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The wide presence of antibiotics in the environment has raised concerns about their potential impact on
ecological and human health. This study was conducted to evaluate the degradation of antibiotics
(chlortetracycline (CTC) and oxytetracycline (OTC)) in microbial fuel cells (MFCs) and the change of toxicity.
The degradation rates of 60 mg L=t CTC and OTC in the MFCs were 74.2% and 78%, respectively, within 7
days. The degradation ability of the two antibiotics followed the order of OTC > CTC. Toxicity test results
of the zebrafish illustrated the toxicity of OTC and CTC was largely eliminated by MFC treatment.
Furthermore, possible degradation pathways of CTC and OTC were speculated using LC-MS analysis.
High-throughput sequencing analysis indicated that Petrimonas, Azospirillum, Dokdonella, Burkholderia
and Stenotrophomonas were the predominant genera in the MFC anode biofilm. Therefore, this work is of
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Introduction

The development of human society is facing many challenges,
especially environmental issues, which deserve particular
attention. Water, solid-waste, and antibiotic pollution restricts
our sustainable development.® Chinese antibiotics production
had reached 162 000 tons in 2013, and more than 50 000 tons of
antibiotics had been discharged into water and soil environ-
ment.> Tetracyclines, such as tetracycline (TC), chlortetracycline
(CTC), and oxytetracycline (OTC), are the most commonly used
antibiotics. TCs are often used in the breeding of livestock and
poultry because of their low cost and high efficiency.** However,
these antibiotics can harm people, animals, and plants in
varying degrees.>® TCs could not be completely absorbed by
a living organism, and the absorption rate is only approximately
30%.7* TCs have a stable structure and can easily form insoluble
refractory complex.’

Several common treatment methods of TCs are advanced
oxidation, activated carbon adsorption, and microbial degrada-
tion."* The mechanism of chemical oxidation of TCs was the
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great significance for future studies on the treatment of antibiotics in wastewater by MFCs.

reaction of ozone with hydroxides in water, a process which
releases free radicals to degrade TCs. Andreozzi et al™® used
11 mg L' of ozone to degrade OTC, which was completely
degraded after 20 min. However, chemical oxidation presents
evident disadvantages, such as high energy consumption,
nonselective oxidation of free radicals, and production of toxic
by-products.** Meanwhile, activated carbon adsorption removes
contaminants from the aqueous environment using the many
adsorption sites in porous materials. However, antibiotics are
difficult to remove completely using this process. In 2009, Nol-
wenn et al.®® studied the degradation of CTC and OTC using
microorganisms. They found that microorganisms did not
degrade CTC and OTC very well, but the antibiotics were well
adsorbed by the microorganisms. Moreover, high concentrations
of antibiotics killed the microorganisms. Consequently, the
microbial removal rate of TCs was low. Therefore, a new efficient
and inexpensive method is urgently needed to degrade TCs.
The microbial fuel cell (MFC) is a new organic pollutant
treatment by combining microorganisms with electrochemical
systems."® The MFC can convert energy and produce electricity

Table 1 Concentrations of the glucose—oxytetracycline (OTC)
mixtures and glucose—chlortetracycline (CTC) mixtures in the micro-
bial fuel cell (MFC) during acclimation stage

Acclimation stage A B C D E F G H
Glucose (mg Lfl) 1000 1000 1000 1000 1000 500 0 0
OTC (mg L™ 10 20 30 40 50 60 60 60
CTC (mg L) 10 20 30 40 50 60 60 60
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Table 2 Gradient elution program for the analysis of OTC and CTC

Elution time

(min) 0 2 21 7 0 11 14 16
A (%) 92 8 75 78 65 65 60 92
B (%) 0 0 5 4 10 15 15 0
C (%) 8 18 20 18 25 20 25 8

Table 3 Gradient elution program for the analysis of OTC and CTC
degradation products in LC-MS

Time (min) A% B%
0.0 95 5
5.0 95 5
6.0 72 28
17.0 72 28
18.0 65 35
28.0 65 35
30.0 95 5
31.0 95 5

while degrading organic matter,"”*® such as easily degrad-
able'** and bio-refractory organics.*** Several studies have
recently focused on the degradation of TCs by MFC*** to
improve TC removal. However, the characterization and
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degradation mechanisms of the different kinds of TCs by MFC
remain unknown.

In this study, we inoculated anaerobic microorganisms in
the anode of an MFC. Then, the degradation rates of CTC and
OTC were studied, and the toxicity of the degradation products
after MFC treatment was analyzed. A possible degradation
pathway of CTC and OTC was proposed. Finally, the microbial
community activity was tested to reveal the relationship
between antibiotic degradation and microbial activity.

Materials and methods
MFC construction and operation

The dual-chamber MFC reactor separated by a proton exchange
membrane (Nafion117, Dupont Co., USA) consisted of plexiglas
material (net volume of 250 mL each). The anode and cathode
were made of graphite felt [50 mm x 50 mm x 5 mm (length x
width x thickness)]. The anolyte consisted of glucose medium
containing 1 g L™ " glucose, 11.53 g L™ Na,HPO,-12H,0, 2.77 g
L' NaH,PO,-2H,0, 0.31 g L" ' NH,Cl, and 0.13 g L' KCl. The
catholyte consisted of 2.77 g L™ NaH,PO,4-2H,0, 0.13 g L™*
KCl, 11.53 g L™" Na,HPO,-12H,0, and 13.2 g L' K;Fe(CN).
The anolyte and catholyte were added to the anode and cathode
chambers of the MFC, respectively, while the external load of
1000 Q was fixed between the cathode and the anode. The
temperature was maintained at 25 °C. The MFC experiments
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Fig.1 Power density (a and c) and polarization curve (b and d) in the microbial fuel cell (MFC) with different concentrations of chlortetracycline

(CTC) or oxytetracycline (OTC).
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were performed
condition.

The experiments were divided into three stages, namely,
startup, gradient acclimation, and removal stages. During the
startup stage, 245 mL of the anolyte and 5 mL of the anaerobic
activated sludge were added to the anode chamber of the MFC.
The anolyte was changed every 7 days for a total of four weeks,
and the voltage of the MFC was stabilized. During the gradient
acclimation stage, without any anaerobic activated sludge, the
anode chamber consisted of 250 mL of the anolyte and different
concentrations of OTC and CTC (Table 1). According to the
relevant literature®**® on other antibiotic removal as well as our
preliminary experiments, the 60 mg L~' OTC or CTC without
any glucose was used as sole substrate on the removal stage to
evaluate the biodegradation effect of OTC or CTC in the MFC.
The MFC reactors were operated in three groups, namely, closed
circuit (CC), open circuit (OC), and nondomestication cycle
(NC). The NC group did not undergo the gradient acclimation
stage. The main difference between the CC and OC modes was
whether a fixed external resistor was connected.

in duplicate under each experimental

Analyses

The concentrations of OTC and CTC were detected by high-
performance liquid chromatography (Agilent 1260, USA) with
UV detection at 275 nm. The OTC and CTC were separated by an
Agilent Eclipse Plus C18 column (4.6 x 100 mm, 3.5 um) at
a flow rate was 1.0 mL min~". The column was kept at 25 °C. The
measurements of the flow phase gradient, which contained with
0.03% oxalic acid solution (A), methanol solution (B), and
acetonitrile solution (C), are shown in Table 2. The OTC and
CTC degradation products were analyzed by liquid
chromatography-mass spectrometry (LC-MS; Agilent 1260, USA)
and electrospray ionization-quadrupole time-of-flight MS. The
source temperature was 350 °C, and the ion spray voltage was
3500 V. The nebulizer was set to 40 psig, and the flow of dry gas
was set to 10.0 L min~'. The samples were analyzed using
Eclipse XDB-C18 (4.6 x 150 mm, 5 pm). The mobile phase
consisted of A and B. Phase A represented 0.1% formic acid
solution, while phase B consisted of 40% methanol and 60%
acetonitrile. The flow rate was controlled at 1.0 mL min~*, and
the volume of injection was 30 pL. The flow phase gradients
used to obtain the measurements are shown in Table 3.

A precision multimeter with a data acquisition system
(Keithley 2700, USA) was used to collect the voltage at 10 min
intervals. The external resistor was changed from 5000 Q to 100
Q when the voltage output of the MFCs was steady. The 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 as P = IU.

Toxicity evaluation using the zebrafish

The toxicity of the effluent of the MFCs was evaluated using the
body length, hatching rate, survival rate, and heart rate of the
zebrafish. Wild-type zebrafish (Tubingen line) were obtained
from the Model Animal Research Center of Nanjing University.

This journal is © The Royal Society of Chemistry 2018
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The zebrafish were kept in a dedicated fish tank with the
temperature maintained at 28.5 °C, according to Li's report.>”
The embryos were obtained by mating the male and female
zebrafish in tanks, and the light-dark photoperiod was 14
h : 10 h. The embryos were washed by an embryo medium (0.2 g
L~! of Instant Ocean® salt in distilled water), while the mal-
formed embryos were discarded. 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 amendments 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 Nanjing Tech University.

The embryos were randomly placed in a 48-well plate at
a density of 10 embryos, and each well contained 500 pL of
medium. Zebrafish embryos were treated with 60 mg L™ " of OTC
and CTC, CC, OC, and NC after the MFC process. The control
group did not have any OTC and CTC, while the other groups
were treated with different concentrations of OTC or CTC or
degradation products of OTC or CTC. The dead embryos were
discarded during the whole experiment until 72 hpf to reduce
the impact of these embryos on the experiment. The body
length was measured from the anterior-most portion of the
head to the tip of the tail along the body axis. Heart rates (per 60
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Fig.2 Removal rate of total organic carbon in the MFC with CTC (a) or
OTC (b).
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Fig. 3 (a) Variation in the CTC concentration over time; (b) kinetics curve of CTC degradation in the closed circuit (CC), open circuit (OC), and

nondomestication cycle (NC) groups. (c) Variation in the OTC concentration over time; (d) kinetics curve of OTC degradation in the CC, OC, and

NC groups.

s) were monitored using a dissecting microscope (Nikon,
SMZ745T). The hatching and survival rates were recorded under
the dissecting microscope. Experiments for each group were
performed in triplicates to improve the accuracy of the
experiment.

Microbial diversity analysis

The microbial community composition of the anode biofilm in
the MFC was analyzed at the end of the experiment using
bacterial 16S rDNA sequence analysis on an Illumina platform.
The anodic biofilm was obtained using a sterile razor blade to
vigorously scrape the electrodes. The PowerSoil® DNA Isolation
Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA) was used

Table 4 The k values of the biodegradation kinetics of OTC and CTC

according to the manufacturer's instructions to extract the DNA
of the samples. DNA quality was measured using a Nano Drop
ND-2000 Spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, USA), and only the highly pure genomic DNA (A,60/
Aygo = 1.8) was used for Illumina high-throughput sequencing
by GENE DENONO (Guangzhou, China). Richness and biodi-
versity indices were received using the Mothur software
package. The operational taxonomic units were classified using
the 97% identity to the 16S rRNA gene sequence as a cutoff. The
reports of taxonomic classification were based on the sequences
from the Ribosomal Database Project, from the phylum to the
genus, with a bootstrap cutoff of 50%. Finally, the microbial
community map was created by the sequencing results.

Antibiotics 10mgL™" 20mg L™" 30mg L™’ 40mg L 50 mg L' 60mg L’ 60mg L™’ 60mg L'
Glucose 1gL? 1gL?! 1gL™? 1gL?! 1gL™? 1gL?! 05gL" NA

kere in closed circuit 0.036 0.035 0.046 0.038 0.043 0.043 0.042 0.053
kcrc in opened circuit  0.017 0.019 0.026 0.020 0.024 0.020 0.026 0.024
korc in closed circuit 0.032 0.033 0.045 0.049 0.049 0.051 0.054 0.058
korc in opened circuit  0.018 0.027 0.030 0.030 0.029 0.029 0.029 0.026
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Results and discussion
Electrochemical characteristics

The electrochemical characteristics of the MFC were evaluated
by measuring the power density when the MFC ran stably at
the gradient acclimation stage. The maximum power density
(Pmax) of MFC without CTC or OTC was 252 mW m ™ (Fig. 1).
When 10 mg L™ " CTC was added to the MFCs, the Py, reached
221.3 mW m™ > (Fig. 1a). Pp,a, Was significantly reduced during
the gradient acclimation stage with increasing CTC concen-
tration. Finally, the P, of MFC with 1 g of glucose and
60 mg L' CTC only reached 155.5 mW m™>. The trend of
internal resistance was estimated from the polarization curves
(Fig. 1b). When the CTC content increased in the MFCs, the
internal resistance of the MFCs evidently increased from 305.6
Q to 413.3 Q, and P, was reduced relatively. The same trend
was observed in the MFC with OTC. The highest Py, (195.36
mW m~?) and lowest resistance (212.0 Q) were recorded in the
MFC with 10 mg L™ OTC, followed by the MFC with 20-
50 mg L™ " OTC. By contrast, the MFCs with 60 mg L™ OTC
demonstrated the lowest Py (150.41 mW m™2) and yielded
higher internal resistance (383.6 Q) (Fig. 1c and d). The
experimental results might be due to the fact that the higher
concentration of CTC and OTC affected the activity of the
biofilm in MFC and thus influenced the generation of elec-
tricity by the MFC.*®
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Total organic carbon (TOC) removal

TOC usually represents the total amount of carbon in the
organic matter. TOC is an important index for assessing the
degradation of organic matter in water.” The TOC removal
efficiency of CTC is shown in Fig. 2a. The TOC removal effi-
ciency in the MFCs with CTC under the CC was basically above
69%. Compared with the CC, the MFCs with CTC under the OC
had lower TOC removal efficiency, with the highest value of not
more than 40%. The TOC removal efficiency of OTC with CC was
over 70% (Fig. 2b). Similarly, the removal rate of TOC in the
MFCs with OTC under OC was lower than in the MFC with CC,
with the former having the highest removal efficiency of only
39.7%. The total TOC removal efficiencies of the two antibiotics
were similar under CC or OC.

Degradation of OTC and CTC

The highest removal efficiencies of CTC and OTC were observed
in the CC group (Fig. 3a and c). Approximately 50.8% of CTC and
49.9% of OTC were degraded by the CC group within 0.5 day. The
final concentrations of CTC and OTC in the effluent were
15.5mg L "and 13.2 mg L, respectively, and the corresponding
removal efficiencies reached up to 74.2% and 78% within 7 days.
In Fig. 3a, only 19.2% and 3.4% removal rates were observed in
the OC and NC groups within 0.5 day, respectively, while the final
removal efficiencies of CTC in the OC and NA groups were 41.6%

80% 4 %
£ 6o%+ /
20% %
0% 4 %
_ 140 4 %
£~ %
g /
% 80 4 %
S 60- %
20 4 %

Coantrol cc ocC NC

60mg/L

Fig. 4 Toxicity assessment of the different treatment groups. (a) Survival rate, (b) hatching rate, (C) body length, and (d) heart rate and of

zebrafish.
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and 16.6%, respectively, within 7 days. Similarly, the removal
rates of OTC within 0.5 days and 7 days were lower in the OC and
NC groups than in the CC group. This phenomenon illustrated
the importance of the electron transfer and the gradient accli-
mation during the antibiotic removal by MFC.

A degradation kinetics model was established within 0.5
days to further determine the antibiotic degradation capability
among the different groups. Substrate biodegradation was
described with the following first-order kinetic model:

In(Cy/C) =k x ¢ 6))]
where C is the concentration (mg L") of CTC or OTC during the
experiment; C, is the initial concentration (mg L") of CTC or
OTC; k is the biodegradation kinetic constant (h™'); and ¢ is time
(h). The results of the linear curve fit of degradation over time are
shown in Fig. 3b and d. The corresponding k value was calcu-
lated. Table 4 shows that the k value increased slowly in the CC
groups containing glucose with increasing antibiotic concentra-
tion. After removing the glucose, the k value did not decrease but
increased, and the phenomenon also proved that the microor-
ganisms could adapt to this system in the CC groups even in the
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absence of glucose as the carbon source. Meanwhile, the k values
of the CC groups were higher than of the OC group at any stage,
while those of OTC were better than of CTC in the final stage of
the CC or OC reactor. Hence, the removal rate of OTC was
superior to CTC, probably because the structural formula of CTC
contained chlorine atoms, and this characteristic might have
affected the degradation activity of the microorganisms.**>*
The final stage of the CTC and OTC resulted in the highest k
values of 0.052 h™" and 0.058 h™", followed by koc crc (0.024
h™), kocorc (0.026 h™), kncorc (0.0029 h™), and kyc orc
(0.0022 h™"). The CTC degradation rate in the CC group was
18.3 times of that in the NC group, while the OTC degradation
rate in the CC group was 26.4 times of that in the NC group.
The NC group represented common biological treatment and
was studied as control group in our experiment, the degradation
rate was very slow. The OC group represented anodic biofilm effect
in MFC without external circuit connection. Although the OC
group was worse than the CC group, the degradation of antibiotics
in the OC group was better than in the NC group. This phenom-
enon emphasized the importance of domestication microorgan-
isms for the antibiotic removal in wastewater by biological
treatment. The CC group represented bioelectrochemistry effect in

Fragr to tag Collision Energy Ionization Mode
250 o EsSl
x10 6 |*ESI Scan (9.512-9.606 min. 7 Scans) Frag=250.0V 23.d I /l i ol i
] [ g l'/ ‘<;,@/ \[ﬁL"‘u"
3.5 461.9942 H\\ ).
34 A
2.5 < ) i
24 =
366.0126 '~
1.5] _ W/\<
1] F 479.012.°
0.54 a
196.9277 320.9577 | 594.9604
S0 100 150 200 250 300 350 400 450 S00 550 600 650 700
Counts vs. Mass-to-Charge (m/z)
Fragmentor Voltage Collision Energy Ionization Mode
250 o ESI
x10 6 +ESI Scan (9.168-9.231 min, S Scans) Frag=250.0Vv 23.d
1.754
1.5
1.254
14
0.754
0.51 425.0631 7
0.254 < 410.p168
5 212.0435 P 443.0521 gg5 3154
50 100 150 200 250 300 350 400 450 500 550 600 650 700
Counts vs. Mass-to-Charge (m/z)
F Collision Energy Ionization Mode
250 o ESI
x10 6 |*+*ESI| Scan (13.474-13.567 min. 7 Scans) Frag=250.0V 33.d ¢
1.54 OH
1.251
14
0.754
0.5+ G o
0.254
o |
50 100 150 200 250 300 350 400 450 500 550 600 650 700

Counts vs. Mass-to-Charge (m/z)

Fig. 5

28618 | RSC Adv., 2018, 8, 28613-28624

Mass spectrometry (MS) identification of CTC degradation products.
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MFC and exhibited better degradation rate than the OC group, due
to the generation of electrons caused by the oxidation of CTC and
OTC on the anode. These electrons transferred to the terminal
electron acceptor oxygen through the CC to complete the redox
reaction. The electrode as a continuous long-term electron
acceptor for anaerobic microorganism in the CC group, which
enhanced the degradation of organic matter under anaerobic
conditions. Therefore, the degradation of antibiotics was particu-
larly faster under the CC.**

Toxicity evaluation of zebrafish embryos

The zebrafish exhibited high genetic homology to mammals
and human.**** Thus, the zebrafish are often used to monitor
the water environment, especially for toxicity assessment,
developmental biology, and drug screening.®®* Although the
MFC with closed circuit could effectively degrade CTC and OTC,
the toxicity of the degradation products needs to be evaluated.
Therefore, the toxicity of the effluent after different treatments
was evaluated by zebrafish.

The survival rate reflects the degree of harm of antibiotics to
the zebrafish. Thus, this factor is a key indicator for evaluating
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the toxicity of the effluent. Only 43.3% of the zebrafish could
survive in 60 mg L™" OTC (Fig. 4a), and this value was higher
than that in 60 mg L™" CTC (40%). However, the survival rates
for embryos treated with OTC in the CC, OC, and NC group were
93.3%, 63.3%, and 46.7%, respectively. The survival rates of the
CC, OC, and NC groups treated with CTC were 93.3%, 55.0%,
and 46.7%, respectively. Compared with the control (without
OTC or CTC), the effluent in the CC group had weak effect on
the survival rate of the zebrafish.

The hatching of the embryos apparently displayed different
hydatoncus status in the different treatment groups among all
toxicity tests. The hatching rate of the CC group treated by CTC
or OTC was the same as the control (100%; Fig. 4b). The
hatching rates of the OC and NC groups in the OTC were 89.5%
and 78.3%, respectively, but these values were still higher than
that of 60 mg L' OTC (75.0%). Compared with the OTC, the
hatching rate of CTC was lower. The OC, NC, and 60 mg L™ " of
CTC were 86.6%, 73.3%, and 70%, respectively. The results
showed that the effluent in the CC group had no effect on the
hatching rate of the zebrafish. Meanwhile, the results showed
that CTC were more toxic to zebrafish than OTC.
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250 0 Esl
x10 6 [+ESI Scan (8.751-8.860 min, 8 Scans) Frag=250.0V 2.d
) Sy o N a
141 [ L a ;LY
1.24
1‘ Ny
0-8' 4 " ? H o 0 oM 0 0
0.6} OO » . 443.0274 461.0506
0.4 / ' < >
0.2‘ K on ™ o o
5 165.9888 362.1497 | 521.1506  626.0400
50 100 150 200 250 300 350 400 450 500 550 600 650 700
Counts vs. Mass-to-Charge (m/2)
Fragmentor Voltage Collision Energy Ionization Mode
250 0 ESl
x10 6 |+ESI Scan (9.208-9.271 min. 5 Scans) Frag=250.0V 1.d b
1.751
OH
1.51
1.254
1.
0.75; 9.9
0.5- T  ——
0.25- 114-0410
0 ] 227.1053 340.1725 453.2417 566.3122 L
50 100 150 200 250 300 350 400 450 500 550 600 650 700

Counts vs. Mass-to-Charge (m/z)

Fig. 6 MS identification of OTC degradation products.
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The body length (Fig. 4c) is an important indicator for the
healthy growth of the zebrafish embryo. In the control group of
the OTC, the body length of a healthy zebrafish embryo was
4.53 mm at 72 hpf, followed by the zebrafish in the CC (4.51
mm), OC (4.46 mm), NC (4.42 mm), and 60 mg L ™" group (4.38
mm) groups. Except for the CC group, other groups had
remarkable or less impact to the body length of zebrafish
embryo. The same phenomenon was observed in the CTC
groups. The body lengths of the zebrafish embryos exposed to
the control, CC, OC, NA, and 60 mg Lt groups were 4.53, 4.51,
4.45, 4.40, and 4.35 mm, respectively. The results indicated that
the two antibiotics shortened the body length of zebrafish
embryos, and CTC had a greater impact on body length of
zebrafish embryos than OTC.

The heart rate of the zebrafish embryos reflects the degree of
harm of the antibiotics to the cardiovascular system. The
normal heartbeat of the control group was 150 beats per min,
which was also the heart rates of the other groups. Thus, the
OTC and CTC had no obvious effect on the heart rate at any of
the test conditions.

Among all toxicity test parameters to the zebrafish embryos,
the survival rate apparently displayed the most sensitivity in the
experiments. The experimental results showed that the CC
group had the lowest toxicity to zebrafish embryos than the
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other groups and was also closest to the control group. Both
CTC and OTC had remarkable impact on the zebrafish embryos,
and CTC was more toxic than OTC. However, after the MFC
treatment with CC, OTC and CTC were remarkably degraded,
and the degradation products showed nearly no toxicity.

Possible degradation pathways of CTC and OTC

To fully understand the degradation of CTC and OTC by MFC,
the effluent samples were examined by LC-MS. The probable
metabolites of CTC (Fig. 5) and OTC (Fig. 6) were identified by
comparing their molar masses with previously reported
compounds, such as dechlorinated chlortetracycline and
dehydrated chlortetracycline.***°

The possible degradation pathways of CTC (Fig. 7) and OTC
(Fig. 8) were proposed according to the detected intermediate
products at different sampling points. In the MFC, the degra-
dation started directly from the bond breaking of a hydrogen
atom and a hydroxyl group, yielding the compound dehydrated
CTC (compound B), which was ionized with m/z 461. Subse-
quently, the compound of dechlorinated CTC (compound C)
was the result of the loss of chlorine atom from CTC. Further
oxidation of the dehydrated CTC and dechlorinated CTC led to
compound D. After the oxidation of the lateral groups, the
methyl of C6 position of compound D was broken to produce

OH OH o (e ]
oM
ooe‘ NH;
oM
I‘ /N \
oH o 4 o o

OH
NH
- — 5  COs HO
OH
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Fig. 7 Possible pathways for CTC degradation in the MFC.
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compound E, which was ionized with m/z 410. In addition,
product F (m/z 366) was also theoretically formed by loss of
-N(CH3;), group from the C4 position of compound E. Subse-
quently, the ring of the compound cracked and lost the -CONH,
group on the rightmost ring. Moreover, the double bond of the
ring was further oxidized to form 3-hydroxycyclohexanone
(compound G). Eventually, the 3-hydroxycyclohexanone was
converted to CO, and H,O with further hydroxyl radical attack.
Similar behavior was observed during the degradation of
chloramphenicol in bioelectrochemical systems.*’

The OTC degradation path was similar to the possible
degradation pathways of CTC. In Fig. 8, the initial degradation
started from the bond breaking of a hydrogen atom and
a hydroxyl group of the carbon, forming anhydro-
oxytetracycline (AOTC, compound I). According to a previous
study, under weak acidic conditions (pH 3-6.5), the AOTC was
quickly degraded to «-APOTC (compound J) or/and B-APOTC
(compound K).* The pH in the experiment was between 6.5 and
7. Therefore, further oxidation of the C12 position of AOTC led

G o

Fig. 8 Possible pathways for OTC degradation in the MFC.
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to the production a-APOTC or/and B-APOTC. However, AOTC, o-
APOTC, and B-APOTC were impossible to distinguish only by
LC-MS, because the three compounds had the same m/z values.
These compounds were further oxidized and allowed to
undergo ring-opening reactions to form 3-hydroxycyclohex-
anone (compound G). Then, further hydroxyl radicals attack
resulted in the formation of CO, and H,O. Therefore, the
degradation products showed nearly no toxicity in the zebrafish
toxicity test.

Bacterial community composition

The microbial communities of the biofilm in MFC reactors were
analyzed at the end of the experiment. Proteobacteria was the
most abundant phylum in all MFCs, followed by Firmicutes and
Bacteroidetes (Fig. 9a). The relative abundance of Bacteroidetes
in the CC of OTC (10.6%) was higher than those of the OC of
OTC (3.0%). Similarly, Bacteroidetes (10.1%) in the CC of CTC
was more than the Bacteroidetes (7.0%) in the OC of CTC.

OH

—» CO:2. H:0
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Stenotrophomonas (4.6%), Azospirillum (4.1%), and Pandor-
aea (4.1%) were the most abundant genera in the CC of OTC,
while Stenotrophomonas (17.2%), Burkholderia (11.9%), and
Pandoraea (2.1%) dominated in the OC of OTC (Fig. 9b). Sten-
otrophomonas was an acid-producing bacterium that can
ferment carbohydrates to produce organic acid,** while Bur-
kholderia was reported to use organic carbon to produce elec-
tron donor** and could denitrify and produce nitrogen gas to
maintain the anaerobic environment in an anode region. The
abundance of Azospirillum in the CC of OTC was more than that
in the OC of OTC. Azospirillum uses a wide range of carbon
sources, such as glucose, fructose, and ethanol, which had been
reported to be resistant to antibiotics** and fixed nitrogen.**

In addition, the CC of CTC was dominated by Petrimonas
(12.0%), Azospirillum (6.4%), and Dokdonella (4.2%) in the
relative abundance of genera, while the OC of CTC mainly
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Stenotrophomonas (4.5%). Similarly, the Azospirillum in the CC
of CTC was more than in the OC of CTC. These results implied
that antibiotic-resistant bacteria were more easily enriched
under the MFC in closed-circuit. Petrimonas was described as
a mesophilic, anaerobic, fermentative bacterium and observed
in UASB reactors and it could produce acetate, hydrogen, and
CO,.* In addition, Dokdonella was almost detected in all MFCs,
and its abundance in the CC of OTC (2.9%) or CTC (4.1%) was
more than that in OC of OTC (1.7%) or CTC (0.3%). This
bacterium is electrochemically active such that it is responsible
for the electron transfer via an electrode.*

OTC and CTC are very similar in structure, but the structural
formula of CTC contained chlorine atoms, different group
might be responsible for the difference in microbial commu-
nities of the anodic biofilm between OTC and CTC. The
microorganisms of anodic biofilm in the CC can be divided into

included Petrimonas (9.3%), Burkholderia (4.8%), and two functions groups: exoelectrogenic bacteria and antibiotics
a
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(a) Relative abundance of bacterial phylum communities and (b) genus communities in the anode after MFC treatment by OTC and CTC in
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degradation-related bacteria. In CC of CTC, exoelectrogenic
bacteria (Dokdonella) and CTC-degradation-related bacteria
(Petrimonas, Azospirillum and Stenotrophomonas) was synergistic
effect on CTC degradation. In CC of OTC, exoelectrogenic
bacteria was also Dokdonella and OTC-degradation-related
bacteria was Azospirillum and Stenotrophomonas. The highest
abundance of Petrimonas was existed in CTC. This is mainly due
to glucose as a co-substrate to help the microbial acclimatiza-
tion in the gradient acclimation stage, and Petrimonas was
capable to degrade glucose and provide electron donor (lactate,
acetate, and hydrogen) for dichlorination,*” and dechlorination
was an important step in CTC degradation process, thus a large
number of Petrimonas enrichment at the anode in MFC with
CTC. The benzene ring of dechlorinated CTC or OTC was
opened and broken down into small molecular organic acids by
Azospirillum and Stenotrophomonas. These small molecular
organic acids can be utilized by electrogenic bacteria for elec-
tricity generation and the oxidation rate of those was acceler-
ated in CC group, thus the abundance of Dokdonella in CC
group was higher than that in OC group. And the accelerated
removal rates of small molecular organic acids could increase
the metabolic reaction rates of antibiotics-degradation-related
bacteria, thus the degradation of antibiotics was fastest in the
MFC. In the OC group, electrons cannot be transferred quickly
through external circuits, the electrons were transferred slowly
to fix nitrogen and maintain anaerobic conditions by Bur-
kholderia. Therefore, enriching antibiotic-resistant electro-
chemically active bacterium under the MFC in CC is
advantageous to accelerate the removal of antibiotics.

Conclusion

CTC and OTC can be rapidly degraded in MFC under CC, and
the removal efficiency of CTC and OTC reached 74.2% and 78%
within 7 days. The degradation of CTC and OTC followed the
first-order kinetic model within 12 h. However, the removal rate
of OTC was superior to that of CTC. Meanwhile, the possible
degradation pathways for both antibiotics were analyzed. The
toxicity of the degradation products of CTC and OTC was eval-
uated using the zebrafish. Based on the electronic transmission
and biological domestication of MFC, the zebrafish assessment
showed the nontoxicity of the degradation products. Compared
with the traditional removal of antibiotics, the results proved
that MFC was an efficient and environment-friendly method for
removing CTC and OTC in wastewater.
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