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a b s t r a c t 

Lately, extracellular electron transfer (EET) is widely disclosed on the surface of the bioelectrodes, and 

conductive (bio)carriers involved in anaerobic biodegradation/biosynthesis. By electrostimulation, micro- 

bial consortia colonize the electrodes and accelerate substrate (waste/wastewater) metabolization on the 

bioanode or biosynthesize value-added products (methane, acetate, etc.) on the biocathode. However, 

the connections and contributions of planktonic microbial communities have not been effectually under- 

stood. Herein, electromethanogenesis were comprehensively investigated in response to different driving- 

force modes: intermittent electric field applied by manual on-off or natural solar power and continuous 

electrical field. Intermittent modes implied preferable electron transfer efficiency, higher methane yield 

and energy recovery efficiencies from wastewater by the microbes in the bulk solutions. Microbial com- 

munity analysis revealed that less electroactive microorganisms and acetotrophic methanogens in the 

bulk solutions were accommodated under the intermittent modes than the continuous electrical field, 

whereas more fermentative bacteria and hydrogenotrophic methanogens evolved in the intermittent driv- 

ing modes, implying that the interspecies electron transfer both on and away from the electrodes were 

favorably regulated. Redundancy and network analysis proved that more complicated ecological interac- 

tions were shown in the bulk solutions with the periodic on/off of electrical field. These results hinted 

that the electrostimulation effectively regulated EET bacteria, even in the bulk solutions, while more effi- 

cient electron flow to methane through interspecies electron transfer was developed during the intermit- 

tent driving regulation. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Anaerobic biotechnologies, which employ varieties of microor-

anisms to treat wastewater and organic waste, have been broadly

ecognized as the cost-effective and sustainable approaches to the

ecovery production of renewable biofuels and ponderable com-

odities ( De Vrieze et al., 2018 ). It is a long history to improve

he yields via reforming microbial species, regulating functional

ommunities, or enhancing interspecies networks. Recently, anaer-

bic digestion (AD) integrated polarized electrodes, like microbial

lectrolysis (ME)-AD coupling system, emerges perspectives and

 practical integrative avenue for recovering energy and dispos-

ng of anaerobic organic solid waste/wastewater streams simul-
∗ Corresponding author at: HIT Campus, University Town of Shenzhen, Xili, Nan- 

han District, Shenzhen, 518055, China. 

E-mail address: liuwenzong@hit.edu.cn (W. Liu). 

t  

t  

c  

d

ttps://doi.org/10.1016/j.watres.2020.116238 

043-1354/© 2020 Elsevier Ltd. All rights reserved. 
aneously ( Liu et al., 2016 ). In such systems, microbial consortia

olonized the electrode to metabolize multifarious substrates via

xtracellular electron transfer had achieved versatile implications

n biosynthesis for value-added products, and simultaneous pollu-

ants degradation. The functional core of mutualistic interspecies

lectron transfer is considered to develop on and around the elec-

rode ( Cai et al., 2020 ). It has been proved that the electricity-

timulated system can regulate the establishment of microbial

ommunity structures and electron transfer pathways, which dra-

atically improve methane recovery efficiency and overall systems’

tability. For example, waste activated sludge was used as a sub-

trate in an AD amended with a bioelectrochemical reactor at an

pplied voltage of 1.0 V for methane production and achieved 2.3

imes higher rates than the conventional AD ( Bo et al., 2014 ). Fur-

hermore, various kinds of biowastes can be utilized in such mi-

robial electrolysis integrated anaerobic systems for methane pro-

uction (viz., electromethanogenesis), including black wastewater 

https://doi.org/10.1016/j.watres.2020.116238
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116238&domain=pdf
mailto:liuwenzong@hit.edu.cn
https://doi.org/10.1016/j.watres.2020.116238
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( Zamalloa et al., 2013 ), digested pig slurry ( Cerrillo et al., 2016 ),

distillery wastewater ( Feng et al., 2017 ), food waste leachate

( Lee et al., 2017 ), beer wastewater ( Sangeetha et al., 2017 ), food

waste ( Zhi et al., 2019 ), etc. Till now, electro-activated biofilm com-

munities, which are directly interacted with electrodes, have been

well investigated and considered as the most influential compo-

nent; nevertheless, there are few reports available to reveal the

changes and contribution of functional communities in a distance

away from the bioelectrodes in the ME-AD system. 

The polarized electrodes can regulate cell growth and micro-

bial metabolic behavior, ultimately mediate the journey of res-

piratory electron transfer for methane generation between elec-

trode microbes in the integrated biochemical anaerobic system

( Richter et al., 2012 ; Rotaru et al., 2014 ). Most studies have un-

revealed that functional microbial species in electrode biofilm are

metabolically coordinated, spatially clustered, maintain homeosta-

sis to withstand harsh and fierce disturbances, resulting in high en-

ergy recovery efficiencies ( Jiang and Zeng, 2019 ). The contribution

of direct electric current in the external circuit for methane yield

can be abstractly quantified via direct interspecies electron trans-

fer mediated with electrodes (eDIET). Surprisingly, the methane

produced by eDIET accounts for only a small portion of the to-

tal methane production of bioelectrochemical anaerobic reactors

( Villano et al., 2010 ), due to the existence of abundant planktonic

or aggregated anaerobic bacteria in the bulk solution (the sus-

pension community) between bioelectrodes, also responsible for

the essential source of methane production. The prime pathways

of electron transfer for methanogenesis in the bulk solution can

be divided into three categories: the intermediate-mediated in-

direct interspecies electron transfer (i-IIET), including H 2 , acetate,

and formate ( Shrestha and Rotaru, 2014 ; van Eerten-Jansen et al.,

2015 ); the electron shuttle-mediated indirect interspecies elec-

tron transfer (e-IIET), including the diffusive exchange of elec-

trons between species through soluble electron shuttles such as H 2 

( Lovley, 2017 ); and the direct interspecies electron transfer (DIET)

( Geppert et al., 2016 ). The electron loss due to diffusion in bioelec-

trochemical reactors brings electrode-mediated electromethano-

genesis less vivaciously favorable ( Holmes and Smith, 2016 ). 

To deeply comprehend the contribution of the suspensions to

methane recovery in the electricity-stimulated coupling system, in

this study, we developed a natural solar energy driving ME-AD,

with a day-night intermittent power, to actuate bioelectrochem-

ical systems for recovering methane and synchronously treating

wastewater. A comprehensive understanding and impartial empha-

sis on the role of microbial suspension community in the wastew-

ater treatment, linking to methane production, will productively

pave the way to expand large-scale applications of the integrated

bioreactors in the near future. 

2. Materials and methods 

2.1. Bioreactor setup, operation and sampling 

Fed-batch experiments were synchronously conducted in nine

parallel single-chamber membrane-less bioelectrochemical reac-

tors ( Fig. 1 ), divided into three groups with different driving-force

modes. One group of reactors referred to Group A was powered by

the intermittent electricity (12 h-on/12 h-off); the second group of

reactors named Group B was driven via solar power, and Group C

was supplied with continuous voltage. All powers generated from

solar light were converted into electricity transmitting into solar-

energy storage devices expect for direct solar-powered Group B

without electric storage unit. All reactors were conducted with a

stable applied voltage of 1.0 V maintained by voltage stabilizing

converter without any sensitiveness to strong or weak sunlight in
he main daytime. The voltage between electrodes across the 10

resistor was measured every 10 min using a Keithley model

700 data acquisition card (Tektronix, Inc, Beaverton, OR, USA) and

ecorded automatically via a computer. As the part of the bioelec-

rochemical apparatus, carbon brush and carbon cloth coated with

 mg of Pt/C catalyst per cm 

2 of cathode surface area (thickness

f 0.1 cm; surface area was 7 cm 

2 /g) were composed of the anode

nd cathode electrode, respectively ( Wang et al., 2020b ). Bioelec-

rochemical reactors had an internal diameter of 5 cm and a height

f 100 cm, and the effective working volume was 0.142 ± 0.008 L.

.5 g/L acetate as the carbon feedstock was replenished once the

urrent was lower than 1 mA ( Liu et al., 2012 ). All bioelectrochem-

cal reactors were put in a room with a steady temperature of

0 ± 2 °C and run for approximately one year. 

.2. Measurements and calculation 

High-performance liquid chromatography (HPLC, DGU 20A3R,

himadzu Corporation, Japan) was employed to quantify acetate

oncentration ( Li et al., 2019 ). A gas chromatograph (Agilent 7892,

SA) equipped with a thermal conductivity detector (TCD) was

mployed to analyze gasses (hydrogen, methane, carbon dioxide).

he determination of ATP and protein were conducted in triplicate

nder sterile conditions, as previously described ( Yang et al., 2019a ,

019b ). 

The daily volumetric CH 4 production rate ( Y C H 4 ) was calculated

y the produced methane yield dividing for each cycle after be-

ng normalized to the effective working liquid volume of the re-

ctor per day (m 

3 CH 4 •m 

−3 reactor •d 

−1 ). The production rate of

ethane generated by acetate dissimilation and current for ev-

ry cycle (m 

3 CH 4 •m 

−3 reactor •d 

−1 ): V C H 4 , acetate = 

�C acetate V liquid 

M acetate 
V m 

,

 C H 4 , current = 

It 
nF V m 

. Where �C acetate is the change concentration

f acetate with every fed-batch (mg •L −1 ); V liquid is the effective

olume of the reactor (0.142 ± 0.008 L), and It is the coulombs

roduced by the current (C); n = 8, is the number of electrons

eeded to generate one mole CH 4 by CO 2 reduction (m 

3 CH 4 •m 

−3 

eactor •d 

−1 ). The volume of CH 4 generated from the suspen-

ions (m 

3 CH 4 •m 

−3 reactor •d 

−1 ): V C H 4 , suspension = V C H 4 , acetate −
 C H 4 , current . And the methane not recovered in the system (m 

3 

H 4 •m 

−3 reactor •d 

−1 ) was the methane produced from acetate

inus that detected in the gasbag. 

The energy recovery efficiency (substrate): ηS = 

n C H 4 
�H C H 4 

n S �H S 
.

here n C H 4 is the number of moles of methane produced during a

atch cycle; �H C H 4 
= 890 kJ •mol −1 , is the calorific value of methane

ccording to the heat of combustion (upper heating value); n S is

he number of moles of substrate (acetate) consumed during a

atch cycle; �H S = 870.28 kJ •mol −1 , is the combustion heat of the

ubstrate, acetate. 

The economic assessment (methane revenue, £•m 

−3 

eactor •d 

−1 ) was calculated as follow: R C H 4 = P e 
Y C H 4 

�H C H 4 
V m 

η.

here P e = 0.10 £•kW 

−1 •h 

−1 , is the standard price of electricity

 Aiken et al., 2019 ); η= 35%, is the electrical efficiency with a

ombustion engine as a converter. 

.3. DNA extraction, PCR amplification, and 16S rRNA gene 

equencing 

Biosamples were collected from the effluents of each reac-

or in a 10-mL centrifuge tube and then were filtered through

.22 μm pore size membranes when the reactor was replaced

ith a new solution after the fed-batch ending. Microbial DNA

as extracted from the filter membrane above using FastDNA 

TM 

pin Kit for Soil (MP Biomedicals, Solon, OH, USA) based on

he manufacturer’s protocols ( Wang et al., 2020a ). After the
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Fig. 1. Schematic diagram of the single-chambered bioelectrochemical system without membrane driving by three driving-force modes: intermittent electric field applied by 

manual on-off (Group A) or natural solar power (Group B) and continuous electrical field (Group C). 
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xtraction completed, 5 μL DNA was used to detect the integrity

f DNA bands by 1% agarose gel electrophoresis. Meanwhile, 2 μL

NA was used to measure the concentration and purification of

he final extracted DNA on the NanoDrop 20 0 0 UV–visible spec-

rophotometer (Thermo Scientific, Wilmington, USA). The value of

260/A280 around 1.8 indicated that the extracted DNA could be

sed for sequencing. Briefly, the universal PCR primers of For-

ard 515F (5 ′ -GTGCCAGCMGCCGCGG-3 ′ ) and Reverse 806R (5 ′ -
GACTACHVGGGTWTCTAAT-3 ′ ) were used for the amplification of

4 hypervariable regions of 16S rRNA genes by thermocycler PCR

ystem (GeneAmp 9700, ABI, USA) ( Zhu et al., 2019 ). The raw se-

uencing data, generated from an Illumina MiSeq platform (Illu-

ina, San Diego, USA) in the fastq format, were submitted to Na-

ional Center for Biotechnology Information (NCBI) Sequence Read

rchive (SRA) assigned accession No. SRP227128. Raw fastq files

ere demultiplexed, quality-filtered by Trimmomatic and merged

y Flash according to three criteria. First, the reads were truncated

t any site receiving an average quality score < 20 over a 50 bp
liding window; second, primers were exactly matched allowing

 nucleotide mismatching, and reads containing ambiguous bases

ere removed; finally, sequences whose overlap longer than 10 bp

ere merged based on their overlap sequence. Operational taxo-

omic units (OTUs) were clustered with 97% similarity cut-off us-

ng a free online analysis platform of UPARSE (v7.1, http://drive5.

om/uparse/ ) and chimeric sequences were identified and removed

ia UCHIME. The taxonomy of each 16S rRNA gene sequence was

nalysed by a free online analysis platform of RDP Classifier al-

orithm ( http://rdp.cme.msu.edu/ ) against the Silva (SSU123) 16S

RNA database using confidence threshold of 70%. The data were

urther analyzed using the free online platform of the Majorbio

loud Platform ( www.majorbio.com ). 

.4. Redundancy analysis and network construction 

To further interpret the interactions between the functional

icrobial structures of the suspensions and system performance

http://drive5.com/uparse/
http://rdp.cme.msu.edu/
http://www.majorbio.com
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indicators, the multivariate direct gradient analysis method was

conducted. First, the detrended correspondence analysis (DCA) was

performed with the species sample data (97% similarity) using

Canoco (v4.5) software ( Liu et al., 2020 ), and then the redundancy

analysis (RDA) was determined to suit model explanations, based

on the value of the first axis of the length of the gradient in the

DCA results that was less than 3.5 ( McArdle and Anderson, 2001 ).

RDA removes redundant factors relying on other measured fac-

tors, automatically picks factors with relatively huge influences,

and gradually removes redundant parameters from the differen-

tial expansion factor values. The significance level is based on 999

Monte Carlo permutations ( Huhe et al., 2017 ). 

In addition, to elaborate microbial consortia associations among

the suspension, anode biofilm, and cathode biofilm in response

to three driving-force modes, two network approaches were con-

ducted. First, because of major advantages of random matrix

theory (RMT)-based interface approach: automatically determined

threshold to construct the network, and conspicuously capable of

tolerating noise to establish credible and invigorative networks,

the phylogenetic molecular ecological networks (MENs) emphasis

on the associations between species (OTUs) was constructed, uti-

lizing RMT via a free online Molecular Ecological Network Anal-

ysis (MENA) pipeline ( http://ieg4.rccc.ou.edu/MENA/ ) ( Deng et al.,

2012 ). The nodes in the network represent species-nodes. The

line connections (i.e., edges) between species nodes with dif-

ferent colors indicate positive or negative correlation. The more

lines, the more closely the species is related to other species.

Additionally, the bipartite networks emphasis on the associations

between species (OTUs) and samples (the suspension and elec-

trode biofilms) were established, whose the systems of the anode

biofilm, cathode biofilm, and suspension samples were defined as

source nodes, and the 50 most abundant OTUs were defined as

target nodes, with edges (i.e., lines connecting with nodes) corre-

sponding to positive associations of particular OTUs with specific

systems or system combinations ( Hartmann et al., 2015 ). The nodes

in the network represent sample-nodes or species-nodes, and the

line connections (i.e., edges) between sample nodes and species

nodes represent that species are included in the sample. Finally,

Cytoscape (v3.8.0) software was used to visualize the constructed

networks ( Shannon et al., 2003 ). 

3. Results and discussion 

3.1. Contributions of the suspension to methane production 

The bioreactors were stably operated in the fed-batch mode for

above ten months stimulated by different driving-power modes.

Bioreactors with intermittent power supplies exhibited consider-

able performances with differences in the current ( Fig. 2 a), current

density (Fig. S1a), methane yield ( Fig. 2 b), and average methane

yield (Fig, S1b), compared to Group C with continuously ap-

plied potential. The higher peak current and current density were

achieved in the intermittent modes compared with Group C ( t -

test, P < 0.05), especially solar-powered Group B performed better

( Fig. 2 a, S1a). Both the overall methane production of the system

( Fig. 2 b) and the methane production contributed by the suspen-

sion ( Fig. 2 c), exhibited a similar tendency as well as the current

( t -test, P < 0.05). Additionally, the stable improvement in methane

yield during the power-off phase was observed in Group A and B

( Fig. 2 d-f). The continuously resilient yield occurred from power-

on time to power-off time, and it might be an assumption that

the dynamic growth balance between electrode respiring bacteria

and acetoclastic methanogens competing on acetate, eventually re-

sulting in elevated methane yield in the whole system driven by

the intermittent modes rather than by the continuous power mode

( Wang et al., 2020b ). In addition, the ATP activity of the suspen-
ion also exhibited the same trends (Fig. S2). ATP, as the indepen-

ent and complementary indicator, is often used to evaluate via-

ility and bridge the role of the energy currency of biological cells

 Hammes et al., 2010 ). The ANOVA analysis was also demonstrated

n both Group A and B, the p-values of ATP in the suspensions

ere much less than 0.05 compared to Group C (Table S1). There

as a significant improvement of ATP in both two modes of inter-

ittent driving-powers. 

The methane production rate was significantly influenced

y driving-power modes. Group B showed the highest average

ethane production rate for 0.068 m 

3 CH 4 •m 

−3 reactor •d 

−1 , fol-

owed by Group A for 0.057 m 

3 CH 4 •m 

−3 reactor •d 

−1 , and Group

 for 0.055 m 

3 CH 4 •m 

−3 reactor •d 

−1 ( Fig. 2 g). When consid-

ring the methane resources from the biofilms and bulk solu-

ion, the results showed Group C of continuously applied volt-

ge had the maximum methane production rate of 0.079 m 

3 

H 4 •m 

−3 reactor •d 

−1 based on the current electrons, and 0.089

 

3 CH 4 •m 

−3 reactor •d 

−1 from acetate oxidation. Group A and

 obtained 0.055, 0.040 m 

3 CH 4 •m 

−3 reactor •d 

−1 from the cur-

ent electrons, and 0.073, 0.080 m 

3 CH 4 •m 

−3 reactor •d 

−1 from ac-

tate oxidation, respectively ( Fig. 2 g). Hence, the contributions of

he bulk solution to methane in three group reactors were 0.018,

.04, and 0.01 m 

3 CH 4 •m 

−3 reactor •d 

−1 , respectively for Group

, B, C ( Fig. 2 g). The loss of methane production, which calcu-

ated on the difference between the theoretical value from total

cetate and the detected methane production, was 0.016, 0.012,

nd 0.034 m 

3 CH 4 •m 

−3 reactor •d 

−1 for three group reactors, re-

pectively. Bioelectrochemical bioreactors driven by the intermit-

ent power supplies were more beneficial for bioenergy recovery.

egarding the contribution to the methane yield in the bulk so-

ution, it was implied that the electrode with expensive materi-

ls modification or large area/volume might be not crucial for bio-

lectrochemical methane production. Fig. 2 h shows the substrate

ecovery efficiency and economic revenue, and further revealed

he privilege of the intermittent driving-power modes. The reasons

ere likely to be attributed to the potential existence of methan-

trophic bacteria in the bulk solution. It has been reported that

he methane can be oxidized by the bacteria of the phylum Ver-

ucomicrobia ( Dunfield et al., 2007 ) and a genus Methylobacillus

 Yordy. and Weaver., 1977 ). More fractions of genus Methylobacil-

us were measured in Group C (0.06461%), which was 8.50-fold of

roup A (0.0076%), 50.87-fold of Group B (0.00127%), respectively

Fig. S3). 

.2. Variations of microbial diversity in the bulk solution driven by 

lectrical field 

16S rRNA genes were amplified and sequenced through high-

hroughput sequencing to determine microbial diversity in the bulk

olution. After eliminating the low quality of detected reads, a to-

al of 391,474 sequences from all suspension samples were used to

nalyze for three driving-power modes. 39,467 sequences on the

verage per sample were collected after subsampling process. All

TUs were clustered at a setting cutoff of 0.03 (97% similarity).

he community coverages of the suspension community for ob-

erved OTUs were all 0.999, and the rarefaction curves appeared

lear asymptotes (Fig. S4), which together suggested numbers of

equences were sufficient to reach immersion. 140 OTUs of the

uspensions were shared among three driving-force modes (Fig.

5). As shown in Fig. 3 a-f, there were no distinct changes among

hree group suspensions in the microbial richness in light of alpha

iversity indexes of Sobs, Chao, Ace, Shannon, Simpson, and PD

phylogenetic diversity) (Student’s t -test, P value > 0.05). However,

ore specifically, Chao, Ace, and PD still performed an increasing

endency regarding bioelectrochemical reactors with much longer

ime of electricity stimulation (Group C with 24 h power-on and

http://ieg4.rccc.ou.edu/MENA/
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Fig. 2. The parameters of bioreactor performances with an emphasis on the suspension contribution for response over different driving-force modes. (a) the current response 

with three cycles; (b) the methane yield of the whole system for each cycle; (c) the methane yield contributed by the suspension community; (d), (e) and (f) show the 

methane yield during power-on and power-off period of every fed-batch. 1 st , 2 nd , 3 rd , 4 th , 5 th , and 6 th represent one day composed of 12 h-on and 12 h-off. Also, “< 12 h- 

on” or “< 12 h-off” means the last operation time of every fed-batch is less than 12 h; (g) the methane production rate and theoretical production rate of methane generated 

from the current and suspension; (h) the substrate energy recovery efficiency and methane revenue based on methane yield for each cycle. 
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Fig. 3. Microbial richness and diversity in the bulk solution for three group reactors. (a-f) the indexes of microbial richness; (g) the partial least squares discriminant analysis 

(PLS-DA) based on microbial OTUs level. 
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Group B with veritable > 12 h-on). These results indicated that the

moderate power-on time profited α diversity of microbial commu-

nities in the bulk solution. The partial least squares discriminant

analysis (PLS-DA) was further implemented ( Fig. 3 g), and it is uni-

versally used to analyze the similarity and difference of microflora

compositions among samples, and ignores the random difference

within the group and highlights the systematic differences among

the groups. The planktonic microbial communities in Group A, B,

and C reactors were clustered separately, suggesting that the over-

all community structures were evidently diverse. 

3.3. Response changes of functional microbial community in the bulk 

solution 

To reveal the potential functional populations in three group

bulk solutions, the distributions of microbial communities in the

bulk solutions were characterized. At the phylum level, five bac-

terial phyla were identified with over 1% relative abundance and

the dominating phyla were Euryarchaeota, Proteobacteria , Candida-

tus Epsilonbacteraeota , and Bacteroidetes in the bulk solutions of

three group reactors ( Fig. 4 a). Euryarchaeota were the uppermost

in all samples, accounting for > 50%. Moreover, Proteobacteria was

the most predominant phyla in the domain of Bacteria, which was

20.52% for Group A, 19.63% for Group B, and 13.95% for Group C.

As shown in Fig. 4 b at the class level, Gammaproteobacteria , as the

main component of Proteobacteria , were primarily enriched in the

intermittent driving-power modes, which were 2.50-fold (Group A,

16.05%), 2.61-fold (Group B, 16.76%), compared to Group C (6.42%).

However, phyla of Methanobacteria as the dominant Archaea, hold-

ing responsibility for methane generation, had no conspicuous dif-

ference among three group reactors. 

It was noticeable that there were some variations in microbial

community compositions at the genus level of three group bulk

solutions in response to power modes through the visual heatmap

comparison ( Fig. 4 c). Only the top 50 genera were used to build

the heatmap, and the data used were logarithmically transformed,

and the clustering method was based on a hierarchical cluster,

and the color intensity indicated the relative abundance of gen-

era. Some electroactive microorganisms (EAMs) and methanogens

were slightly discrepant according to the color variance. Further

identification at the genus level is illustrated in Fig. 4 d, Geobac-

ter as the representative EAMs, which can combine electrons to

reduce heavy metals (e.g., uranium, chromium), organic pollutants
e.g., tetrachloroethene) and protons ( Geelhoed and Stams, 2011 ;

uang et al., 2015 ), was significantly enriched in Group C bulk so-

ution (10.72%), followed by Group A (2.74%), Group B (1.75%). In-

riguingly, another kind of EAMs of Rhodopseudomonas was pos-

tively affected through the intermittent driving-power modes,

hich accounted for 5.26% of Group A and 3.75% of Group

, compared to the control Group C (0.78%). It was illustrated

hat Geobacter in the bulk solution also responded to the ap-

lied voltage, and was the same to the ability in the electrode

iofilm; while Rhodopseudomonas gained a favorable competition

ith a periodic power cut-off. In addition, the species of Co-

amonas (6.91%), Azonexu s (3.86%) had an overwhelming abun-

ance in Group B. Comamonas , capable of active electron trans-

er, was generally regarded as the functional genus to reduce ni-

rate, azo dye, nitroaromatics, and chloro–nitroaromatics in bio-

lectrochemistry systems (BESs) ( Wrighton et al., 2010 ). On the

ther hand, more comprehensive functional bacterial, like Pseu-

omonas, Dechlorosoma, Desulfovibrio , had a low impact by pe-

iodic power on-off in three group bulk solutions, which were

.77%, 0.39%, 0.45% for Group A; 1.33%, 0.13%, 0.32% for Group

; and 1.43%, 0.37%, 0.77% for Group C, respectively. It was well-

nown that Pseudomonas , as typical EAMs, secreting some medi-

tors of pyocyanin and phenazine ( Bosire et al., 2016 ), had many

unctions, such as DIET, denitrification, and reduction of nitroaro-

atics, azo dyes, chromium, pentachlorophenol, and perchlorate,

tc. ( Yun et al., 2018 ). Furthermore, the methanogenic community

as dominated by Methanobacterium , a typical hydrogenotrophic

ethanogen, with the capacity of interspecies hydrogen transfer,

ccounting for above 70% of archaea 16S rRNA gene sequences re-

overed in the suspensions. 

The overview distributions of specific functional genera for the

uspensions in Group A, B, and C reactors were further estimated

 Fig. 4 e). The detected EAMs for the bacteria under continuously

pplied voltage accounted for 35.12%, followed by Group B (32.94%)

nd Group A (28.89%). Apparently, the time of electrical stimula-

ion affected the growth of EAMs in the bulk solutions, that is,

ontinuous power supplied remarkably favored EAMs of Group C.

he time of power-on in Group B was slightly more than 12 h,

ith the error range of between 1 - 2 h, which also supported the

onclusion of the slightly higher proportion of EAMs in Group B

han that in Group A. 

Different to EAMs, there were no evident distinctions in the rel-

tive abundance of methanogens in the bulk solutions among three
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Fig. 4. Microbial community analysis in the bulk solutions. (a), (b), and (c) show the relative abundance of microbial community compositions at the phylum, class, and 

genus level, respectively. Phyla, classes, and genera that represent < 1% of total microbial community compositions are classified as “others”. (c) is the ternary plot, and 

the color and size of each circle represent different taxonomy of the most abundant classes and its relative abundance, respectively; (d) shows the heatmap of the most 

abundant genera for suspension cells; (e) shows the overview distribution of specific functional genera in the bulk solutions, and the insets are three categories of specific 

functional genera: EAMs (electroactive microorganisms), methanogens (subdivided into hydrogenotrophic and acetotrophic methanogens) and acetogens. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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group reactors, however, the percentages of functional methanogen

types exhibited slightly diverse. Overall methanogens, especially

the abundance of hydrogenotrophic methanogens was diminished

in Group C (94.82%) with the continuously applied electricity while

increasing in Group B (97.69%), Group A (97.78%). Thus, different

driving-force modes had a slight impact on the distributions of

methanogens. Different levels of byproducts, like acetate, would be

produced by (bio)cathode from extra electron supply with contiu-

ous external energy (electricity) input. It may be a practical way

to increase the delivery of substrates to the bulk solution with in-

termittent electric field, acting like a pump to improve the con-

vective mass transfer ( Wang et al., 2020b ). Additionally, it has

been demonstrated that the substare (e.g., fatty acid) supply can

modify the microbial functional activity ( Treu et al., 2016 ). This

also further interpreted the lowest methane yield of Group C. In

contrast, the intermittent driving-power modes reduced the abun-

dance of acetotrophic methanogens to 2.20% of Group A, and 2.03%

of Group B, respectively, and Group C reached 5.16%. On account of

the higher abundance of hydrogenotrophic methanogens enriched

in the bulk solution, interspecies hydrogen transfer (IHT) presum-

ably acted for a vital role in the electron transfer of methanogene-

sis. More importantly, the H 2 sources can be supplied by the cath-

ode interface and the planktonic fermenters for hydrogenotrophic

methanogens in the bulk solution. However, hydrogen gas is usu-

ally a limited substrate away from the cathode in such systems.

It has been verified that little amount of hydrogen generated

from the biocathode could support the growth of hydrogenotrophic

methanogens ( Feng et al., 2018 ). Additionally, homo-acetogens

were enriched in Group C (2.21%), which was 6.89 times of Group

A (0.32%) and 4.36 times of Group B (0.51%). Acetobacterium and

Acetobacteroides , as prime acetogens, played a crucial role in hy-

drogen scavenging and acetate synthesis ( Parameswaran et al.,

2010 ). It was presumable that in the environment of the bulk

solution, homo-acetogens would compete with hydrogenotrophic

methanogens for electron donors to produce acetic acid, which was

further utilized by acetotrophic methanogens ( Rotaru et al., 2014 ).

As a result, more acetate might have been used for the growth and

energy requirements for the bulk microorganisms themselves in

Group C powered via continuous electricity, such as various EAMs.

There has been a well-reported symbiotic proliferation existing in

Acetobacterium and Geobacter, where Geobacter was fed with ac-

etate synthesized by Acetobacterium ( Du et al., 2018 ). Besides, the

detected protein was used as the indicator of the biomass in the

bulk solutions, also indirectly demonstrated that Group C had more

biomass, compared to two other group reactors (Table S1, Fig. S6).

This was also the hidden interpretation for the higher energy re-

covery efficiencies in the microbial intermittent power supplied

modes. 

3.4. Correlations between functional microbial structures and system 

performances 

To explore and compare the interrelations between func-

tional microbial populations and bioelectrochemical system per-

formances, the redundancy analysis (RDA) was performed by tak-

ing some bioreactor parameters as factors, including CH 4 produc-

tion rate (the contribution of suspension (CPR S ) and electrode

biofilm community (CPR) on methane generation), the total inter-

nal resistances of the reactor (TIR), and the power of electricity

supplied (Power) (Table S3–4). In the bulk solution, it was ap-

parent that some EAMs assemblage (e.g., Rhodopseudomonas, Co-

mamonas, Acinetobacter , and Azonexus ), some methanogens (e.g.,

Methanobacterium, Methanocorpusculum ), and some acetogens (e.g.,

Acetobacteroides, Acetoanaerobium ), all exerted significant response

to the applied voltage and had a positive tendency with CH 4 gen-

erated ( Fig. 5 a). Nevertheless, given functional microbial commu-
ity in electrode biofilms, extremely opposite results were also

isplayed here. Differentially, fermentative bacteria (FB), such as

naerovorax, Azoarcus showed a negative and weak correlation

ith CPR and Power ( Fig. 5 b-c). It also hinted that there was an

nternal competition among diversified bacteria of EAMs for re-

tricted space and assets to sustain growth. Meanwhile, it was

ound that hydrogenotrophic methanogens, such as Methanocorpus-

ulum, Methanobrevibacter, and fermentative bacteria Petrimonas ,

isplayed a more significantly positive role on CPR and Power, sug-

esting these functional colonizers made a big contribution for

orming CH 4 ( Fig. 5 b). On the whole, the dominating electron-

ransfer bacteria were positively connected with the electrical

timulation, and contributed most directly to the electromethano-

enesis in electrode biofilms. More importantly, less EAMs in the

lectrode biofilms exerted a positive correlation to TIR of the bio-

lectrochemical system. More specifically, Geobacter in the bulk so-

utions showed a more positive association with TIR, indicating

hat EAMs assembly in the bulk solutions were more directly af-

ected by the internal resistances of the system. It can be ascribed

hat the change of system internal resistances had a very close

onnection to the growth of electron-transfer bacteria in the bulk

olutions. 

.5. Network analysis of microbial community from the suspension 

nd electrode biofilms 

To gain a deeper insight into the nexus (competition or mutu-

lism) of microbes resided in the anodic biofilm, cathodic biofilm,

nd bulk solution, molecular ecological networks (MENs) of micro-

ial communities were specifically constructed ( Fig. 6 ). The ma-

or topological properties of MENs were presented in Table S5. As

n indicator of network complexity, average connectivity (avgK),

anged from 22.830 to 30.080, implying microbial community in

he bulk solution obtained a more complicated MEN, followed

y the anode community, and cathode community. Average path

engths (GD), varying from 1.386 to 1.561, were nearly close to

he logarithm of the total number of network nodes, suggesting

hat typical small-world network properties and all nodes in the

EAs were well connected. Also, the modularity (fast greedy) for

hree groups was all higher than that of corresponded randomized

etworks, signifying all conducted MENs were modular. Generally,

AMs were the core populations among three positions in the

ioreactors and were greatly associated with other species ( Fig. 6 a-

). EAMs in the anode exhibited a more positive association

ith fermentative bacteria (FB), whereas the negative association

ith methanogens ( Fig. 6 a). Also, methanogens, prime contributors

o generate methane, especially hydrogenotrophic methanogens

 Methanobacterium and Methanobrevibacter ) had more links, and

howed a more positive relationship in the anode and cathode

 Fig. 6 a-b), whereas acetotrophic methanogens ( Methanosarcina )

howed more opposite relationships ( Fig. 6 c). Acetogens had low

ositive affiliations in the bulk solution ( Fig. 6 c) and high posi-

ive affiliations in the anode and cathode ( Fig. 6 a-b). Fermentative

acteria (FB), capable of carbon degradation, were associated with

cetogens and methanogens on the cathode. EAMs, methanogens,

nd FB in the bulk solution all appeared more diversified and

omplicated connectivity, hinting transparent mutualistic symbio-

is, cooperation, and competition ( Fig. 6 c). On the other hand,

verview numbers of positive and negative edges (links) for func-

ional species among three places were summarized in Fig. 6 e,

nd it can be further demonstrated that electrode biofilms had

 more positive relationship, whereas the suspension had more

pposite connectivity. The topological roles of nodes (i.e., all func-

ional species) in the anode, cathode, and suspension MENs were

nterpreted in ZP-plot ( Fig. 6 d). The nodes were classified into four

orts: peripherals (specialists), module hubs (generalists), connec-
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Fig. 5. Redundancy analysis (RDA) of the relationships between functional microbial community (symbols) and parameters of system performances (arrows). Microbial 

community of the bulk solution, anode, and cathode biofilm are shown in (a), (b), and (c), respectively. CPR S , CPR, TIR, and Power refer to CH 4 production rate (m 

3 CH 4 •m 

−3 

reactor •d −1 ) from the suspension community and electrode biofilm community, the total internal resistance of bioelectrochemical reactors ( �), and the input power with 

electricity supplied (kW 

•h −1 ), respectively. 
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Fig. 6. Molecular ecological networks (MEN) visualization of OTUs from functional microbial consortia in anaerobic bioelectrochemical reactors. (a), (b), and (c) show OTUs 

in the anode biofilm, cathode biofilm, and bulk solution, respectively. Each node represents an OTU (species), and different colours and shapes of nodes signifier categories 

of specific functional genera: electroactive microorganisms (sky blue ellipse), methanogens (yellow round rectangle), acetogens (pink diamond) and anaerobic fermentative 

bacteria (purple triangle). A red edge indicates a positive interaction between two individual nodes, while a green edge indicates a negative interaction; (d) ZP-plot with the 

distributions of OTUs according to their module-based topological roles, and roles are determined by the scatter plot of within-module connectivity (Zi) and among-module 

connectivity (Pi); (e) the overview numbers of positive and negative edges (links) for functional species among three positions. 
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Fig. 7. Bipartite association networks visualization of positive correlations between microbial systems (including the anode biofilm, cathode biofilm, and suspension) and 

OTUs from functional microbial consortia. The node size (green circle) is proportional to the relative abundance of OTUs. The labels display names of OTUs. The edges 

indicate the interactions of individual OTU with the anode, cathode, and suspension system. The red dash circle represents shared OTUs, namely OTUs associated with 

multiple microbial systems. 
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ors (generalists), and network hubs (supergeneralists), based on

ithin-module connectivity of Zi threshold value 2.5 and among-

odule connectivity of Pi threshold value 0.62 ( Olesen et al.,

007 ). Herein, major nodes (83.66%), basically from the anode and

uspension, were peripherals with most of their links inside their

odules (Zi < 2.5), and a grand of 25 nodes (6.34%), entirely

rom the cathode, were connectors (Pi > 0.62), whereas no any

odes were module and network hubs. These results further illus-

rated that microbial consortia in the anode and bulk solution were

losely related to carbon source conversion, whereas the cathode

o biosynthesis methane was relatively independent, basically de-

ending on electron transfer to bridge the correlation with the an-

de and suspension. 
The bipartite association networks were further used to visually

how the co-occurrence relationships of species (OTUs) in different

amples of three driving-force modes. The diameter of networks of

hree group bulk solutions kept the same, and the average short-

st path length varied between 2.17 and 2.21, which means, gener-

lly, the ecological interactions of underlying EAMs, methanogens,

nd fermentative bacteria with different driving-force modes sus-

ained similar principles ( Fig. 7 ). The selected species responding

o specific electrostimulation exerted heterogeneous distribution. 

he networks of the suspension, anode biofilm and cathode

iofilm possessed very similar shared OTUs with positive in-

errelations, which mainly composed of functional community

bovementioned (Table S7). For example, methanogens, including
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Methanobacterium (OTU224, 221, 268), Methanobrevibacter (OTU25,

125), and Methanosarcina (OTU196); EAMs, including Rhodopseu-

domonas (OTU131), Comamonas (OTU68); and FB, including Petri-

monas (OTU363). The microbial correlations in the ecological net-

work of electrode biofilms, especially the cathode biofilm, dis-

played slightly simpler than the planktonic community. More mul-

tiple microbial interactions existed in the suspension community.

Besides, continuous electro-drive performed a more intricate net-

work than the other two modes driven by intermittent electros-

timulations. The intermittent electro-driving modes can easily ben-

efit for the selection for functional microbes and their coloniza-

tion. It implied that persistent external electrostimulation might

oppress redundant energy over actual needs of the microbes them-

selves ( Wang et al., 2020b ). The bulk solution supplied a dynamic

microenvironment which was more susceptible to external dis-

turbance than the electrode biofilms, even though it is widely

believed that planktonic microbes are shed from the electrode

biofilm (i.e., biofilm detachment). These results signified that the

anode, cathode, and suspension were closely related to distinct

work allocation. The competitive, symbiotic, and cooperative rela-

tionships were driven under the external power supply, sequen-

tially resulting in an organic miniature ecosystem. In addition,

these findings further delineated that the electrostimulation effec-

tively regulated bacteria capable of extracellular electron transfer,

even in the bulk solution, while more efficient electron flow to

methane through interspecies electron transfer was developed dur-

ing the intermittent modes. 

4. Conclusions 

In this study, the contributions of the suspended micro-

bial community and electrode biofilms to methanogenesis from

wastewater were comprehensively validated in response to dif-

ferent driving-force modes (intermittent electric field applied by

manual on-off or natural solar power and continuous electrical

field) via constructing an anaerobic bioelectrochemical system.

Higher methane yield and favourable system performances (en-

ergy recovery efficiencies, economic revenue, etc.) implied a con-

siderable contribution from microbes in the bulk solutions with

intermittent electrostimulations. Although more electroactive mi-

croorganisms competed in the bulk solutions under the continu-

ous electrical field over other modes, more fermentative bacteria

and hydrogenotrophic methanogens were shown in intermittent

driving modes. It implyed that the intermittent electrical field in-

deed favorably regulated the interspecies electron transfer both on

and away from the electrodes. RDA and network analysis uncov-

ered that more complex interactions of EET bacteria and other mi-

crobial species in the whole of anaerobic ecosystem with periodic

on/off electrical field occurred in the bulk solution. These findings

advance incisive insights into the impact of intermittent electros-

timulations on interspecies electron transfer to methane recovery

in the suspension away from the bioelectrodes. 

In addition, it should be notable that it is not clear whether

the rationale of mutual microbial assembly untangled in this mim-

ical mini-biosystem with elelctrstimulation would be prevailingly

suitbale to microbial communities from other habitats in natural

circumstances, e.g., soils, marine sediments, and groundwater, etc.,

and with different targeted substrates toward high value-added

products, and in pilot- or large-scale applications. More impor-

tantly, more attention also should be paid to the global appara-

tus in any mini-ecosystems, even through disregardful suspension

community is likely to exert imperceptible influences on bioen-

ergy/biofuel recovery due to long-term surrounded in the elec-

tric field. Therefore, more rigid dissections on the generality of

this phenomenon in multifarious bioelectrochemical systems are
equired before it is regareded as a fundamental criterion of mi-

robial ecology combined with interdiscipline. 
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