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Abstract

The microbial communities and operational performances of a conventional anaerobic digester (AD) and an AD
combined with microbial electrolysis cells (ADMEC) were investigated. Primary sludge and waste-activated sludge
were used as substrates, and next-generation sequencing (NGS) techniques were used to analyze the microbial
characteristics. The results show that ADMEC can achieve a faster stabilization rate, higher organic decomposition,
and methane production performance than AD. After both the ADMEC and AD reached a steady state, microbial
results revealed that Methanobacterium beijingense and Methanosaeta concilii were the dominant methane-
generating archaeal species in AD. In ADMEC, the relative abundance of methylotrophic methanogens
(Thermoplasmata class), which has higher methane productivity than other methanogens, is significantly improved.
For bacterial communities, an improved relative abundance of the Cloacamonas phylum, which is involved in
amino acid fermentation, and in the Erysipelotrichi class, which grows well in environments with high organic
concentrations, was observed in ADMEC. In summary, ADMEC is more efficient than AD because organic
degradation and methanol production accelerated by bioelectrochemical reactions occur in ADMEC, leading to a
favorable environment for the growth of methylotrophic methanogens in bulk solution.
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1. Introduction

Anaerobic digesters (ADs) are bioreactors that decompose organic matter and produce biogas
through step reactions that comprise hydrolysis, acidogenesis, and methanogenesis stages [1].
Hydrolysis, the first stage in the process, is a biodegradation reaction in which insoluble
solids are broken down into monomers or dimers [2], which are in turn decomposed into
volatile fatty acids (VFAS) in the acidogenesis stage [3]. In this second stage, propionic acid
and butyric acid, which are intermediates during the acid production reaction, are further
fermented to form acetic acid during the acetogenesis process [4]. In the final methane
production stage, the acids generated during acidogenesis are converted into methane. Two-
thirds of the total methane is produced from fermentation products of alcohol, such as acetic
acid (Eqg. (1)) or CH3sOH (Eqg. (2)), and the remaining one-third is produced using H, and CO,

as electron donors and electron acceptors, respectively (Eg. (3); [5]).

Acetoclastic methanogenesis: CH3COOH — CH,4 + CO, (1)
Methylotrophic methanogenesis: 4CH3;OH — 3CH,4 + CO, + 2H,0 2)
Hydrogenotrophic methanogenesis: CO, + 4H, — CH,4 + 2H,0 (3)

AD produces biogas, reduces organic matter, stabilizes sludge, and removes harmful
bacteria [6]; however, it is limited by several operational issues, such as slow growth of
methane-producing archaea, low digestive efficiency, long hydraulic retention time, the
requirement of a high reaction temperature, and accumulation of VFASs in the reactor [7]. To
solve these limitations, microbial electrolysis cells (MECs) have recently been introduced as
a new method for the efficient production of biogas from organic materials [8, 9]. Organic
matter in MECs is converted into CO, H*, and e by electrochemically active

microorganisms on the anodes. The converted e moves to the cathode through the power
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supply and is consumed during the production of CH, and H, [10]. Moreover, H, is combined
with CO, to produce CHg, which results in higher methane production and faster stabilization
rates than conventional AD [9, 11, 12]. MECs can also remove various organic and inorganic
pollutants, such as nitrobenzene, sulfate, and nitrate [13], ensuring high organic matter
removal efficiency and decomposition rates [14]. According to the results of recent MECs
studies, rapid stabilization and high methane yield occur at the beginning of an operation due
to electrochemical reactions. However, in the stabilization phase, biological reactions have a
greater impact on methane production than electrochemical reactions [12, 15]. For this reason,
studies on MECs have been conducted not only on electrochemical reactions (development of
high-efficiency low-cost electrodes [16], novel reactor design for practical use [17],
electrochemical reaction analysis [18], and calculation of electrochemical efficiency [19]) but
also on the effect of MECs on microbial communities [14].

Among them, most studies on microorganisms have analyzed microbial communities
that live on the surfaces of anodes to investigate the extracellular electron transport
mechanisms between microorganisms and anodes. However, research has shown that
methane production in bulk sludge is more important than methane production at the
electrode, and there is a need to pay attention to the effect of electrochemical reactions on
bulk sludge [20]. For bacterial communities, well-known species, such as Geobacter,
Bacteroides, Shewanella, Pseudomonas, and Clostridium, were dominant in both AD and
ADMEC reactors. For archaeal communities, two groups, which are acetoclastic (e.g.,
Methanosarcina and Methanosaeta) and H,-dependant methanogens (e.g., Methanosarcina,
Methanobacterium, Methanoculleus, Methanobrevibacter, and Methanosphaera), could be
divided as the main species for methane-generating archaea in both AD and ADMEC reactors

[21]. While much progress has been made in previous studies, various, and at times
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inconsistent and uncertain microbial results have been reported in both AD and ADMEC
studies [21]. Thus, there is a need to study the microbial communities in bulk solutions that
influence CH, production and elucidate the characteristics of CH,; generation at deep
taxonomic levels. Examples of tools for analyzing microbial communities include strain
isolation, cloning and sequencing, terminal restriction fragment length polymorphism (T-
RFLP), ribosomal intergenic spacer analysis (RISA), fluorescence in situ hybridization
(FISH), PCR-denaturing gradient gel electrophoresis, and quantitative PCR (qPCR).
However, these tools have various issues, including difficulty of use, long analysis process,
high analysis costs, low sensitivity, and low reliability [22]. The development of next-
generation sequencing (NGS) techniques (including 454-pyrosequencing and Illumina) has
revolutionized the fields of microbial ecosystems and genetics [23]. These techniques provide
low-cost qualitative and quantitative data for all types of nucleic acids [24].

A previous study analyzed microbial communities in a bulk solution using 454-
pyrosequencing in the bulk sludge of a conventional AD and an ADMEC reactor treating
food waste leachate. ADMEC was found to enhance the relative abundance of acetoclastic
and methylotrophic methanogens [15]. This result shows that supplied voltage influences
microbial communities in ADMECs treating food waste and can produce methane more
efficiently than conventional AD. However, it is difficult to accurately evaluate the effect of
MECs on the enhancement of methylotrophic methanogens in a bulk solution by referring to
this result alone. Various process conditions, such as substrates, operational parameters, and
inoculums affect microbial communities [25]. In particular, substrate characteristics
significantly affect AD performance and microbial community structures because the reaction

rates and pathways of methane production could be affected by the biochemical components
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of the substrate [21]. Therefore, it is necessary to conduct further research using other
substrates and perform an analysis based on metagenomic data.

In this study, the effects of MECs on microbial changes in bulk sludge were
investigated in a conventional AD and an ADMEC using a mixture of primary sludge and
waste-activated sludge. The 454-pyrosequencing method was used to analyze the community
changes and determine the dominant microbial communities. In addition, by comparing
microbial communities with those on various substrates, the influence of MECs on microbial

communities in different environments was determined.

2. Materials and Methods

2.1. Reactor Preparation

To determine the influence of MECs on the AD of microbial communities, two reactor
systems were used: first, a voltage (0.3 V) was applied from a DC supply using electrodes in
a single-chamber ADMEC. Second, a conventional AD reactor, which is a control reactor,
was operated under identical conditions to those in the first reactor, but in the absence of
electrodes. In both cases, the reactor was made of an acrylic cylinder (diameter: 280 mm,
height: 410 mm), and the total reactor volume was 25 L with an effective volume of 15 L. Six
sets of anodes and cathodes (150 x 300 mm, area: 0.090 m? were used for the
bioelectrochemical reactions of the microorganisms. Each electrode was graphite carbon
coated with Ni electrolyte on the whole area of electrodes (anode: 0.54 m?, cathode: 0.54 m?)
to increase the electrical conductivity [16]. A Ni electrolyte solution was prepared with 0.5-g
polyethylenimine (Thermo Fisher Scientific Inc., NJ, USA) and 0.25-g nickel chloride (NiCly,
Sigma-Aldrich Co., MO, USA) with 1 L of distilled water. Using a direct current (DC) power

supply, Ni was simultaneously loaded onto the graphite carbon surface by electrophoretic
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deposition at 30 V for 30 min using a DC power supply (OPA series, ODA Technologies Co.
Ltd., Incheon, South Korea). In total, 30.125 g of MnSQO4-H,0, 19.75 g of KMnQ,, 0.5684 g
of ion phthalocyanine (FePc), and 0.5761 g of copper phthalocyanine (CuPc) were dissolved
in 1 L of distilled water, then stirred for 2 h to create a composite metal catalyst solution. This
solution was heated for 90 s in a microwave at 400°C and then cooled for 60 s at ambient
temperature. The same process was repeated five times, and the solution was coated onto
graphite carbon cathodes. Only the cathode was coated with Cu and Fe to improve the
electron transfer rate for CO, reduction on the cathode surface area and reinforce the
durability of the electrode for long-term operation.

After fixing the electrodes using an acrylic frame, they were placed in the reactor, and
an agitator (agitation speed of 100 rpm) was installed at the top of the reactor to ensure
complete mixing. To reduce the internal resistance, which is an important operating
parameter in MEC reactions, electrode separation was minimized (electrode separation
distance: 1 mm), and a non-woven cloth (1-mm thick) was placed between the anodes and
cathodes to prevent short circuits from direct contact. The generated gas was collected in a
Tedlar gas bag (100 L, 0.05 mm thickness, Top Trading Eng, Republic of Korea), after
washing the Tedlar bag three times in nitrogen gas (99.999%). Gas was collected in this bag
for one day, after which the bag was replaced before gas collection resumed. The biogas
content was analyzed using gas chromatography (GC) (GOW-MAC, Series 580, USA)
attached to a thermal conductivity detector. The generated methane gas was converted into a
standard state using an ideal gas flow.

A titanium wire (0.1-mm thickness) was used to connect each electrode with a DC

power supply (Keithley 2230-30-1 Triple Channel DC Power Supply, USA) in parallel, and
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0.3 V was applied (the optimal applied voltage of electrochemical reactions in microbial for

methane production) [21] (Fig. S1).

2.2. Reactor Operation

The substrate used in this study was a 4:1 ratio mixture of primary sludge and waste-activated
sludge from a city sewage treatment plant. The mean total chemical oxygen demand
(TCODCr) of the mixed sludge was 45,000 mg/L, and the mean volatile solid (VS) was
25,000 mg/L. More details on the substrate characteristics are described in Table 1. The seed
sludge for the AD and ADMEC reactors was collected from a full-scale mesophilic AD
reactor in waste-to-energy plants. The characteristics of the seed sludge are listed in Table S1.
The organic loading rate (OLR) was 2 kg-VS/m®d, and the hydraulic retention time of the
reactors was 20 d. All reactors were set in a temperature-controlled room at 35°C and
operated in accordance with a sequencing batch reactor (SBR) that feeds and withdraws once

a day.

2.3. Pyrosequencing

2.3.1. Sampling and DNA extraction

Bulk solutions of AD and ADMEC reactors were sampled after both AD and ADMEC
reactors reached a steady state (approximately 150 d after operation). The DNA isolation
buffer solution (Zymo Research Inc., Irvine, CA, USA) was injected into each sample, and
each sample was stored at —60°C. DNA extraction of bulk sludge, the analysis target, was
performed according to the manufacturer’s instructions using the FastDNA SPIN kit for Soil

(MP Biomedical, LLC, Santa Ana, CA, USA).
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2.3.2. PCR amplification and pyrosequencing

PCR amplification was performed using primers targeting the V1 to V3 regions of the 16S
rRNA gene, using the extracted DNA as a template. The primers used for bacteria were V1-
27F (5’-CCTATCCCCTGTGTGCCTTGGCAGTC-TCAG-AC-

GAGTTTGATCMTGGCTCAG-3’; the underlining indicates the gene-specific section) and

V3-518R (5’-CCATCTCATCCCTGCGTGTCTCCGAC-TCAG-X-AC-

WTTACCGCGGCTGCTGG-3’; X indicates the unique barcode for each subject) [26]. The

primers used for archaeal organisms were AV1-21F (5°-

CCTATCCCCTGTGTGCCTTGGCAGTC-TCAG-AG-TCCGGTTGATCCYGCC  GG-37)

and AV3-519R (5’-CCATCTCATCCCTGCGTGTCTCCGAC-TCAGX-GA-

GGTDTTACCGCGGCKGCTG-3’) [26].

Amplification was performed under the following conditions [26]: initial denaturation
at 95°C for 5 min, 30 cycles of denaturation at 95°C for 30 s each, primer annealing at 55°C
for 30 s, extension at 72°C for 30 s, and a final elongation step at 72°C for 5 min. PCR
products were confirmed by 2% agarose gel electrophoresis and visualized using a Gel Doc
system (BioRad, Hercules, CA, USA). The amplified products were purified using a
QIAquick PCR Purification Kit (Qiagen, Valencia, CA, USA). Equal concentrations of
purified products were pooled together, and short fragments (non-target products) were
removed using an AMPure bead kit (Agencourt Bioscience, MA, USA). Quality and product
size were assessed on a Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) using a DNA 7500
chip. Mixed amplicons were used for emulsion PCR and then deposited on Picotiter plates.
Sequencing was performed at Chunlab, Inc. (Seoul, Republic of Korea) using the GS Junior
Sequencing System (Roche, Branford, CT, USA), following the manufacturer’s instructions

[27].
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2.3.3. Pyrosequencing data analysis

Readings from the different samples were sorted using the unique barcodes of each PCR
product. The sequences of the barcode, linker, and primers were removed from the original
sequencing readings. Any readings containing two or more ambiguous nucleotides, low-
quality scores (mean score < 25), or readings shorter than 300 bp were discarded. Potential
chimera sequences were detected by the Bellerophon method, which compares the BLASTN
search results between the forward half and reverse half sequences [28]. After removing
chimera sequences, the taxonomic classification of each reading was assigned using the

EzTaxon-e database (http://eztaxon-e.ezbiocloud.net). This database contains 16S rRNA gene

sequences of type strains with valid published names and representative species-level
phylotypes of either cultured or uncultured entries in the GenBank database. It contains a

complete hierarchical taxonomic classification from the phylum to species.

2.3.4. Statistical analysis of microbial species diversity

Microbial species diversity was analyzed in terms of species richness estimators (i.e., Chaol,
abundance-based coverage estimator (ACE), and JackKnife), Good's coverage (an estimator
of phylotype proportion in a sample), diversity indices, and rarefaction curves of archaea and
bacteria. The CLcommunity program (version 3.45) was used for these statistical analyses

based on operational taxonomic units (OTUs) obtained through pyrosequencing data analysis.

2.3.5. Sequencing access number
The 454-pyrosequencing data used in this study were registered in the NCBI Sequence Read

Archive (SRA; accession number SRP105355).
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2.4. Analysis Methods

2.4.1. Water qualities

The sample was extracted from the top valves of the reactor for component analysis. The
TCODCr was measured after the solid-liquid separation using a centrifuge (MF-80, Hanil,
Republic of Korea, 3,000 rpm, 5 min). Other dissolved components, including soluble
chemical oxygen demand (SCODCr), were analyzed after filtering through 1.2 um GF/C
(GF/CTM, Whatman, England). The CODCr was measured using the standard closed reflux
method [29]. To analyze VFAs (lactic acid, acetic acid, propionic acid, and butyric acid) and
methanol, liquid chromatography (HPLC, YOUNGLIN SDV50A, Republic of Korea) with a
Zorbax SB-Aq (4.6-mm ID x 150 mm) column was used, with 1% ACN/99% 20 mM
NaH,PO, used as the mobile phase. The pH was measured using a pH meter (Orion 420A+,
Thermo Scientific, USA), and other standard parameters (alkalinity, TS, VS, T-N, etc.) were

analyzed using standard methods [29].

2.4.2. Biogas

For component analysis of the generated gas, a thermal conductivity detector (TCD; Gow
Macseries580, GOW-MAC, USA) equipped with a Porapak Q (80/100 mesh) column (1.83
m x 2 mm) was used. Ultra-pure helium was used as the carrier gas. The fluid velocity was
set to 15 mL/min, and the temperatures of the column, injector, and detector were set to 50°C,

80°C, and 90°C, respectively.

2.4.3. Microbial communities and scanning electron microscope

10
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The Krona graph (dynamic pie chart) was plotted using the Krona visualization tool [30]. A
field emission scanning electron microscope (SEM; Ultra Plus, Zeiss, Germany) was used to
observe the surface of the electrode, and an energy-dispersive X-ray spectrometer (EDS; NS7,

FEI, USA) was used to assess the elemental composition of the electrode surface.

3. Results and Discussion

3.1. Methane Production Analysis

More methane was generated in ADMEC and stabilized faster than in AD (Fig. 1). Methane
was generated from the beginning of the operation in the ADMEC and reached a steady state
after 100 d of operation. In AD, methane generation began after 90 d, and a steady state was
reached after approximately 120 d.

The methane yields in AD and ADMEC reactors were respectively 0.32 + 0.02 m*-
CHa/kg-VSin:. and 0.05 + 0.04 m*-CH./kg-VSins. during the startup periods, which were 0—
119 d in AD and 0-89 d in ADMEC. The methane yield after 120 d, when both reactors
reached a steady state, was 0.19 + 0.02 m*-CHu/kg-VSiy. for AD, and 0.67 + 0.03 m*-
CHa/kg-VSiys. for the ADMEC. Bioelectrochemical reactions might shorten the reactor
stabilization period and increase the amount of methane generation and yield in the ADMEC.
Furthermore, at a steady state (after 120 d), more VS was removed, and the concentration of
total volatile fatty acids (TVFAS) remaining in the reactor was lower in the ADMEC than in
the AD (Table 2). This means that more TVFAs were consumed and converted into methane
in the ADMEC, resulting in differences in the amounts of methane generated (Fig. 1).
Previous studies have also found that the decomposition rate improves when
electrochemically active bacteria on the MEC anode consume VFAs generated during AD

[11]. Moreover, the methane yield was assumed to increase because the e” and H* generated
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during this process were converted into H, through electrochemical reactions, and then
combined with CO, to produce CH, [31]. If Hy,and CO; react to produce additional methane;
the gas composition between AD and ADMEC should be different. However, according to
the results of our previous studies, during the startup period, the hydrogen content in
ADMEC was higher than that in AD. Conversely, during the steady-state period, the gas
compositions in the two reactors were similar, and the microbial communities between AD
and ADMEC were different [15]. Based on these results, it was suggested that the increase in
methane yield and production in the ADMEC was due to changes in microbial communities
rather than bioelectrochemical reactions.

In this study, using mixed sludge as the substrate, a difference was observed in the gas
composition between the AD and ADMEC during the startup period (Fig. 2), but it was
negligible during the steady-state period. The pH ranges during the startup and steady-state
periods were 7.4-8.0 and 7.5-7.7, respectively, in AD and 7.5-8.0 and 7.5-7.8, respectively,
in ADMEC. This means that higher methane yield in ADMEC is not an effect of the
operating pH conditions, but instead reflects increased microbial activity with

electrochemical help during the steady-state period.

3.2. Microbial Species Diversity

To investigate the effects of MECs on microbial activation, a species diversity analysis was
performed on the bulk sludge of ADMEC and AD under steady-state conditions. In the
rarefaction curve results (3% cutoff), the operating taxonomic units (OTUs), which are
indices that show individual organisms or organism communities, showed that there were
fewer archaeal communities in ADMEC than in AD. Moreover, although bacterial

communities failed to reach saturation, there were fewer bacterial communities in ADMEC

12
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than in AD (Fig. S2). The CLcommunity program (version 3.45) was used to evaluate the
diversity of archaea and bacterial communities from various aspects by obtaining the ACE,
Chaol, JackKnife, and Shannon diversity indices (Table 3). The coverage values of the
pyrosequencing libraries were over 90% (Goods Lib. coverage index). The species diversity
indices of archaea and bacteria were higher in AD than in ADMEC, similar to the results of
rarefaction curve analysis. This means that the microbial communities in AD were more
diverse than those in ADMEC. Previous studies using food waste leachate as a substrate also
showed that AD has greater species diversity than ADMEC [15]. Here, high species diversity
increases the ecological stability because a wider range of microbial groups implies a greater
potential for rapid adaptation to environmental changes [32]. This study found that the
species diversity of archaeal and bacterial communities decreased in ADMEC, regardless of
the substrate used. Considering the relationship between species diversity results and the
methane production shown in Fig. 1, several microbial species were unable to adapt
electrochemically in ADMEC, leading to a possible reduction in ecological stability; however,
the microbial species that adapt are believed to have a more positive effect on methane

production than species that do not adapt.

3.3. Archaesa Community Analysis

The differences between the microbial communities in the two reactors were determined
using 454-pyrosequencing. This study used the Krona tool, a recently developed method that
expands and visualizes radial space-filling (RSF) displays, to visualize microbial
communities in more detail than existing methods [30]. First, the taxonomic differences in

archaeal communities that influenced the methane production in the bulk sludge of AD and
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ADMEC were determined [38] (Fig. 3). Increasing the distance from the center of the circle
indicates a higher level of taxonomic classification.

Based on the taxonomic results, there were clear differences between the
microorganisms of the archaeal communities in the bulk solution of AD and ADMEC. The
dominant species in the AD bulk solution was Methanobacterium beijingense, accounting for
63% of the entire population, followed by Methanosaeta concilii, accounting for 20% (Fig.
3(a)). In the ADMEC bulk solution, Methanoculleus bourgensis was the dominant species,
accounting for 69% of the entire population, and unclassified microbial EU662692_s
represented 25% of the entire population. As shown in Fig. 3(b), EU662692_s is a part of the
Thermoplasmata class with respect to taxonomy. According to previous studies, the
Methanoculleus bourgensis and Thermoplasmata classes, which were dominant in the
ADMEC of this study, live on the anode surface of bioelectrochemical systems [39].
Methanobacterium beijingense, which represents a high proportion of the microbial
community in AD, is a hydrogenotrophic methanogen that generates methane from H;, CO,,
and formate, and does not use substrates of methanol, ethanol, trimethylamine, isobutanol, or
isopropanol. The optimal growth temperature and pH of this microorganism are 37°C and
7.2—7.7, respectively [40]. Methanosaeta concilii, which constitutes the next highest
proportion, is an acetoclastic methanogen that generates methane from acetic acid, and its
optimal growth temperature and pH are 35°C and 7.1-7.5, respectively. If methanol,
trimethylamine, formic acid, propionic acid, butyric acid, and pyruvic acid come into contact
with this microorganism, growth and methane production cease [41]. In short, the main
microorganisms of AD, Methanobacterium beijingense, and Methanosaeta concilii, use their
respective substrates (acetic acid and formate) to produce methane. The presence of other

compounds had a negative effect on methane production.

14



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Methanoculleus bourgensis was the dominant species in the ADMEC. It generates
methane using CO,, H,, formate, 2-propanol, 2-butanol, and other secondary alcohols [42],
with simultaneous acetoclastic and hydrogenotrophic methanogenesis [43]. The optimal
growth temperature and pH were 37°C and 6.7 [44], respectively. EU662692_s, which had
the next highest abundance in the ADMEC, is an unclassified microorganism; thus, the
characteristics of the Thermoplasmata class were analyzed. Thermoplasmata is a
methylotrophic methanogen that generates methane using methylamines and methanol as
energy and carbon sources. Until recently, only two species participating in methylotrophic
methanogens were discovered to be Thermoplasmata and Methanosarcinaceae [45].
Methylotrophic methanogenesis plays an important role in methane production by consuming
methanol and methylated amines, which are noncompetitive substrates [46]. According to
Florencio et al. [47], methylotrophic methanogens have higher methane productivity than
acetoclastic or hydrogenotrophic methanogens, and methanol, which is an intermediate
product of the methane production pathway, is an important substrate in terms of methane
production. The Gibbs free energy for methanol production from CO, (—314.6 kJ/reaction) is
lower than that for the etoclastic (=31 klJ/reaction) and hydrogenotrophic (—131 kJ/reaction)
methanogenesis reactions. ADMEC bioelectrochemically accelerates the methanol pathway
and the production rate, and then the methanol produced on the cathode is directly converted
to methane by improved methylotrophic methanogens [48].

To summarize the archaeal community changes in AD and ADMEC, microbial
communities that generate methane from certain substrates (formate and acetate) were found
in AD, while Methanoculleus bourgensis, which generates methane using various substrates
(formate, 2-propanol, 2-butanol, etc.), and the Thermoplasmata community, which is a

methylotrophic methanogen that generates more methane than other methanogens (such as
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acetoclastic or hydrogenotrophic methanogens), were dominant in the ADMEC. When
combined with species diversity results, the diversity and population of archaea communities
in ADMEC were lower than those in AD. This microbial community change resulted in a
difference in methane production, as shown in Fig. 1. Moreover, in a microbial community
analysis of ADMEC using food waste leachate [15], Methanosarcina thermophila, which
grows using acetate, methanol, methylated amines, etc., and is part of the
Methanosarcinaceae family, increased substantially in abundance [49].

These results demonstrate that this environment facilitates the growth of
methylotrophic methanogens in ADMECs (Table 4). The cathode used in this study was
coated with a Cu-supported transition metal, which is known to be a catalyst for methane
production (Fig. S3). The SEM and EDS results showed that Fe and Ni were the main coated
materials of the cathode surface with a composition of 27%, and the Cu composition on the
cathode surface was approximately 7.0%. According to the results of density functional
theory (DFT) calculations in a previous study [50], Cu-supported transition metals are
catalysts advantageous for methanol production. In other words, the Cu-supported transition
metal catalyst causes the production of methanol with low activation energy, as opposed to a
reaction in which methane is produced directly through electrochemical reactions, and the
methanol produced during this process provides an environment that facilitates the growth of
methylotrophic methanogens. In this study, the methanol concentration in the ADMEC bulk
solution was 3.4 times higher than that in the AD bulk solution, and the methanol
concentration in the bulk solution of ADMEC and AD during the operation periods was
2,183 £ 667 mg/L and 637 + 85 mg/L, respectively (Fig. S4). This result indicates that the
Cu-coated cathode in ADMEC contributed to methanol production from CO, and electrons,

which provided highly concentrated methanol conditions in the bulk solution of ADMEC.
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The produced methanol provided a favorable environment for enriching methylotrophic
methanogens, which could use methanol as a source of methane. In summary, when Cu-
supported transition metal catalysts are used as electrodes in ADMECs, they may
electrochemically produce methanol. Methanol was used to activate methylotrophic

methanogens, resulting in a higher methane yield than that from AD.

3.4. Bacterial Community Analysis
The influence of electrochemical reactions on the bacterial communities in AD and ADMEC
was also analyzed. FJ826495 s was the dominant species in AD, accounting for 44% of all
bacterial abundance, followed by GQ138794 s (9%), as shown in Fig. 4. These
microorganisms were taxonomically categorized into Clostridia and Erysipelotrichi classes.
GQ138794 s, which accounted for only 9% of AD, was found to be the dominant species in
the ADMEC, representing 30%, followed by Cloacamonas_f_uc, which accounted for 21%.
These microorganisms were unclassified; thus, their lowest known taxonomic levels were
analyzed. The results showed that GQ138794 s is part of the Erysipelotrichi class, and
Cloacamonas_f _uc belongs to the phylum Cloacamonas. Clostridia are one of the main
bacteria commonly found in moderate-temperature AD. Clostridia contributes to hydrolysis,
acidogenesis, and syntrophic acetate oxidation (SAO) during digestion [51]. The
Erysipelotrichi class is involved in the hydrolysis stage of AD [52] and inhabits microbial
fuel cells [53].

There are few environmental studies regarding these microorganisms, and most are
related to metabolic disorders in humans and animals [54]. For example, in an experiment
conducted by Stolze et al. [55] on rats, the Erysipelotrichi class was observed to have an

abundance of three and seven times higher in the guts of rats fed Western and high-fat diets,
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respectively, than rats fed a standard chow diet [55]. The Erysipelotrichi class is more active
in the gut of obese animals [56]. The mixed sludge used as the substrate in this study
contained a significant amount of non-biodegradable organic matter from cell debris through
cell death and the accumulation of non-biodegradable substances [57]; thus, hydrolysis was
limited [54]. As non-biodegradable organic matter was also decomposed in the MECs [59],
there was an increase in the amount of substrate that could be used by microorganisms in the
ADMEC, leading to the formation of an advantageous environment for the habitation of
Erysipelotrichi.

The species with the second highest abundance in ADMEC were categorized as
belonging to the phylum Cloacamonas. This microorganism obtains energy from amino acids,
sugars, and carboxylic acid fermentation via the Embden—Meyerhof pathway. It has five
dominant types of ferredoxin oxidoreductases that participate in the amino acid fermentation
process [60]. Moreover, the Cloacamonas phylum can produce fatty acids while fermenting
highly enriched hydrolysis products [61]. Its members are classified as syntrophic bacteria
that can convert CH2n+1OH and fatty acids into acetate, H,, and CO, [29]. In ADMEC, there
was a larger decrease in the Clostridia class, which serves a similar role as the Cloacamonas
phylum, compared to AD, and it is difficult to directly compare the activity of the two
microbial communities. However, ADMEC showed a greater increase in the Erysipelotrichi
class, which is found in environments with high organic matter concentration, and the
Cloacamonas phylum, which takes part in various amino acid fermentation processes, as
compared with AD. This implies that the methane production rate increases with highly

biodegradable organic matter, which might be generated by both Erysipelotrichi classes.

4. Conclusions
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The results of this study confirm that faster organic matter decomposition and higher methane
yield can be achieved in an ADMEC compared to AD. The Cu-coated cathode improves CO,
conversion to methanol and provides environments for enriching methylotrophic
methanogens and organic-decomposing microorganisms in bulk solution. Bacterial
community analysis showed that biodegradable organic matter that could be used by
microorganisms increased in ADMECs compared to AD. The process performance also
increased because of the increase in various amino acid fermentation microorganisms. From
the archaeal community, microorganisms that produce methane from certain substrates were
dominant in AD, but microorganisms using noncompetitive substrate methanol, which was
produced electrochemically through a Cu-supported transition metal catalyst, were dominant
in ADMEC. In addition, this study supports that methylotrophic methanogen, which is a
beneficial microorganism group for methane production, is increased in ADMEC regardless
of the substrate. These results show that the electrochemical reaction conditions are favorable

for the growth of methylotrophic methanogen groups.
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Table 1. Characteristics of Mixed Sludge (Primary Sludge to Waste Activated Sludge Ratio

of 4:1)

Characteristic Range Mean

pH 5.7-6.6 6.1+0.21
Alkalinity (mg/L as CaCOg) 2,000-3,900 3,100 £ 470
TCODCr (mg/L) 38,000-54,000 45,000 * 3,700
SCODCr (mg/L) 6,700-14,000 9,600 + 1,600
TS (mg/L) 27,000-34,000 30,500 * 3,750
VS (mg/L) 21,000-29,000 25,000 + 2,300
T-N (mg/L) 1,500-2,300 2,000 + 180

TCOD, total chemical oxygen demand; SCOD, soluble chemical oxygen demand; TS, total

solid; VS, volatile solids; T-N, total nitrogen
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Table 2. VSiequciion Concentration and Concentration of TVFAs Remaining in the Reactor during the Steady State Period (after 120 d)
State VS reduction (mg/L) TVFAs (mg/L)
Steady AD ADMEC AD ADMEC
state Range Mean Range Mean Range Mean Range Average

4,820-9,420 7,677 + 883 8,900-10,800 9,835 + 648 1,858-2,705 2,269 + 275 1,993-2,664 2,210 + 204

AD: anaerobic digesters; ADMEC anaerobic digester combined with microbial electrolysis cells; TVFAs: total volatile fatty acids; VS:
volatile solid
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Table 3. Microorganism Community Species Diversity Indices for AD and ADMEC [30-34]

Samples OTU richness OoTuU Goods
diversity Lib.
No. of OTUs ACE Chaol JackKnife Shannon Coverage

[30] [31] [32] [33] [34]
AD-archaea 6,227 81.1 66.2 65.5 2.4 0.99
ADMEC- 5,853 34.7 34.0 34.0 1.5 0.99
archaea
AD-bacteria 14,913 1,356.3 1,145.4 1,627.7 41 0.98
ADMEC- 8,023 1,122.2 834.2 995.0 3.8 0.97
bacteria

OTUs were calculated using Mothur (p > 0.97)
AD: anaerobic digesters; ADMEC: anaerobic digester combined with microbial electrolysis
cells; ACE: abundance-based coverage estimator
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Table 4. Substrates for Methane Production Analysis and Dominant Archaea Community in AD and ADMEC Using Mixed Sludge
(primary sludge to waste sludge ratio = 4:1) and Food Waste Leachate

Substrate Reactor type Microbe Substrates for methane production Reference
Mixed AD Methanobacterium beijingense H,, CO,, formate This study
Sludge Methanosaeta concilii H,, CO,, acetate

ADMEC Methanoculleus bourgensis CO,, H,, formate, 2-propanol, 2-butanol This study

Thermoplasmata Methylamines, methanol

Food waste AD Methanobacterium beijingense H,, CO,, formate [13]
Leachate Methanobacterium petrolearium H,, CO,, formate

ADMEC Methanosarcina thermophila H,, CO,, acetate, methanol, methylated [13]

amines

Methanobacterium formicicum

H,, CO,, formate

AD: anaerobic digesters; ADMEC: anaerobic digester combined with microbial electrolysis cell
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Fig. 1. Profile of methane production. (a): ADMEC (@), (b): AD (@). ADMEC: start-up period

(1), and steady-state was reached after approximately 100 d (2). AD: methane production started
after approximately 90 d (3) and reached steady state after approximately 120 d (4). AD:
anaerobic digester. ADMEC: anaerobic digester combined with microbial electrolysis cells.
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Fig. 2. Gas composition during the start-up period (AD; ADMEC) and the steady-state period
(AD; ADMEGC, also see Fig. 1). Ili: CH4, Il: CO,, l: H,, AD: anaerobic digester, and ADMEC:
anaerobic digester combined with microbial electrolysis cells.
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Fig. 3. Krona visualization method expressing archaea communities in (a) AD (anaerobic
digester) and (b) ADMEC (anaerobic digester combined with microbial electrolysis cells)
through 454-pyrosequencing analysis. Increasing distance from the center signifies increasingly
lower taxonomic nodes. The dominant species in AD was Methanobacterium beijingense, and
the dominant species in ADMEC was Methanoculleus bourgensis (Table S2).

33



v A W N

Fig. 4. Krona visualization method expressing bacterial communities in (a) AD (anaerobic
digester) and (b) ADMEC (anaerobic digester combined with microbial electrolysis cells)
through 454-pyrosequencing analysis. FJ825495 s (Clostridia class) in AD, and GQ138794_s
(Erysipelotrichi class) in ADMEC (Table S3).
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