to
date have described specific changes in methanogenic commu-
nities under different cathodic microenvironments, especially at
Fig. 5. Taxonomic abundance coupling r
the species level. Importantly, the enrichment of alkaliphilic
methanogens suggested that the microbial community composi-
tion was affected by the consumption of protons at the cathode.
Moreover, the abundance of Methanobacterium subterraneum and
Methanobacterium formicicumdwhich thrive in the pH ranges of
7.8e8.8 and 6.5e8.6, respectivelydwas 15.29% and 5.95%, respec-
tively. Other species that exist at neutral pH were also represented,
possibly as a result of being protected by syntrophs. However, how
this methanogenic community cooperate within cathodic biofilm
to share electrons and protons in the cathodic electron transfer
pathway remains to be determined.

Importantly, the high-through sequencing technology, however,
only indicates the relative composition of microbial community,
which fails to reflect the absolute change of specific species. Since
the absolute cell density of inter-sample is absence, the relative
variation of abundance is one-sided to investigate deeply the
ecological succession. The qPCR technology, which determines the
absolute copies numbers, supplies the absolute biomass for making
up the lack of taxonomic abundance (Smith and Osborn, 2009).
Moreover, the qPCR test starts from the same extracted DNA
thereby produces similar related laboratory bias, which is more
sensitive to cooperate with sequencing result to show the absolute
quantification of taxonomic dynamics (Props et al., 2016). The final
result lightened on the new finding to the cathodic methanogens.
elative and absolute quantification.
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The qPCR analysis showed that the number of methanogens was
several orders of magnitude higher in cathodic biofilm samples
than in those from other sites (Fig. 3). Taxonomic classification,
sequencing, and qPCR analysisdwhich are useful for describing
changes in taxa (Zhang et al., 2017)drevealed the distinct advan-
tage of cathodic biofilm samples over the other sample types in
terms of absolute abundance of methanogens in biocathodic bio-
film.M. alcaliphilum had the highest abundance in cathodic biofilm,
followed byM. subterraneum,M. formicicum, andMethanobacterium
movens (Fig. 5) Alkaliphilic methanogens predominate in cathodic
biofilm, implying that the main contribution of current to methane
generation occurred under alkaline conditions. This could act as a
barrier since the kinetics of methane production require a neutral
pH (Iqbal Syaichurrozi and Sumardiono, 2014). Besides hydro-
genotrophic methanogens, acetoclastic species were enriched near
the cathode surface. The growth of acetoclastic methanogens of
Methanosaeta and Methanosarcina depends on direct interspecies
electron transfer with co-cultured Geobacter (Rotaru et al., 2014b,
2014c). Thus, methanogens can thrive when the cathode serves as
an electron donor. However, most acetoclastic methanogens prefer
neutral conditions and are likely to exist on the exterior of cathodic
biofilm. Additional studies are required to determine the specific
distribution of hydrogenotrophic and acetoclastic methanogens in
different biofilm layers.

4. Conclusion

The hybrid reactor coupling MEC with anaerobic digestion
showed stable methane generation via the acetate and current
conversion pathways. An increase in pH within the cathode biofilm
influenced methane production rate as well as the microbial
community structure. Based on mcrA sequencing, the predominant
microbes at the cathode were hydrogenotrophic methanogens
(mostly basophilic M. alcaliphilum). Notably, extreme alkaline
conditions were detected within a micrometre distance from the
cathode, where basophilic methanogens functioned effectively to
produce methane.
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