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Abstract

In bioelectrochemical wastewater treatment systems, electrochemically active bacteria (EAB) in the anode can
simultaneously treat wastewater and produce electricity via extracellular electron transfer. The anode potential has
been reported as one way for selecting EAB; though, conflicting results of the relationship between applied
potentials and the performance and community composition of EAB have been reported. In this study, we
investigated the cultivation time and applied anode potentials (+0.2, 0, −0.2, and −0.4 V vs. Ag/AgCl) on the
performance of current production and the compositions of the microbial community. Our results showed that the
applied potentials affected the performance of current production, but the effect was substantially reduced with
cultivation time. Particularly, the current gradually increased from negative to positive values with time for the
applied anode potential at −0.4 V, implying the anode biofilm shifted from accepting electrons to producing
electrons. In addition, principal coordinates analysis results indicated that microbial community compositions
became closer to each other after long-term enrichment. Subsequently, principal component analysis demonstrated
that systems with applied potentials from +0.2, 0 to −0.2 V and at −0.4 V were, respectively, reclassified into
principal component 1 (higher-energy-harvesting group) and principal component 2 (lower-energy-harvesting
group), implying in addition to cultivation time, the amount of energy available for bacterial growth is another key
factor that influences EAB populations. Overall, this study has demonstrated that the selected cultivation time and
the particular anode potentials applied in the study determine whether the applied anode potentials would affect
the community and performance of EAB.

Keywords: Poised anode potentials, Current production, Microbial community, Electrochemically active bacteria,
Principal component analysis

1 Introduction
It has been observed that electrochemically active bac-
teria (EAB) are capable of simultaneously treating waste-
water and producing environmentally friendly “green”
electricity in the bioelectrochemical wastewater treat-
ment system through direct and indirect extracellular
electron transfer (EET) (Fig. S1 in Supplementary Mater-
ial). The cultivation of EAB has attracted wide attention

[1, 2], and diverse EAB have been found [3]. Controlling
poised anode potential is considered as one of the
methods to cultivate different EAB [4], but contrasting
viewpoints have also been suggested in previous studies.
On one hand, when EAB were cultivated under certain
poised anode potential, some studies reported biomass,
power density [5, 6], and acceleration or suppression of
EET rates in the microbial community [7] could be ob-
served as a function of applied potential. To adapt the
applied potential and harvest energy, EAB were found
to be capable of changing the relative abundance of
NAD+ and NADH to optimize the exploitation of the
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thermodynamic frame, and hence, competition among
mixed cultures of microorganisms is unavoidable [8].
Shewanella oneidensis MR-1, as a model of EAB, has
been further proposed to be capable of sensing and
responding to electrodes by regulating catabolic path-
ways at the molecular level [9]. On the other hand,
some studies considered activities of EAB would not be
affected by applied anode potential [10].
To further investigate this controversial phenomenon,

we preliminarily compared results reported in previous
studies about the electrical performance of bioelectro-
chemical systems utilizing acetate as the substrate under
different poised potentials. Inconsistent results were ob-
served regarding the maximum current performance,
which was respectively obtained at −0.4, −0.3, −0.2 and
0.4 V vs. Ag/AgCl [4, 11–14], as shown in Table 1. A
wide range of potentials to achieve the maximum
current output has been observed in previous studies.
Whether the applied potential could affect the activities
of EAB and whether better applied potential could be
identified in complex mixed cultured systems remain
unclear. Therefore, more research is needed to reveal
the key factors affecting the relationship among applied
potentials, microbial communities and the performance
of controlled bioelectrochemical systems.
In this study, we hypothesize that competition for har-

vesting energy among mixed cultures of microorganisms
continuously exists, and the effect of applied potentials
on the performance and microbial community compos-
ition may change with cultivation time. Cultivation time
could be one of the important factors in shaping the re-
lationship between applied potentials and controlled
bioelectrochemical systems, but it was less discussed.
Therefore, systems which had four different applied po-
tentials were cultivated for over 3 months, and statistical
comparisons of the performance and microbial commu-
nity composition among them were conducted at three
substages: substage 1 (1–34 d), substage 2 (35–50 d),

and substage 3 (51–67 d). Moreover, multivariate ana-
lysis techniques, such as principal component analysis
(PCA), which can create one or more new index vari-
ables (i.e., principal components, PCs), can assist us in
extracting useful features by re-exploring and re-
classifying our data [15–17]. Hence, the relationship
between poised potentials and microbial community
compositions of controlled bioelectrochemical systems
over long-term operation will be further revealed by
PCA in this study.

2 Materials and methods
2.1 Reactor configuration and operation
In this study, we constructed two-chamber H-type mi-
crobial fuel cell (MFC) systems, which were composed
of an anode chamber and a cathode chamber, separated
by a proton exchange membrane (Nafion 117, DuPont,
United States). The effective volume of these systems
was 300 mL (anode 150 mL, cathode 150 mL), and the
diameter of the proton exchange membrane was 3.2 cm.
Four MFC systems were operated with every anode

chamber being inoculated with 50 mL of anaerobic
sludge (Dihua wastewater treatment plant, Taipei,
Taiwan), and the influent synthetic wastewater con-
tained 0.732 g L−1 sodium acetate (i.e., 570 mg L−1

Chemical Oxygen Demand), 0.1 g L−1 ammonium chlor-
ide, 3 g L−1 potassium phosphate, 6.065 g L−1 potassium
dihydrogen, 0.5 g L−1 sodium chloride, and other trace
elements as growth nutrients, namely, MgSO4·7H2O,
100; CaCl2·2H2O, 15; MnSO4·H2O, 3.4; FeCl2 4H2O, 2;
(NH4)6Mo7O24·4H2O, 1.2; CuSO4·5H2O, 1.26; and
Zn(NO3)2·6H2O, 1.8 (in mg L−1). In each cathode cham-
ber, 50 mM potassium ferricyanide buffer solution (con-
taining 16.462 g L−1 potassium ferricyanide, 25.461 g L−1

potassium phosphate, and 3.535 g L−1 potassium dihy-
drogen) was used as the electron acceptor. The two-
chamber H-type MFC systems were operated under
batch mode with a hydraulic retention time of 2 d.

Table 1 Comparisons of acetate-based systems utilizing applied potential to harvest anode EAB

Inoculum Applied potential
(V vs Ag/AgCl)

Cultivation time Potential achieved
maximum current (V)

Substrate Reference

Effluent of acetate-fed MFCs −0.4, −0.2, 0 33 d
(792 h)

−0.2 Acetate [4]

Geobacter sulfurreducens +0.2, +0.3, +0.4, +0.5, +0.6, +0.7, +0.8 ~ 4 d
(98 h)

+0.4 Acetate [11]

Activated sludge −0.42, −0.36, −0.25, +0.1 30 d
(720 h)

−0.42 Acetate [12]

Geobacter soli −0.4, −0.2, 0, +0.2, +0.4, +0.6 ~ 4 d
(~96 h)

−0.2 Acetate [13]

Effluent of acetate-fed MECs −0.45, −0.29, +0.01, +0.31, +0.61 25 d
(600 h)

−0.29 Acetate [14]

Anaerobic sludge −0.4, −0.2, 0, +0.2 67 d
(1608 h)

0 Acetate this study
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Carbon felt was used as the electrode with an area of 25
cm2 (5 × 5 cm) in both the anode and cathode cham-
bers. These four chambers were connected with a multi-
potentiostat (PalmSens4C, Palmsens BV, Netherlands) at
poised anode potentials of +0.2, 0, −0.2, and −0.4 V (vs.
Ag/AgCl) (denoted as anode_+0.2V, anode_0V, anode_
−0.2V, anode_−0.4V) throughout the entirety of the
experiment.
The operation period can be divided into three sub-

stages, as shown in Fig. 1. Anodic biofilms cultivated at
four poised potentials were sampled three times, i.e., on
day 34 (substage 1: 1–34 d), day 50 (substage 2: 35–50
d), and day 67 (substage 3: 51–67 d). After substage 3,
the electrochemical and morphological properties of bio-
films cultivated at four poised potentials were analyzed
by cyclic voltammetry (CV) and scanning electron mi-
croscopy (SEM).

2.2 Measurement of current production and
electrochemical properties
During the operation, systems were constructed with an-
odic carbon felt as the working electrode, cathodic car-
bon felt as the counter electrode, and a reference
electrode (Ag/AgCl) being inserted into the anode
chamber. After substage 3, the electrochemical proper-
ties of the anodic biofilms were tested by CV (working
electrode: anodic carbon felt; counter electrode: plat-
inum electrode in the anode; reference electrode: Ag/
AgCl electrode in the anode) using a potentiostat (SP-
150, Bio-Logic Science Instruments, France) with a po-
tential range from −0.6 to +0.4 V (vs. Ag/AgCl) and a
scan rate of 10 mV s−1. In addition, in order to statisti-
cally compare the current production among the four
systems at different substages, p-values were calculated
by using analysis of variance tests according to a previ-
ous literature [18].

2.3 Microbial community and morphology analyses
To identify the microbial community, the original sludge
and anodic biofilm were sampled from substage 1 to 3.
During sampling, the electrode samples were cut into
smaller pieces that contained both the electrode and bio-
films. DNA was extracted from the original sludge and
the anodic biofilm samples using a DNeasy PowerSoil
Kit (Cat No./ID: 12888-100, QIAGEN, Germany) in ac-
cordance with the manufacturers’ instruction. The DNA
concentrations of all samples were quantified using a
nanodrop microvolume spectrophotometer (NanoDrop
1000 Spectrophotometer V3.8, Thermo Fisher Scientific,
United States). The polymerase chain reaction primers
were utilized for the hypervariable V3 and V4 regions of
bacterial 16S rRNA gene high throughput sequencing
with a set of 341F (5′-CCTACGGGNGGCWGCAG-3′)
and 805R (5′-GACTACHVGGGTATCTAATCC-3′).

After each sample was tagged with dual indexes, the
total initial reads were processed to obtain the effective
reads. These effective reads were subsequently sent to
Mothur v.1.33.3 and QIIME v1.80 (containing the
Greengenes 16S rRNA Taxonomy Database) to analyze
16S rRNA gene sequences of the microbial communities
of biofilms. After the operational taxonomic unit (OTU)
was clustered with a cutoff of 97% identity using an
average neighbor algorithm [19], the non-redundant
sequence number was used as the eventual usable OTU
number. In addition, all anode samples for SEM were
fixed in a 2.5% solution of paraformaldehyde and proc-
essed through an ethanol dehydration series (i.e., 30%,
50%, 70%, 90%, 100% v/v EtOH, 20 min for each treat-
ment), and then dried to preserve the structure of the bac-
teria in the freeze dry system (Cole-Parmer, Labconco).
After that, all samples were coated with platinum by an
ion sputter coater, and observed using SEM (TM-3000,
HITACHI, Japan).

2.4 Statistical analyses of the microbial community
composition
In this study, to quantify the alpha and beta diversities
among microbial community of biofilms under different
applied potentials, the Shannon diversity index was used
to characterize species diversity and account for the
abundance and evenness of the species [20, 21]. In
addition, comparisons of microbial communities among
the four applied potentials at different substages were
statistically investigated using principal coordinates ana-
lysis (PCoA) [22] and Bray-Curtis similarity [23].
In addition to using the Shannon diversity index and

PCoA to evaluate the complicated relationship between
controlled bioelectrochemical systems and different ap-
plied potentials during the three substages, reducing the
number of variables can also provide us with simplified
but comprehensive information. Hence, we utilized the
multivariate analysis PCA to produce a smaller number
of new variables (i.e., PCs) that contain sufficient infor-
mation on the original dataset [16]. PCA, which is a type
of multivariate analysis, was developed by [24]. By utilizing
this method, we can construct a table that summarizes
intercorrelated quantitative dependent variables. Thus, we
can extract useful and essential information from it [15].
In this study, Kaiser-Meyer-Olkin (KMO) and Bartlett
tests were tested first, and it can be passed unless KMO is
higher than 0.6, and the significance was lower than 0.01.
Regarding the chosen of PCs can be decided by Scree
plots. Because the variance of each standardized variable
is 1, if the factor's capability of explaining the variability is
smaller than 1, this means that the efficacy is worse than
one variable, and hence, eigenvalues higher than 1 were
chosen and defined as PCs [15]. Rotated component
matrix were comprehensively investigated throughout all
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Fig. 1 Current production at four poised potentials from substage 1 to 3 and electrochemical and morphology analyses after substage 3. (a)
anode cultivated at poised potential of +0.2 V; (b) anode cultivated at poised potential of 0 V; (c) anode cultivated at poised potential of −0.2 V;
(d) anode cultivated at poised potential of −0.4 V; (e) peak current production at four poised potentials from substage 1 to 3
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PCAs. Loadings higher than 0.75 in PCs, representing
those variables that were important contributors to each
given PC, were chosen in this study [25].

3 Results
3.1 Current production and electrochemical analyses
The operation period was divided into three substages,
as shown in Fig. 1. During the operation (1–67 d), an-
odes were connected with a multi-potentiostat at a
poised anode potential of +0.2, 0, −0.2, and −0.4 V (vs.
Ag/AgCl) throughout the entire experiment. Their re-
spective performances observed during the long-term
operation demonstrated distinct properties as shown in
Table 2. For the anode cultivated at +0.2 V (denoted as
anode_+0.2V), the average output current reached its
peak after about 1 month (substage 1) and then slowly
decreased to about 949 μA at substage 2. At substage 3,
the average current output only reached 779 μA. For the
anode cultivated at 0 V (denoted as anode_0V), it
showed a relatively stable average current output greater
than 1000 μA. The highest current output was obtained
at substage 2. For the anode cultivated at −0.2 V (de-
noted as anode_−0.2V), although it peaked in the first
month, it dropped sharply to 458 μA during substage 2
and rose slightly to 600 μA during substage 3. As for the
anode cultivated at −0.4 V (denoted as anode_−0.4V),
the enrichment time was much longer than that of the
other three, but the current output performed steadily
and continuously increased from −105 to 475 μA, imply-
ing the anode biofilm shifted from accepting electrons to
producing electrons.
With regard to the electrochemical properties, CV

(Fig. S2) was shown capable of describing anodic elec-
tron transfer [26], and hence, it was used for analyzing
anodes before inoculation (i.e., containing only the elec-
trode and substrate) and anodes after cultivation (tested
after substage 3, containing the electrode, substrate, and
biofilm) to evaluate the electrochemical activities of
EAB. The results showed one pair of redox peaks in
blank samples with an oxidation peak at 0.28 V and a re-
duction peak at 0.23 V, and hence, a midpoint potential
was found at 0.25 V. After long-term cultivation, the
current flow among the four scenarios was higher than

that for the blank one. For systems with higher applied
potentials, i.e., anode_+0.2V and anode_0V, similar
properties were found with no redox peak, but the high
turnover current was observed, showing potential ranges
of 0.1 to 0.4 V and −0.4 to +0.4 V (vs. Ag/AgCl),
respectively. On the other hand, systems with lower po-
tentials applied (anode_−0.2V and anode_−0.4V) collect-
ively demonstrated redox peaks. For anode_−0.2V, an
oxidation peak was observed at −0.21 V, whereas the re-
duction peak was observed to be at the potential of
−0.23 V, and hence, a midpoint potential was found at
−0.22 V. For anode_−0.4V, an oxidation peak was ob-
served at −0.30 V, whereas the reduction peak was ob-
served to be at the potential of −0.32 V, and hence, a
midpoint potential was found at −0.31 V.

3.2 Microbial community composition and morphology
analyses of biofilms
To further investigate the impact of cultivation time on
the microbial community composition at different
poised potentials, the relative abundances of different
phyla within the original sludge and anodes cultivated at
different poised potential and sampled from the three
substages are depicted in Fig. 2. In the original sludge,
both Bacteroidetes and Proteobacteria were most domin-
ant phyla and collectively accounted for more than 70%.
After applying potentials on anodes, Proteobacteria in
anode_0V and anode_−0.2V increased but dramatically
decreased in anode_−0.4V at substage 1. However, at
substage 2, changes of Proteobacteria of four systems
were similar, showing rising trend after over one-month
cultivation. At substage 3, Proteobacteria of anode_+
0.2V and anode_0V slowly decreased but increased in
anode_−0.2V and anode_−0.4V.
Regarding the change of the predominant genera over

cultivation time (Fig. 3), anode_+0.2V showed a distinct
difference between substages 1 and 3 and was observed to
have 19.9% Flavobacterium, 9.9% Pandoraea, and 31.9%
Geobacter in substages 1, 2 and 3, respectively. For anode_
0V, Geobacter had the highest percentages of 14.2% and
16.4% during substages 1 and 3, respectively, but during
substage 2, Acinetobacter (42.0%) achieved the highest
portion instead. For anode_−0.2V, Bacteroides (21.1%)

Table 2 Profiles of average current production at four poised potentials

Items Stage Time (d) Current (μA)
output at
+0.2 V

Current (μA)
output at
0 V

Current (μA)
output at
−0.2 V

Current (μA)
output at
−0.4 V

P value among four
poised potentials

Current (μA) Substage 1 1-34 1093 (744)* 1156 (967) 1130 (850) −105 (155) 1.27E-11
(F value = 22.0)

Substage 2 35-50 949 (559) 1240 (755) 458 (176) 186 (206) 1.97E-07
(F value = 15.1)

Substage 3 51-67 779 (477) 1002 (612) 600 (381) 475 (195) 0.02
(F value = 3.5)

*values in parentheses indicate standard deviation
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was the highest only during substage 1, but during sub-
stages 2 and 3, Geobacter continuously had the highest
percentages of 14.6% and 21.5%, respectively. For anode_
−0.4V, Arcobacter continuously had the highest percent-
ages of 32.1%, 26.6%, and 14.0% throughout all the three
substages. Overall, all the above mentioned predominant
genera belonged to only two phyla (i.e., Proteobacteria and
Bacteroidetes).
Microbial morphology analyses of anode biofilms were

conducted using SEM during after substage 3, as shown
in Fig. S3. The SEM micrographs showed that the

bacteria were aggregated into biofilms and embedded in
extracellular polymeric substances, but anode_+0.2V was
observed to be visually thicker than the other three an-
odes, which supports the theory that lower applied
anode potentials enrich thinner biofilms, as reported in
previous studies [6, 27, 28].

3.3 Microbial diversity analyses
In addition to the relative abundances of the microbial
communities, in order to further quantify the microbial
diversity within the samples, the Shannon diversity

Fig. 2 Relative abundance of different phyla on original sludge and anodes cultivated at poised potential sampled from three substages (1st

sampling at substage 1, 2nd sampling at substage 2, 3rd sampling at substage 3). Unassigned and minor phyla accounting for < 1% of total
sequences were summarized in the group ‘Others’

Fig. 3 Relative abundance of different genera on anodes cultivated at poised potential sampled from three substages (1st sampling at substage
1, 2nd sampling at substage 2, 3rd sampling at substage 3). Unassigned and minor genera accounting for < 1% of total sequences were
summarized in the group ‘Others’
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indexes were calculated for the systems under the four
poised potentials, as shown in Table 3. For anode_+
0.2V, the Shannon index during substage 1 was 4.86,
then rose to 6.01 during substage 2, and fell sharply dur-
ing substage 3. For anode_0V, the Shannon index was at
6.00 during substage 1, dropped during substage 2, and
rose to 6.29 during substage 3. For anode_−0.2V, the
index was 4.59 during substage 1, increased during sub-
stage 2 and further rose to 5.70 during substage 3. For
anode_−0.4V, a Shannon index of 4.26 was observed
during substage 1, gradually increased during stage 2,
and eventually reached 5.33 during substage 3. The re-
sults of Shannon index calculations indicate that when
the applied potential was higher (anode_+0.2V and
anode_0V), the biodiversity index fluctuated. On the
other hand, when the potential was lower (anode_−0.2V
and anode_−0.4V), the trend was distinct, and the bio-
diversity index rose gradually. In addition, across the
four poised potentials, anode_0V showed the highest
Shannon index during substages 1 and 3, but during
substage 2, anode_+0.2V demonstrated the highest
index.
In addition, comparisons of microbial communities

under different anode potentials at respective substages
were investigated by PCoA at the genus levels in Fig. 4
to further cluster the microbial communities of different
samples. Results demonstrated that distances among all
anode samples gradually reduced with cultivation time
(especially for anode_−0.2V and anode_−0.4V). Results
from Bray-Curtis similarity indicated after long-term en-
richment, the differences among microbial community
under four anode potentials became smaller (increasing
Median value) within substages. Both results indicated
that the microbial community compositions under the
four poised potentials changed and became closer to
each other with longer enrichment time.

3.4 Multivariate analysis: PCA
Multivariate statistical methods, such as PCA, can be
useful in reducing the number of 12 original variables
and creating one or more new index variables (i.e., PCs)
with sufficient information from the original dataset to
illustrate the relationship between variables and micro-
bial compositions of EAB. During the process of PCA,
KMO and Bartlett assessment were tested first, and the
results indicated that KMO is 0.79, which is higher than

0.60, and the significance was also lower than 0.01, indi-
cating that this case is suitable for PCA.
With regard to the chosen meaningful PCs, a Scree

plot, as shown in Fig. 5a, was made. Two PCs (denoted
as PC1 and PC2) were found in our case. In addition, we
further checked the explained variance of PCs (Table 4).
For PC1, up to 66.4% variance can be explained, and for
PC2, 12.4% can be explained. Two components can col-
lectively explain 78.8%, which means that instead of the
original 12 variables, by utilizing only two reconstructed
PCs, we can describe the original situation. Furthermore,
a rotated component matrix for PC1 and PC2 with 12
loadings in each PC is drawn and shown in Fig. 5b. The
12 loadings represent the correlation between the PC
and the 12 original variables, with a constrained range
between −1 and +1, and higher loadings represent those
variables that are important contributors to each given
PC. PC1 simultaneously contained samples with applied
potentials ranging from +0.2 to −0.2 V through the three

Table 3 Shannon’s diversity index at four poised potentials

Poised potential (mV) Substage 1 Substage 2 Substage 3

+200 4.86 6.01 4.51

0 6.00 4.05 6.29

−200 4.59 5.45 5.70

−400 4.26 4.90 5.33

Fig. 4 Genus level differences among microbial compositions. (a)
Cluster analysis by PCoA. (b) Differences within different substages
by Bray–Curtis similarity shown in box plot. Anode samples at
substage 1 was referred to Sub1; anode samples cultivated at
substage 2 was referred to Sub2; anode samples cultivated at
substage 3 was referred to Sub3
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substages. PC2 simultaneously contained samples with
an applied potential at −0.4 V through the three sub-
stages, and hence, we suggest that PC1 can be renamed
as a high-energy-harvesting group and PC2 as a low-
energy-harvesting group. There might be a key potential
threshold between the groups, which seemed to be be-
tween -0.2 and -0.4 V. Poising anode potentials above or
below this threshold will select microbial community
compositions with largely different energy harvesting
abilities.

4 Discussion
Fluctuating current production was observed collectively
for anodes cultivated at four applied potentials, and per-
formance comparisons among the four scenarios chan-
ged with time as shown in the Fig. 1. During substage 1,

anode_0V was better than anode_−0.2V, anode_−0.2V
was better than anode_+0.2V, and anode_+0.2V was bet-
ter than anode_−0.4V. During substage 2, anode_0V was
better than anode_+0.2V, anode_+0.2V was better than
anode_−0.2V, and anode_−0.2V was better than anode_
−0.4V. During substage 3, the same relationship was ob-
served as that in substage 2, and anode_0V and anode_
−0.4V showed better and worse performance, respect-
ively. The p-values (i.e., significantly different when the
p-value is < 0.01) were calculated to statistically compare
current production among the four systems at the differ-
ent substages [18] and are summarized in Table 2. The
results show that at substages 1, the differences among
the four systems (anodes connected with a multi-
potentiostat at a poised anode potential of +0.2, 0, -0.2,
and -0.4 V vs. Ag/AgCl) were determined to be

Fig. 5 Scree plots and Rotated component matrix of PC1 and PC2 in PCA analysis. (a) Scree plot. (b) Rotated component matrix of PC1 and PC2
and marked variables (red in PC1, blue in PC2) when loadings were higher than 0.75
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statistically significant, and the differences among them
decreased at substage 2. Furthermore, at substage 3, dif-
ferences among them showed no statistically significant
difference with the p-value dramatically increasing. The
effect of cultivation time could also illustrate why a wide
range of poised potentials has been observed to achieve
maximum current output in previous studies [4, 11–14].
To further identify which poised voltage system con-

tributed to the increasing p value, follow-up pairwise sig-
nificance tests among three substages were conducted
and listed in Tables S1 and S2. Results indicated during
substage 1, the significant difference was largely contrib-
uted by the anode_-0.4V. During substage 2, the signifi-
cant difference was also mainly contributed by the
anode_-0.4V, but the p value increased, suggesting the
difference between anode_-0.4V and other systems de-
creased. During substage 3, no significant difference was
observed among different systems. The increase of the
p-value among the four applied potentials after long-
term cultivation suggested that the effect of the applied
anode potentials on the performance of the EAB sub-
stantially reduced with cultivation time. In addition, the
follow-up pairwise significance tests among three sub-
stages further illustrated the reducing effect may be
mainly contributed by the decreasing difference between
anode_-0.4V and other systems.
With regard to the electrochemical properties, the dif-

ference between higher and lower applied potentials in-
dicate that different EAB can evolve to adapt to the
electrodes poised at different potentials, as in the previ-
ous study [12]. In addition, from a thermodynamic per-
spective, acetate, which has a standard biological
potential of −0.496 V vs. Ag/AgCl [29, 30], was used as a
substrate in this study. Therefore, the energy difference
between −0.496 V (i.e., the electron donor) and +0.2, 0,
−0.2, and −0.4 V of the poised anode potentials (i.e., the

terminal electron acceptors) contributed to the max-
imum thermodynamic frame in this study. When the
poised potentials were +0.2, 0, −0.2, and −0.4 V, current
was generated at about 0.1, −0.4, −0.2, and −0.3 V, re-
spectively, as described by CV (Fig. S2). The very low
onset potential of anode_0V indicating EAB in this sys-
tem can harvest the least amount of energy to maintain
cell growth (−0.496 to −0.4 V) but produces the highest
current (−0.4 to 0.1 V). This, on the other hand, pro-
vides some evidence to illustrate why anode_0V per-
formed better during the three substages continuously,
as described by the current production (Fig. 1).
With regard to the microbial community composition,

Geobacter, an important exoelectrogen [31–33], was
found to be enriched at anode by different applied anode
potentials [11, 13, 34]. Geobacter was respectively ob-
served to account for the highest percentage at the ap-
plied potentials of −0.2 V [12] or +0.2 V [6, 35], and
these conflicting results were also observed in this study.
During substage 1 and substage 2, the anode_−0.2V sys-
tem was observed to have the highest percentage of Geo-
bacter of 15.1 and 14.6%. Nevertheless, during substage
3, anode_+0.2V was observed to have the highest per-
centage of Geobacter of 31.9% among the four poised
potentials. In addition to Geobacter, Acinetobacter as
one of EAB, was not only reported to be found abun-
dantly in the cathodic biofilm [36, 37], capable of im-
proving cathodic performance [38] but also observed in
the anodic biofilm [39, 40]. Results indicated that Acine-
tobacter had higher percentage at anode_+0.2V and
anode_0V (especially anode_0V at substage 2), but
showed very low percentage at anode_−0.2V and anode_
−0.4V (all < 1% at anode_−0.4V across three substages).
Electroactive microorganisms can transfer electrons to

insoluble terminal electron acceptors, such as electrodes
via EET. Different EET pathways (direct EET, cyto-
chromes or nanowires; indirect EET, metabolites or
redox mediators) as shown in the Fig. S1 contribute to
the current production. Two different electroactive
microorganisms, Acinetobacter and Geobacter, were
observed as mentioned above. It is reported that the
Acinetobacter calcoaceticus strain can demonstrate the
indirect EET, utilizing self-excreted redox compound
(pyrroloquinoline quinone) [41]. With regard to Geo-
bacter, both direct EET pathways were found. Type
IV pili (i.e. nanowire) can directly transport electrons
from the inner membrane to an external electron ac-
ceptor. In addition, cytochromes on the outer mem-
brane (especially c-type cytochrome Z) also contribute
to the outer-membrane EET [42]. Overall, our results
indicated in the mix-culture system, various electroac-
tive microorganisms could collectively grow on the
electrodes and demonstrate different EET pathways
simultaneously.

Table 4 Explained variances among all samples in PCA analysis

Component Eigenvalue Variance
(%)

Accumulated
variance (%)

PC 1 7.968 66.40 66.40

PC 2 1.484 12.37 78.77

PC 3 0.869 7.24 86.01

PC 4 0.653 5.44 91.45

PC 5 0.474 3.95 95.40

PC 6 0.274 2.28 97.68

PC 7 0.123 1.02 98.70

PC 8 0.065 0.54 99.24

PC 9 0.046 0.38 99.62

PC 10 0.025 0.21 99.83

PC 11 0.016 0.14 99.96

PC 12 0.004 0.04 100.00
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On the other hand, Arcobacter was also reported to be
one of EAB [43, 44], and found at biocathode [36], and
it has been recently reported to be capable of accepting
cathodic electrons under the redox potentials of −750
mV (vs. Ag/AgCl) [45]. High percentage of this genus
was found at anode_−0.2V and anode_−0.4V (especially
anode_−0.4V at substage 1). Higher potential electro-
trophic bacteria (Arcobacter) but low electrogenic bac-
teria (Geobacter) may provide some information to
illustrate why negative current production (i.e. electron
uptake from electrode by microorganisms) was observed
at anode_−0.4V during substage 1 as shown in Table 2
and Fig. 1. Therefore, electron uptake from the electrode
by electrotrophic bacteria and electron production from
electrogenic bacteria to the electrode may collectively
contribute to the current production and hence fluctuat-
ing phenomenon was observed.
Results from PCoA and Bray-Curtis similarity both in-

dicated that the microbial community compositions
under the four poised potentials changed and became
closer to each other with longer enrichment time.
Therefore, combined with the changes of electrical per-
formance observed in Section 3.1 and the changes of the
microbial community composition through the three
substages found in this section, the fact that a potential
has an effect on both performance and microbial com-
munities was obviously observed, but the effect was
gradually diminished with cultivation time. These results
may provide the new viewpoint to illustrate why contro-
versial results were obtained regarding effects of applied
potential on the microbial community composition and
why inconsistent results of EAB performance were ob-
served. Cultivation time should be one of the important
factors in changing the relationship between applied
anode potentials and EAB.
In addition, PC1 as a high-energy-harvesting group

(+0.2V to −0.2V) and PC2 as a low-energy-harvesting
group (−0.4V) were found in this case, which indicated
when poising anode potentials above this threshold, i.e.
-0.2 V, 0 V and +0.2 V in this study, more similar micro-
bial community compositions could be grown on anodes.
Therefore, in addition to cultivation time being observed
to affect the microbial community composition under
poised anode potential using PCoA, results of PCA indi-
cated that choosing the applied potential range will be an-
other key factor in determining the microbial community
composition. The PCA results provide another new view-
point to illustrate why it was controversial to consider
whether the applied potential would affect the microbial
community composition [1, 4, 10, 11].

5 Conclusions
This study investigated the relationship between applied
anode potentials and the performance and community

of EAB. We observed that the effect of the applied po-
tentials on the performance of the EAB substantially re-
duced with cultivation time. For the anode_−0.4V, the
current gradually shifted from negative to positive values
with time, suggesting the anode biofilm shifted from
accepting electrons to producing electrons. The PCoA
results showed that the microbial community composi-
tions among the four applied potentials became more
similar with cultivation time, especially for anode_−0.2V
and anode_−0.4V. PCA results reclassified microbial
community samples into PC1 (higher-energy-harvesting
group, from +0.2 to −0.2 V) and PC2 (lower-energy-har-
vesting group, at −0.4 V), indicating the amount of en-
ergy that can be harvested by microorganisms is vital,
and the particularly low anode potential will select the
unique EAB community utilizing limited energy for
growth. Overall, our findings have demonstrated that the
cultivation time and the applied anode potentials to-
gether affect the community and performance of EAB.

6 Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s42834-022-00128-9.

Additional file 1: Table S1. Original current profiles of follow-up pair-
wise significance tests among three substages. Table S2. Peak current
profiles of follow-up pairwise significance tests among three substages.
Fig. S1. Schematic diagram of extracellular electron transfer pathways
[1]. Fig. S2. Comparisons between blank (black line) and anode culti-
vated at poised potential measured by cyclic voltammetry after substage
3. (a) anode cultivated at poised potential of +0.2 V; (b) anode cultivated
at poised potential of 0 V; (c) anode cultivated at poised potential of −0.2
V; (d) anode cultivated at poised potential of −0.4 V. Fig. S3. Morphology
analyses by SEM after substage 3. (a) anode cultivated at poised potential
of +0.2 V; (b) anode cultivated at poised potential of 0 V; (c) anode culti-
vated at poised potential of −0.2 V; (d) anode cultivated at poised poten-
tial of −0.4 V.
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