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Tetracycline (TC) is the second most commonly used antibiotic despite its high toxicity and persistence. In
this study, a new approach for the anaerobic biodegradation of TC in a microbial fuel cell (MFC), with
glucose-TC mixtures as the substrate, under gradient acclimation conditions was explored. Within 7
days, approximately 79.1% of TC was degraded by the MFC. This value was higher than that obtained
through a traditional anaerobic method (14.9%). The TC degradation rates in MFCs with a closed circuit
were 31.6% higher than those in MFCs with an open circuit. Furthermore, zebrafish assessment showed
that no toxicity was observed after MFC treatment. Microbial community analysis was performed on the
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Accepted 7th Septermber 2017 anode of the MFCs under gradient acclimation conditions, and the results showed that TC was
effectively degraded by the synergy of fermentative bacteria, acid-producing bacteria and electrogenic

DO 10.1039/c7ra07799h bacteria. This work confirmed that the anaerobic biodegradation of TC by MFCs is a cost-effective and
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Introduction

Currently, the extensive use of pharmaceuticals is an environ-
mental issue. Antibiotics are the most widely used in disease
prevention and treatment.” In addition, antibiotics can also be
used as feed additives to promote the growth rate of livestock
and poultry animals.>*® As the largest producer and user of
antibiotics in the world, China produces up to 210 000 t of
antibiotics annually, half of which are consumed by animals.*
Antibiotics are weakly absorbed and incompletely metabolized
in the body of humans and animals, therefore approximately
40-90 percent of antibiotics consumed by humans or animals is
excreted via urine and feces in the parent form or as metabo-
lites.> Furthermore, large amounts of antibiotics or their
metabolites are released into the aquatic environment by
leakage and wastewater discharge.®” Long-term exposure to
antibiotic-contaminated environment not only increases the
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risk of harm to humans and animals, but also affects chloro-
phyll synthesis, enzyme secretion and root growth in plants.®
Thus, treating antibiotic-contaminated effluents before they are
discharged into the aquatic environment is necessary.

Given its the low cost and high efficiency, tetracycline (TC) is
the second most commonly used antibiotics in human activities
and livestock breeding.>'® Typically, domestic waste water
contains relatively low TC (1 pg L™ "),** whereas hospital waste
water has TC concentration of more than 100 pg L™ ".*> Tradi-
tional methods, such as advanced oxidation process,**'* active
carbon adsorption™ and membrane separation'® are frequently
used to remove TC from aqueous solutions. However, these
techniques present some shortcomings such as high operation
costs, low efficiency, and generation of toxic by-products. Bio-
logical treatment remains the most common and economical
approach for the treatment of TC contaminants in waste-
water.'”'®* However, absence or deficiency of the terminal elec-
tron acceptors may result in decreased removal rate for TC.

Using microbial fuel cells (MFCs) offers an environmentally
friendly and promising method for converting organic matter
into electrical energy.” MFCs adopt the electrode as a contin-
uous long-term electron acceptor for anaerobic microorganism,
which enhances the degradation of organic matter under
anaerobic conditions.**** Therefore, MFC can degrade a wide
range of organic substrates, ranging from easily degradable
organics*?® to bio-refractory organics.**** Recently, some arti-
cles focused on assessing the ability of MFC to improve TC
removal.>***” However, its degradation products might be more
toxic than the parent compounds during the degradation of

This journal is © The Royal Society of Chemistry 2017
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antibiotics.”® Therefore, toxicity after MFC treatment needs to
be further investigated.

In this study, a dual-chamber MFC inoculated with anaer-
obic microorganism was constructed to investigate the removal
of TC in MFCs and the microbial activity of MFC with TC as
substrate was analyzed. The toxicity of the TC degradation
products after MFC treatment was then evaluated by using
zebrafish (Danio rerio). These results are expected to provide an
environmentally friendly method for the biodegradation of TC
by MFC.

Materials and methods
MFC construction and operation

The dual-chamber MFC reactor was made of plexiglas material
(net volume of 250 mL each). The two chambers were separated
by a proton exchange membrane (Nafion117, Dupont Co., USA).
The anode and cathode were made of graphite felt (50 mm x
50 mm x 5 mm, length x width x thickness). The anolyte used
glucose medium (pH 7.0) consisting of 0.31 g L~ NH,C],
11.53 g L™' Na,HPO, 12H,0, 2.77 g L™ NaH,PO,-2H,0,
0.13 g L' KCl and 1 g L " glucose. The catholyte containing
13.2 g L' K3Fe(CN)g, 2.77 g L™ ! NaH,PO,-2H,0, 0.13 g L' KCl,
11.53 g L™ Na,HPO,- 12H,0 were added to the cathode chamber
of MFC. The MFCs were operated at a fixed external resistor of
1000 Q and maintained at 25 °C. All the experiments were
carried out in duplicate under each experimental condition.

During the startup stage, the anode chamber of the MFC was
inoculated with 5 mL anaerobic activated sludge and 245 mL
glucose culture medium. When the performance of the MFC
stabilized, the substrate was replaced with glucose-TC mixtures
containing glucose mixed with different concentrations of TC
under a gradient acclimation as shown in Table 1. After the
startup and gradient acclimation stage, the 50 mg L' TC
without glucose was used as substrate, and the performance of
the MFC with closed circuit (CC) and MFC with open circuit
(OC) was studied, respectively. In addition, 5 mL anaerobic
activated sludge with 245 mL anolyte containing 50 mg L™ TC
with non-gradient acclimation (NA) was also studied as control
group.

The CC had a fixed external resistor of 1000 Q, whereas the
OC groups had none. Moreover, the CC and OC groups had
domestication cycle of five weeks, but NA group lacked five
cycles and directly used activated sludge to degrade tetracycline.

Analyses

The concentrations of TC were measured using Agilent 1200
infinity series high-performance liquid chromatography

Table1l The concentration of the glucose and tetracycline mixtures in
MFC during acclimation stage

Acclimation stage A B C D E F G
Glucose (mg Lfl) 1000 1000 1000 1000 1000 500 O
Tetracycline (mg L™") 10 20 30 40 50 50 50

This journal is © The Royal Society of Chemistry 2017
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Table 2 Mobile phase compositions for gradient elution

Elution time/min 0 2 2.1 6
Al% 8 18 20 8
B/% 0 0 5 0
C/% 92 82 75 92

(HPLC), with an Agilent Eclipse Plus C18 column (4.6 x 100 mm,
3.5 um) at a flow rate of 1.0 mL min " and the column temper-
ature was 25 °C. The mobile phase consisted of 0.03% oxalic acid
solution (A), methanol solution (B) and acetonitrile solution (C).
The flow phase gradient used to obtain the measurements is
shown in Table 2. The voltages were collected every 10 min with
a precision multimeter with a data acquisition system (Keithley
2700, USA). In order to get the polarization curves, the external
resistance ranged from 5000 Q to 100 Q. When the voltage
output reached a steady value, current density and power
density were calculated according to the projected anodic
surface area. Current (I) was calculated according to Ohm's law:
U = IR, where U is the voltage and R is the external resistance.
Power (P) was calculated according to P = IU.

Zebrafish maintenance and embryo collection

Wild-type zebrafish (Tubingen line) were obtained from the
Model Animal Research Center of Nanjing University. Accord-
ing to Truong et al.,” zebrafish should be kept at 28.5 °C, with
a 14:10 h light-dark photoperiod. The embryo medium was
composed of 0.2 g L™" of Instant Ocean® salt in distilled water
with 0.01% methylene blue.

The authors declare that all procedures performed in studies
involving live subjects were in accordance with the ethical
standards of the institutional and national research committee
and with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards. Authors also state that
all the zebrafish studies performed were approved by the
Institutional Animal Care and Use Committee (IAUC) of Nanj-
ing Tech University.

Embryo toxicity experiments

The normal embryos were selected and placed in 48-well plates.
Each well contained 10 embryos. The embryos were exposed to
control, 50 mg L™ TC, CC, OC or NA group at 28.5 °C. The control
group contained anodic liquid without TC. The 50 mg L' TC
group contained anodic liquid and 50 mg L~ " TC. For the accu-
racy of the experiment, each group was carried out in three
replicates. At 72 hours post fertilization (hpf), the development
of zebrafish embryos was monitored with a dissecting micro-
scope (Nikon, SMZ745T). The measured data mainly included
heart rate, hatching rate, survival rate, length of body and
malformations. The heart rate was measured by counting the
heart beating every 60 seconds under a dissecting microscope
(Nikon, SMZ745T). The size of hydatoncus was measured with
Photoshop CS5 (Adobe Systems, USA) for calculation of the
pixels of the hydatoncus area. Dead zebrafish embryo was dis-
carded every 12 h.
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Isolation and identification of bacterial strains

For the isolation and purification of the TC-degrading micro-
organisms, an agar medium consisting of 0.3 g L™ " beef extract,
1 gL " peptone, 1.5 g L of sodium chloride and 2% (w/v) agar
was prepared. The enriched sample was obtained from the
biofilm on the anode surfaces in MFC under the 50 mg L' TC.
The anode-associated biofilms were acquired by scraping the
electrodes vigorously with a sterile razor blade. Then, 100 pL of
liquid samples were streaked on the fresh agar medium with
50 mg L' TC. Single colonies were picked up and then trans-
ferred to the fresh agar medium. Bacterial genomic DNA was
extracted, according to Jiang et al. reported.* For bacterial 16S
rRNA gene, PCR reaction was carried out and the primers were
27F and 1492R. The products were sequenced by GENEWIZ
(Suzhou, China). Sequencing results were compared with data
in the NCBI database (http://ncbi.nlm.nih.gov/BLAST) by
BLAST.

DNA extraction for 16S rDNA illumina sequencing, and
microbial community structure analysis

The microbial community in the biofilm was analyzed by using
bacterial 16S rDNA sequence analysis on an Illumina platform.
Anodic biofilm samples were collected from MFC at the end of
the experiment. Genomic DNA was extracted using the Power-
Soil® DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad,
CA, USA), according to the manufacturer's protocol. DNA
quality was assessed, at the ratios of 260/280 nm, using a Nano
Drop ND-2000 Spectrophotometer (NanoDrop Technologies
Inc., Wilmington, USA), and a highly pure genomic DNA
(A260/A280 = 1.8) was used, only, for Illumina high-throughput
sequencing by GENEWIZ (Suzhou, China). Richness and
biodiversity indices were obtained via the Mothur software
package. Similar sequences were clustered into operational
taxonomic units (OTUs), on the basis of 3% dissimilarity. Based
on these clusters, rarefaction curves, OTUs, Chaol richness
estimations, Shannon diversity indexes and Good's coverages
were generated, in MOTHUR version 1.30.0, for each sample
(http://www.mothur.org/wiki/Main Page), at a cutoff of 0.03,
through the random selection of the minimum sequences of all
our samples. The BLAST reports, of taxonomic classification,
down to the phylum, class, order, family and genus levels were
performed, using Mothur, based on the sequences from the
Ribosomal Database Project (RDP), with a bootstrap cutoff of
50%. An OTU table was generated and a heatmap, showing
relative  abundances, created by HemlI 1.0
(http://hemi.biocuckoo.org/index.php).**

was

Results and discussion
Voltage production

The experiment was divided into three stages. At stage I (start-
up phase), the anode in the MFC was colonized using
a glucose solution (1000 mg L™'). The MFC generated an initial
circuit voltage of 150 mV when 1000 mg L™' glucose was
immediately introduced (Fig. 1a). When the voltage decreased
below 50 mV, the substrate was replaced and a second cycle was
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Fig.1 (A) Voltage generation of MFC in start-up phase; (B) polarization
curve and power density curves in the last cycle of start-up phase.
Black line represents the voltage, and the blue line represents the
power density.

initiated, the maximum voltage of 483 mV was obtained. In the
third cycle, the maximum voltage was 606 mV, and the voltage
reached a relatively stable level (600 mV) in the fourth cycle, the
MFC generated the maximum power density of 251.14 mW m >
at a current density of 578.7 mA m™2 (Fig. 1b). It indicated that
the exoelectrogenic biofilm was formatted and the start-up of
MFC had been completed.

At stage II (gradient acclimation), glucose-TC mixtures
were introduced into the MFC with TC concentration of
10-50 mg L~ " (Fig. 2). Voltages were obviously decreased when
glucose-TC mixtures were added into the MFC at first. The
initial voltage was 360 mV and continued to decline. The result
implied that TC might reduce the electrochemical activity of
bacteria on the anode in MFC. After 7 day acclimation, the
substrate was changed to 1 g L™* glucose with 20 mg L™ TC.
The voltage of MFC started to rise slowly and the maximum
voltage was 482 mV on the 14th day. Further, the maximum
voltage of MFC was 582 mV at stage C and 536 mV at stage D,
indicating that the microorganisms on the anode slowly
adapted to the TC environment. As the concentration of TC
further increased to 50 mg L', the voltage of MFC became
stable at stage E, and the duration of electricity production was
also prolonged. It demonstrated that microorganisms on the

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Voltage output of MFC using glucose—TC mixtures containing
glucose mixed with different concentrations of TC under an external
resistance of 1000 Q. (A) 1 g L™* glucose + 10 mg L™* TC; (B)1g Lt
glucose + 20 mg L™ TC; (C) 1 g Lt glucose + 30 mg L TC; (D) 1g L~?
glucose + 40mg L1 TC; (E) 1g Lt glucose + 50 mg L™ TC.(F) 0.5gL~?
glucose + 50 mg L™* TC; (G) 50 mg L~ TC; (stage Il) glucose-TC
mixtures were introduced into the MFC; (stage Ill) 50 mg L™ TC was
used as the sole substrate for the MFC.

anode can be acclimated and is suitable for generating elec-
tricity in the presence of TC. At stage F, the concentration of TC
remained 50 mg L™ " and the concentration of glucose decreased
to 500 mg L', the maximum voltage was 561 mV, which was
slightly less than the voltage at stage E. This also proved that the
microorganisms on the anode has adapted in the presence of
high TC concentrations, even in the case of reducing easily
degradable organics. At stage III, 50 mg L™ " TC was used as the
sole substrate for the MFC. After running two cycles in the
presence of 50 mg L™ TC, the voltage of MFC rapidly decreased
and the maximum voltage was respectively 157 + 2 mvV, the
generated voltage indicated that TC can be used as sole
substrate to generate electricity by microorganisms on the
anode.
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Fig. 3 TC concentration of influent solution and effluent solutions
from stages A to F.
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Degradation of TC

The change in TC concentration at stage II is shown in Fig. 3.
During the acclimation stage, the concentration of TC reduced
from 10 mg L™" to 1.9 mg L' at stage A. When the initial TC
concentration was 20 mg L, the effluent concentration of TC
was 4.0 mg L', As the TC concentration further increased to
40 mg L™, the removal rates of TC in both cycles was similar
and nearly reached to 80%. When the TC was 50 mg L' at
stages E and F, the effluent concentrations of TC was 9.9 mg L™~ *
and 10.7 mg L', respectively. This result showed that the
removal of TC cannot be affected along with the glucose
reduction, as the biofilm on anode adapted with the presence of
the TC in gradient acclimation.

As was shown in Fig. 4a, the removal efficiency in the CC
group was the highest. Approximately 53% of TC was removed
in CC group within 12 h. After 3 days, the removal efficiency of
TC in CC group was more than 70%. After 7 days running, TC
concentration was only 10.5 mg L', and the removal efficiency
of TC reached up to 79.1%. For the OC group, 39.9% of TC
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Fig. 4 (A) Removal efficiency of TC (B) kinetics curve of TC degra-
dation in the CC, OC and NA groups when 50 mg L™* TC was fed as
sole substrate.
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concentration was removed within 12 h, and the removal effi-
ciency of TC in the MFC was nearly constant in the subsequent
days, and the final removal efficiency of TC was 47.5% within 7
days. On the contrary, no significant change was observed in the
TC concentration of the NA group. Only 6.4% TC was removed
within 12 h, and the removal efficiency of TC in the NA reactors
was 14.9% within 7 days. This phenomenon may also empha-
size the importance of gradient acclimation in the process of TC
removal by MFC.

To investigate the TC degradation capability among different
groups, a degradation kinetics model was established within
12 h. The substrate biodegradation was described with the
following first-order kinetic model:

In(Co/C) =k x t (1)

where C is the concentration of TC, mg L™"; C, is the initial
concentration, mg L™%; k is the biodegradation kinetic
constant, h™%; and ¢ is the time, h. Fig. 4b shows the results of the
linear curve fit of degradation over time was demonstrated, which
focused on the biodegradation kinetics of TC. kcc was
the highest (0.060 h™*, R* = 0.99), followed by koc (0.042 h™,
R* = 0.97), and then ky, (0.0046 h™", R* = 0.90). The k value
indicates that the degradation rate of TC in MFC with closed
circuit is the fastest. The TC degradation rate in the CC group
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was 1.42 times than that of the OC group, and 13 times than
that of the NA group.

Among all three groups, the CC group showed the highest TC
removal rate, followed by OC and NA, which showed the lowest
removal rate. It might be attributed to the enhanced phenol by
MFC. Under the closed circuit, the current generated by the
oxidation of TC on the anode was able to be transferred to the
terminal electron acceptor oxygen through the external circuit,
thereby completing the redox reaction and accelerating the
degradation rate of TC. Although no current was present in the
OC and NA groups, the final removal efficiency of TC for the OC
group was 47.5%, and that for NA group was 14.9%. This huge
difference might be mainly attributed to the differences
between microbial activities with acclimation and those
without. Notably, the removal rates can be distinguished as two
different stages in all three groups. The first stage might be
defined within 12 h, while the remaining time during the entire
process might be defined as stage two. In all three groups, the
removal rate of TC at stage one was higher than that at stage
two. At the first stage, the high removal rate might be attributed
to the combined effects of both absorption and degradation on
this TC removal process by MFC. However, at the second stage,
the adsorption sites on the biofilm might have been gradually
occupied, and the effect of electrode as a continuous long-term
electronic acceptor might have been the main factor.
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T
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(a) The photos of zebrafish embryos with exposure to different treatment group; (b) measurement of hydatoncus area value in different
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Zebrafish embryos toxicity assessment

Zebrafish is a model vertebrate that has high homology with the
human genome. Thus, it is an excellent model organism in
various biomedical fields, especially for toxicity assessment,
developmental biology*> and drug screening.®® Besides,
compared with the traditional model animals such as mouse,
zebrafish is lower in cost and has shorter cycle time and lower
compound requirements.** Although TC can be effectively
degraded by MFC, the toxicity of the degradation products is
unknown. The degradation products might be more toxic than
the parent compounds during antibiotics degradation. There-
fore, the toxicity of the effluent in each group was evaluated by
zebrafish.

The hatching of the embryos seemed to display the different
hydatoncus status in the different treatment groups among all
the toxicity tests (Fig. 5). The size of hydatoncus in the embryo
under 50 mg L™ " tetracycline was the highest, followed by those
in the NA and OC group. The CC and control groups had the
smaller size of hydatoncus. The area of hydatoncus in the
control group was similar to that of the CC group, which were
2.1 and 2.2 (x10” pixels), respectively. However, compared with
the control and CC groups, the NA, OC, and 50 mg L™ groups

View Article Online
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had larger yolk sac edema areas at 3.0, 3.1, and 3.7 (x 10* pixels),
respectively. The intuitionistic images results showed that the
effluent did not cause any malformation after the MFC treat-
ment. Further, some other important parameters of zebrafish
were determined. Hatching rate is an important indicator for
toxicity. As shown in Fig. 6a, the hatching rate of the CC group
was the highest (100%) similar to the control, followed by the
OC (95.8%) and NA (93.3%), which was slightly higher than the
50 mg L™" TC. The results showed that the effluent in the CC
group had no effect on the hatching rate of zebrafish.

Survival rate is considered to be an important event within
the course of embryogenesis and thus is a key endpoint for the
embryo toxicity test. As shown in Fig. 6b, only 33.3% of the
zebrafish survived in 50 mg L™ " TC. However, the survival rate of
embryos treated by the CC, OC and NA groups were 96.7%,
73.3% and 43.3%, respectively. The effluent in the CC group
showed no effect on the survival of zebrafish embryos in
contrast to that of the control (96.7%).

The heart rate of zebrafish embryos reveals cardiovascular
toxicity. Fig. 6C showed that the heart rates of the zebrafish
embryos were exposed to the different treatment groups at 72
hpf. The normal heartbeat of the control group was 151 times
per minute. However, the heartbeats of the other groups were
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Fig. 6 Toxicity assessment of different treatment groups. (A) Hatching

rate, (B) survival rate, (C) heart rate and (D) body length of zebrafish
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the same as those of the control in all cases. TC had no obvious
effect on the heart rate at all test conditions.

Body length is a significant indicator of zebrafish embryo
growth (Fig. 6d). In the control group, the body length of healthy
zebrafish embryo in the control group was 4.53 mm at 72 hpf.
The body length of zebrafish embryos exposed to CC, OC, NA
and 50 mg L' TC were 4.39 mm, 4.51 mm, 4.45 mm and 4.43
mm. This phenomenon indicated that TC could shorten the
body length of zebrafish, especially in the 50 mg L™ group.
However, compared with the OC and NA groups, the CC group
had a better effect on the recovery of the body length of
zebrafish.

The survival rate of the zebrafish seemed to display the most
sensitivity to the TC with different treatment groups among the
toxicity test parameters. The differences among the effects of
these treatment groups attributed to some malformations
caused by TC during embryogenesis. According to our zebrafish
toxicity assessments, the CC group showed less toxicity than the
other groups. The result showed that TC was effectively
degraded by MFC with closed circuit and the resulting degra-
dation  products showed nontoxicity on zebrafish
embryogenesis.

Bacterial community composition

As shown in Fig. 7a, the dominant phyla in the bacterial
communities on anode was Proteobacteria, accounting for
62.4% of the total bacteria sequence, followed by the Firmicutes
(26.1%) in the microbial community. Bacteroidetes was also
detected, in the biofilm on anode with an abundance of
approximately 8.1%. Additionally, the bacterial communities
were also identified at genus level (Fig. 7b). The highest relative-
abundance group in the microbial community of the inoculum
was Achromobacter, with an abundance of 14.9%, followed by
Burkholderia-Paraburkholderia (12.3%) and Alcaligenes (9.4%),
Geobacter (5.01%), Stenotrophomonas (4.4%) and Enterobacter
(4%). Achromobacter, which belongs to Proteobacteria, was re-
ported to have the capability to degrade aromatic compounds,
such as benzene, toluene, ethylbenzene and xylene.***® Bur-
kholderiales, was reported to use organic carbon as an electron
donor and to be capable of denitrification®” and production of
nitrogen gas for the maintenance of anaerobic environment in
an anode region. Alcaligenes,®® and Geobacter,* which belongs
to Proteobacteria, is an electrochemically active bacterium,
responsible for electron transfer via an electrode. Steno-
trophomonas is an acid-producing bacterium*® that can ferment
carbohydrates to produce organic acid. Enterobacter has
a certain drug-resistance,* and further research was found that
Enterobacter from drinking and recreational water sources
exhibited varying antibiotic sensitivity.** Correspondingly, one
Enterobacter strain was isolated with TC as the sole carbon
substrate from the anode at the end of our experiment
(Fig. S1t). The results demonstrated that the Enterobacter in
bacterial communities was most likely responsible for the
biodegradation of TC in our MFC anodic region. In summary,
the removal of TC might be the synergistic action of fermenta-
tive bacteria, acid-producing bacteria and electrogenic bacteria
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Fig.7 Atthe end of the experiment, (A) relative abundance of bacterial
phyla communities (B) genus communities in anode after MFC treat-
ment TC.

on the anode. Given the limited understanding of the function
of each strain in bacterial communities of TC removal in MFC
system, future research should be focus on the understanding
of the synergistic TC degradation mechanism of bacterial
communities on the anode.

Conclusion

TC can be rapidly degraded in MFC reactors and the degrada-
tion rate of TC with different concentrations was basically stable
at 80%. The removal efficiency for TC by MFC with closed circuit
was higher than that of MFC with opened circuit, and the
traditional anaerobic method showed the lowest removal effi-
ciency for TC. The results emphasized the importance of elec-
tron transport and the necessity of domestication for TC
biodegradation. Zebrafish experiments illustrated that the
effluent after MFC treatment was biocompatible and the
degradation products showed no toxicity on zebrafish embryo-
genesis. This work confirmed that anaerobic biodegradation of
TC by MFCs is a cost-effective and environmentally friendly
method.
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