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Abstract To investigate soil microbial community
dynamics in sediment microbial fuel cells (MFCs), this
study applied nonhydric (D) and hydric (S) soils to single-
chamber and mediator-free MFCs. Glucose was also used
to enrich microorganisms in the soils. The voltage outputs
of both the D and S sediment MFCs increased over time
but differed from each other. The initial open circuit
potentials were 345 and 264 mV for the D and S MFCs.
The voltage output reached a maximum of 503 and
604 mV for D and S on days 125 and 131, respectively.
The maximum power densities of the D and S MFCs were
2.74 and 2.12 mW m~2 analyzed on day 50. Clustering
results revealed that the two groups did not cluster after
glucose supplementation and 126 days of MFC function.
The change in Geobacter abundance was consistent with
the voltage output, indicating that these bacteria may act as
the main exoelectrogens on the anode. Spearman correla-
tion analysis demonstrated that, in the D soils, Geobacter
was positively correlated with Dialister and negatively
correlated with Bradyrhizobium, Kaistobacter, Pedomi-
crobium, and Phascolarctobacterium; in the S soils,
Geobacter was positively correlated with Shewanella and
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negatively correlated with Blautia. The results suggested
that different soil sources in the MFCs and the addition of
glucose as a nutrient produced diverse microbial commu-
nities with varying voltage output efficiencies.
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Introduction

Microbial fuel cells (MFCs), in which microorganisms
oxidize organic matter to produce electrical energy, have
emerged as a new technology for electric energy genera-
tion. Electrons are supplied from reduced substrates that
are metabolically oxidized by the bacteria and transferred
to the anode through the following three mechanisms:
direct transfer via conductive pili; direct transfer via redox-
active proteins; and indirect transfer via electron shutters.
The electrons are then transferred to the cathode via a
resistor. Protons derive from the oxidation of organic
matter, move to the cathode, and combine with electrons
and oxygen to form water on the surface of the cathode.
This dual-chamber device is separated by a proton
exchange membrane between the cathode and anode to
prevent oxygen from diffusing to the anode [1]. MFCs can
be operated with marine sediments, sludge, wastewater, or
other aquatic sediments. The organic matter provided by
sediments or wastewater supplies nutrients for the growth
of microorganisms, achieving the biological decontamina-
tion of the environment and production of energy [1].
Studies have focused on sustainable or enhanced electricity
generation in, for example, the use of microalgae Spirulina
platensis acting as the substrate and use of a silver
nanoparticle—activated carbon composite serving as the
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cathode catalyst to sustain the power output [2], which are
supplemented with iron powder in rice paddy MFCs to
enhance electricity generation [3].

Exoelectrogenic bacteria, referred to as exoelectrogens,
are microorganisms that can transfer electrons extracellu-
larly. For example, Shewanella oneidensis, Geobacter
metallireducens, and G. sulfurreducens are exoelectrogens
that use cytochromes as the electron transfer proteins or
oxidoreductive enzymes to catalyze the reduction of reac-
tive substrates; such species are responsible for the power
produced in MFCs [4, 5]. The electron transfer pathways in
the anode occur in these exoelectrogenic bacteria, which
supply electrons to the anode through direct electron
transfer via cytochromes, direct electron transfer via
nanowires, and mediated electron transfer via soluble
electron shuttles [1]. However, if a complex mixture of
bacteria are applied to MFCs, electron transfer could occur
through quorum-sensing chemicals, minerals (which serve
as mediators), cell-cell communication; for example, the
oxidation of methane by anaerobic methanotrophic archaea
is linked to sulfate reduction by sulfate-reducing bacteria
[4, 5]. In a previous study, methane as a substrate for MFCs
was analyzed through the syntrophic association between
Geobacter and methanotrophs [6]. For sediment-derived
MFCs or other environmentally derived mixed-culture
MEFCs, the power density could be reduced by nonexo-
electrogenic bacteria or nonactive cells that disrupt the
electrical conductivity of the biofilm [4].

In this study, microbial communities in MFCs inocu-
lated with sediment or sludge were investigated. The
convergent adaptation of anodic microbial communities
was the likely phenomenon through which Geobacteraceae
[7] and Desulfobulbaceae [8] predominantly interact in
anodic biofilms and was positively correlated with elec-
tricity generation efficiency. This syntrophic interaction
suggested that Geobacter may work with other microor-
ganisms to generate electricity; for example, Sporomusa
could convert methanol into acetate, which is then utilized
by Geobacter [9, 10]. Alcaligenes monasteriensis, Coma-
monas denitrificans, and Dechloromonas sp. are also
potential exoelectrogenic bacteria from anaerobic sludge
[11]. Different microorganisms have been proposed to
adapt and generate electricity in MFCs [12]. An anodic
biofilm community could be altered in response to different
nutrients [13], and the surface potential and carbon sources
can also affect microbial communities [14]. Therefore,
different sediments may contain different exoelectrogens,
with other microorganisms providing supporting material,
such as oxidized-form mediators, oxygen-removing spe-
cies, or nutrients for the microbial community to adapt to
the power output. Thus far, applied sediments have origi-
nated from marine sediment, sludge, or rice paddy fields,
all of which can be classified as hydric soils [15]. However,
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studies on the application of nonhydric soils, such as
nonflooded or nonsaturated soil, in sediment MFCs to
modulate the dynamics of microbial communities have
been limited.

In this study, we applied nonhydric (D) and hydric
(S) soils in single-chamber and mediator-free sediment
MEFCs for microbial community analysis. The voltage was
recorded, and the soil was collected for chromosomal DNA
preparation. The 16S rDNA sequence was then analyzed,
followed by a microbe comparison and biodiversity analysis.
This study investigated how the microbial communities and
electricity outputs were affected by different soil sources and
the effects from the addition of glucose as a nutrient.

Material and Methods
Sediment MFC Construction and Operation

The nonhydric and hydric soils used in this study were
collected from land and from the ecological pool of a
university campus (24°00'N, 120°36’E) in Dacun Town-
ship, Changhua County, Taiwan. A single-chamber,
mediator-free sediment MFC device was designed. The soil
was placed in a transparent plastic container
(23 x 14 x 12 cm®) at a depth of 5 cm; the soil volume
was 1680 mL. A phosphate buffer solution with pH 7.2
containing 0.137 M NaCl, 0.0027 M KCI, 0.01 M Na,.
HPO,, and 0.0018 M KH,PO, was added to a depth of
10 cm. Two woven carbon fiber sheets (13.5 x 13.5 cmz;
Skyline Carbon, New Taipei, Taiwan) were used as the
anode (—) and cathode (+). The anode was buried in the
soil (2 cm depth), and the cathode was floated under the
buffer solution. To sustain MFC operation, 20 mL of glu-
cose solution (0.1 g/mL~") was applied once, and it acted
as a nutrient when the voltage output decreased to almost 0
on day 90. The voltage and current changes were recorded
using a Prova 803 dual-channel digital meter (TES Elec-
trical Electronic, Taipei, Taiwan), and the data were
downloaded using a RS-232 connection to a computer. The
performance of the MFCs, corresponding to the changes in
voltage and current, was analyzed at the following resis-
tance sequence: 1 MQ, 50 kQ, 10 kQ, 1kQ, 300 Q,
150 Q, and 82 Q.

DNA Extraction, Polymerase Chain Reaction
(PCR), and Sequencing

On days 14, 90, 105, and 126, soil samples from the same
location were collected: samples D2, D3, D4, and D5
denote the nonhydric MFCs, and S2, S3, S4, and S5 denote
hydric MFCs. D1 and S1 represent the initial soil samples.
The water in the samples was first removed and placed in a
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beaker, a spatula was then used to move the soil close to
the anode, and the water was finally readded. The soils
were stored at —20 °C. Bacterial genomic DNA (gDNA)
was extracted from 0.5 g of soil using an UltraClean soil
DNA isolation kit (MO BIO Laboratories, Carlsbad, CA,
USA) according to the manufacturer’s instructions, and
DNA sequencing was performed at a facility owned by
BIOTOOLS (New Taipei, Taiwan). For the 16S rRNA
gene sequencing, the V3-V4 region was amplified with a
specific primer set (319F: 5-CCTACGGGNGGCWG-
CAG-3', 806R: 5'-GACTACHVGGGTATCTAATCC-3,
according to the 16S Metagenomic Sequencing Library
preparation procedure; Illumina, San Diego, CA, USA). In
brief, 12.5 ng of gDNA was used for a polymerase chain
reaction (PCR), performed with KAPA HiFi HotStart
ReadyMix (Roche, Basel, Switzerland) under the following
PCR conditions: 95 °C for 3 min; 25 cycles of 95 °C for
30 s, 55 °C for 30 s, and 72 °C for 30 s; 72 °C for 5 min; it
was held at 4 °C. The PCR products were monitored while
on 1.5% agarose gel. Samples with bright main bands of
approximately 500 bp were chosen and purified using
AMPure XP beads for subsequent library preparation.

The sequencing library was prepared according to the
16S Metagenomic Sequencing Library preparation proce-
dure (Illumina). In brief, secondary PCR was performed
using the 16S rRNA V3-V4 region PCR amplicon and
Nextera XT Index Kit with dual indices and sequencing
adapters (Illumina). The indexed PCR product quality was
assessed on a Qubit 4 fluorometer (Thermo Scientific,
Waltham, MA, USA) and QseplO0OTM system. Equal
amounts of the indexed PCR product were mixed to gen-
erate the sequencing library. Finally, the library was
sequenced on an Illumina MiSeq platform, and paired 300-
bp reads were generated.

Processing and Analysis of Sequence Data

The processing and analysis of sequence data were
performed by BIOTOOLS (New Taipei, Taiwan), as
previously described [16]. For each representative
sequence, the Greengenes Database [17] was processed
by the RDP classifier (version 2.2) [18] algorithm to
annotate taxonomic information.

Alpha diversity was applied to analyze the complexity
of species diversity for each sample through five indices,
namely the observed species and Chaol and the Shannon,
Simpson, and accumulated cyclone energy indices. Data on
these indices were obtained with QIIME (version 1.7.0)
and visualized using R software (version 2.15.3). A heat-
map of dominant genera was generated in R (version 3.4.1)
with the ComplexHeatmap function. Hierarchical cluster-
ing was conducted using the Spearman correlation [19, 20].
Principal coordinate analysis (PCoA) was performed to

obtain the principal coordinates and visualize complex,
multidimensional data. A distance matrix of weighted or
unweighted UniFrac distances among previously obtained
samples was transformed to a new set of orthogonal axes,
in which the maximum variation factor is represented by
the first principal coordinate, the second maximum varia-
tion factor is represented by the second principal coordi-
nate, and so on. PCoA analysis was conducted per a
previously described method [16]. The Spearman correla-
tion of dominant genera was generated in R (version 3.4.1)
using the recorr and corrplot functions [20]. Nucleotide
sequences determined in the study were entered into the
National Center for Biotechnology Information Sequence
Read Archive database under the accession numbers

SRR11992844, SRR11992843, SRR11992842,
SRR11992841, SRR 11992840, SRR119928309,
SRR11992838, SRR11992837, SRR11992836,

SRR11992835, and SRR11992835 for samples D1, D2,
D3, D4, D5, S1, S2, S3, S4, and S5, respectively.

Results
Electricity Generation

In this study, the D and S soil samples collected on
campus were applied as a source of microorganisms and
nutrients for sediment MFCs. Figure 1 illustrates the
daily voltage output fluctuation results under a loading of
1 kQ external resistance. The voltage output from the
MFCs containing the D and S soils both increased in the
first month, and the voltage output of S was higher than
that of D. In the initial stage, the microorganisms in the
D samples encountered environmental changes, which
induced flooding stress; thus, oxygen became the limiting
factor. Gradually, the voltage output of the MFC with D
soils was higher than that of the MFC with S soils after
30 days, which was likely caused by the microbial
community changes driven by electrochemical activity.
After the voltage output consistently declined for another
30 days, on the 90th day, 20 mL of glucose solution
(0.1 g mL™") was applied. Notably, the voltage outputs
of the two types of MFCs were reversed; the voltage
output increased in the MFC with S soils but decreased
in the MFC with D soils, where the water turned black
and turbid (data not shown). This phenomenon persisted
for nearly a month, after which, although fluctuations
were present in both MFCs, the voltage outputs did not
drop to zero before the data ceased to be recorded on
day 376. Polarization analysis (Fig. 2) on day 50 indi-
cated that the MFC of D soils exhibited a slightly higher
power density than did the MFC of S soils. The maxi-
mum power densities of the MFCs with D and S soils
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Fig. 2 Polarization curves of D (A) and S (B) sediment microbial fuel cells. The data were measured on day 50. The open and solid symbols

represent the cell voltage and power density, respectively

were 2.74 and 2.12 mW m 2, respectively. A higher
internal resistance, the lack of a platinum catalyst, and
the use of a one-chamber device in our simple system
were likely responsible for the low power density output
and contributed to the instability in voltage output. Thus,
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nonhydric soil can be applied in a sediment MFC, and it
performs more effectively than hydric soil does in a
sediment MFC.
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Fig. 3 Relative abundance of phyla of the microbial communities in sediment microbial fuel cells. D1 and S1 denote the original soil samples

Phylogenetic and Diversity Analysis

We collected the soils near the anodes, and the microbial
communities were examined. Figure 3 presents a compar-
ison between the two MFCs on the basis of the percent
composition of different bacterial varieties. The predomi-
nant microorganisms in the original D soil (D1) were
Proteobacteria (45.4%), Firmicutes (21.5%), Acidobacte-
ria (7.7%), Bacteroidetes (5.2%), and Actinobacteria
(3.8%), whereas those in the original S soil (S1) were
Euryarchaeota (26.8%), Proteobacteria (26.7%), Firmi-
cutes (21.9%), Acidobacteria (4.4%), and Nitrospirae
(3.5%). After 126 days of sediment MFC operation, the
predominant microorganisms in the D5 soil were Firmi-
cutes (41.8%), Proteobacteria (25.1%), Euryarchaeota
(6.5%), Acidobacteria (6.2%), and Bacteroidetes (4.2%).
By contrast, the predominant microorganisms in the S5 soil
were Proteobacteria (53.6%), Firmicutes (16.6%), Aci-
dobacteria (8.4%), Bacteroidetes (3.1%), and Nitrospirae
(3.0%). The abundances of several microorganisms in the

D and S soils changed after MFC manipulation. For
example, Euryarchaeota and Firmicutes abundances
increased in the D soils but decreased in the S soils.
Conversely, Alphaproteobacteria and Gammaproteobac-
teria abundances decreased in the D soils but increased in S
the soils. Based on the microbial community comparison
for hydric samples S4 and S3, the abundances of Bac-
teroidetes, Deltaproteobacteria, Gammaproteobacteria,
and Firmicutes were computed to be 150.2%, 116.2%,
139.2%, and 114.8%, respectively (Fig. 3); their higher
abundance in S4 than in S3 suggested that these three
bacteria were activated by the glucose nutrient. For the
nonhydric samples, the abundances of Acidobacteria, Be-
taproteobacteria, Deltaproteobacteria, Euryarchaeota, and
Gammaproteobacteria were 170.6%, 207.6%, 162.8%,
384.6%, and 146.5%, respectively; they were higher in D4
than in D3. However, Alphaproteobacteria, Bacteroidetes,
and Firmicutes abundances decreased by 42.9%, 52.8%,
and 63%, respectively (Fig. 3), after the addition of glu-
cose. These differences in the microbial community
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Table 1 Sequence summary

and alpha diversity indices of Group nseqs* Coverage sobs** Shannon Simpson Chaol Ace

soil microbial communities in DI 35910  0.979 2468 6.266 0.009 2883559  2790.341

sediment microbial fuel cells
D2 48,564 0.967 2335 5.475 0.030 3092.582 3145.519
D3 49,666 0.964 2437 5.256 0.043 3412.379 3382.251
D4 44,577 0.972 2832 6.405 0.007 3237.720 3336.603
D5 41,905 0.972 2536 6.001 0.009 2970.380 3099.597
S1 42,776 0.972 2479 6.082 0.010 2908.412 3040.328
S2 52,232 0.970 2690 6.300 0.007 3090.520 3316.283
S3 44,014 0.975 2638 6.458 0.005 3013.263 3112.869
S4 45,649 0.973 2723 6.434 0.005 3140.353 3233.139
S5 48,462 0.967 2759 6.249 0.009 3464.987 3480.437

.
nseqs: Numbers of sequences

- .
sobs: Species observed

between the D and S samples may account for the voltage
drop in the D4 MFC after glucose addition.

The Shannon diversity index of the soil microbial
communities increased after glucose supplementation in
the D3 (5.256) and D4 (6.405) nonhydric samples
(Table 1); however, in the S3 and S4 hydric samples, the
Shannon index decreased from 6.458 to 6.438, respec-
tively. After comparing the community richness (Chaol)
and diversity (Shannon), we determined that the Chaol
index increased but the Shannon index decreased from D1
to D5. However, the microbial communities in the S
samples exhibited different patterns wherein both the
Chaol and Shannon indices increased (Table 1).

weighted UniFrac
PCoA - PC1 vs PC2
[ ]
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; 0.0
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Fig. 4 Principal coordinate analysis (PCoA) of sequence data. The
PCoA plot was generated from the weighted and unweighted UniFrac
analysis. The x- and y-axes indicate the first and second coordinates,
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Microbial Community Analysis

PCoA based on the weighted and unweighted UniFrac
distances revealed two separated groups of microbial
communities from the D and S soils; the within-group
samples clustered together (Fig. 4), suggesting the diver-
sity of both microbial communities after the MFC opera-
tion. No convergent dynamic changes in soil microbial
communities were recorded. Based on the unweighted
UniFrac distance, the last sample (DS5) of D soil was
located at the same coordinate as the first sample (S1) of S
soil (Fig. 4), suggesting that these microbial communities
were similar. The microbial community in the D soil may

unweighted UniFrac

PCoA - PC1 vs PC2

01 D5 D.2
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o
°

¥

-0.2 -0.1 0.1
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PC1(24.21%)
respectively, and the percentage on each axis represents the contri-
bution of discrepancy among samples. Black and red symbols
represent D and S microbial communities, respectively
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have changed to become a community similar to that in S
soil.

In the heatmap and clustering analysis, the microbial
genera and quantities were used to create a graphical
clustering representation (Fig. S1). The results demon-
strated that the microbial communities in the D and S soils
clustered separately, suggesting that the disparate elec-
tricity generation could be attributed to the differences in
the microbial communities. Geobacter exhibited increasing
trends in both the D and S samples consistent with the
power output, except for sample D4 (Fig. S1). Both
Lachnospira and Roseburia exhibited contrasting distri-
butions after glucose addition but were not synchronized
with the voltage output. Anaeromyxobacter, Azospirillum,
Clostridium, and Faecalibacterium were dominant, but the
change in abundance for these genera was not consistent
with the voltage output (Fig. S1). Thus, Geobacter could be
responsible for the electricity generation.

To analyze the relationships between Geobacter and
other bacteria, we chose the dominant 50 genera from the
D and S samples for Spearman rank correlation analysis
(P < 0.05). The results suggested that in the D samples,
Geobacter was positively correlated with Dialister (rg
=0.9) and negatively correlated with Bradyrhizobium
(r, = — 0.9), Kaistobacter (ry= — 0.9), Phascolarcto-
bacterium (ry = — 0.9), and Pedomicrobium (ry = — 1.0;
Fig. S2A). In the S samples, Geobacter was positively
correlated with Shewanella (r; = 0.9) and negatively cor-
related with Blautia (ry = — 0.9; Fig. S2B).

Discussion

A study on rice paddy field-rhizosphere sediment MFCs
with graphite felt anodes and cathodes with a platinum
catalyst loaded on the cathode had a maximum power
density of 19 £+ 3.2 mW m 2 [9]. In a combined plant and
sediment MFC two-chamber device with a graphite anode
and cathode, the power density reached 100 mW m ™~ and
it operated for 119 days [21]. Citrus waste was explored as
the feedstock for MFC operation, with the power density
reaching 71.1 mW m™2 [22]. Raw algae biomass with
acetate serving as the cosubstrate would enhance the power
density to 410 mW m_z, in contrast to the 230 mW m 2
for MFCs without acetate [23]. In addition to the supple-
mentation of a catalyst, a two-chamber design improves the
power output from our sediment MFCs and the optimal
nutrients serving as substrates enhance the electricity
generation.

Glucose and glutamate were applied to enrich electro-
chemically active bacteria, and the results demonstrated
that Gammaproteobacteria (36.5%), Firmicutes (27%), and
Deltaproteobacteria  (15%) were the  significant

populations at the electrode [24]. In glucose-fed MFCs,
Deltaproteobacteria  (27.7%),  Gammaproteobacteria
(14.5%), and Firmicutes (6.9%) are the main bacteria in
graphite felt anodes [9]. Consistent with the results of other
studies, our experimental results obtained after glucose
addition indicated that  Deltaproteobacteria  and
Gammaproteobacteria increased in the D and S samples
and that Firmicutes increased only in the S soil (Fig. 3).
Jung and Regan [25] applied acetate, lactate, and glucose
as electron donors and compared the anode bacterial
communities and performance in MFCs, reporting that
Firmicutes was identified only in glucose-fed MFCs. Thus,
certain nutrients in soil affect the microbial community.
Soil nutrients and carbon availability affect the microbial
community in response to glucose amendment, resulting in
distinct variations in glucose-utilizing microbes [26]. Fur-
thermore, high glucose amendment enhanced soil biofilm
formation, and the Shannon diversity of the soil biofilm
communities was significantly improved by 18.2% [27].
The diversity results of this study (Table 1) suggested that
the species richness increased in both types of soil after
glucose enrichment in the sediment MFCs. However, in the
D samples, the abundances of specific bacteria varied to
different extents, resulting in an overall decrease in
diversity. In the S samples, the microbial diversity
increased.

Geobacteraceae [7, 8, 13, 14] and Desulfobulbaceae [8]
are predominantly present in anodic biofilms and are pos-
itively correlated with electricity generation efficiency;
convergent adaptation is the likely mechanism in anodic
microbial communities. However, this study demonstrated
the diversity of microbial community formation in the D
and S soils after 126 days of MFC function and glucose
supplementation. Other sediments [28] or inoculums [29]
in MFCs could yield divergent microbial communities
because of the diverse microbial community structures of
the source materials. The microbial community dynamics
could also be affected by the nutrient supply [14]. A study
on soil bio-electrochemical remediation determined that
microbial community dynamics could be affected by MFC
operation and that Geobacter and Thermincola bacteria
could be responsible for bioelectricity generation [30].
Thus, the original soil microbial community and nutrients
play roles in the microbial diversity of sediment MFCs in a
competitive or syntrophic relationship. Microorganisms
that can respire at the most negative anode potential out-
compete other strains that are unable to adjust to the neg-
ative potential [4]. Syntrophic interactions have been
discussed in a study on anode biofilms from glucose- and
acetate-fed MFCs, in which distinct microbial communities
were prevalent [9, 10]. Glucose addition enhances voltage
output and power density, suggesting that the presence of
glucose  accelerates  the  acclimation of  the
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electrochemically active microbial community [31]. These
studies have proposed that the nutrient content in soils
affects the microbial community, which maintains a
dynamic equilibrium. In this study, glucose addition and
power output were two variables for two different soils, D
and S.

Although the change in abundance matches the volt-
age output, more MFC replicates are necessary to com-
pare the performance of hydric and nonhydric soils and
to determine the effect of glucose addition to validate
Geobacter as the major exoelectrogen in the MFC. For
mixed communities, syntrophic and competitive interac-
tions are the likely forces driving electrochemical reac-
tions. Correlation analysis could reveal the relationships
between Geobacter and other microorganisms. In D
soils, Geobacter was positively correlated with Dialister
and negatively correlated with Bradyrhizobium, Kaisto-
bacter, Phascolarctobacterium, and Pedomicrobium.
Dialister is a gram-negative and anaerobic or micro-
aerophilic bacterium whose metabolic end-products
comprise small amounts of acetic, propionic, and lactic
acids [32]; in addition, Geobacter assimilates propionate
[33]. In the S soils, Geobacter was positively correlated
with Shewanella and negatively correlated with Blautia.
Shewanella can accumulate around insoluble electron
acceptors; its ability to accumulate on a mineral surface
significantly strongly correlates with the presence of
critical extracellular electron transport genes [34]. The
microbial interactions in this mixed community are
complex and unpredictable, undergoing rapid dynamic
change. High-throughput sequencing enabled microbial
analysis on a macro scale. However, a functional meta-
transcriptomic analysis would identify soil microorgan-
isms and protein activity during the sampling period for
a more comprehensive interpretation of regulatory
mechanisms [35].

In conclusion, we demonstrated that nonhydric and
hydric soils can be microbial sources for sediment
MEFCs. Soils with distinct microbial populations after
MEC operation produce diverse microbial communities
with different voltage output efficiencies. A spearman
correlation analysis suggested that Geobacter was posi-
tively correlated with Dialister and Shewanella. There-
fore, if the environment is suitable for the formation of
microbial communities, they may generate power sus-
tainably and optimally.
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