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Abstract: Microbial fuel cells (MFCs) could achieve the removal of antibiotics and generate power in
the meantime, a process in which the bacterial community structure played a key role. Previous work
has mainly focused on microbes in the anode, while their role in the cathode was seldomly mentioned.
Thus, this study explored the bacterial community of both electrodes in MFCs under sulfadiazine
(SDZ) pressure. The results showed that the addition of SDZ had a limited effect on the electrochemi-
cal performance, and the maximum output voltage was kept at 0.55 V. As the most abundant phylum,
Proteobacteria played an important role in both the anode and cathode. Among them, Geobacter
(40.30%) worked for power generation, while Xanthobacter (11.11%), Bradyrhizobium (9.04%), and
Achromobacter (7.30%) functioned in SDZ removal. Actinobacteria mainly clustered in the cathode,
in which Microbacterium (9.85%) was responsible for SDZ removal. Bacteroidetes, associated with
the degradation of SDZ, showed no significant difference between the anode and cathode. Cathodic
and part of anodic bacteria could remove SDZ efficiently in MFCs through synergistic interactions
and produce metabolites for exoelectrogenic bacteria. The potential hosts of antibiotic resistance
genes (ARGs) presented mainly at the anode, while cathodic bacteria might be responsible for ARGs
reduction. This work elucidated the role of microorganisms and their synergistic interaction in MFCs
and provided a reference to generate power and remove antibiotics using MFCs.

Keywords: air-cathode microbial fuel cell; sulfadiazine; anodic bacteria; cathodic bacteria; synergistic
interaction

1. Introduction

The misuse and overuse of antibiotics has not only caused environmental pollution, but
it has also stimulated the selection of antibiotic resistance genes (ARGs) [1]. Hence, exploring
economical and effective treatments to eliminate these pollutants has become a hot topic.

A microbial fuel cell (MFC) is regarded as a promising alternative treatment to realize
waste resource utilization as well as the removal of antibiotics [2,3]. It includes anodic reac-
tions with complex organic compounds as electron donors and cathodic reactions with O2,
nitrate and nitrite as electron acceptors [2,3]. The mechanism of MFC to remove antibiotics
is the combined effect of anaerobic biodegradation and electrical stimulation. Persistent
electrical stimulation stimulates the microbial metabolism by transmitting electrons to
bacterial cells, and stimulated microorganisms rapidly metabolize antibiotics by secreting
enzymes [4]. Antibiotics, including sulfadiazine (SDZ), sulfamethoxazole (SMX), Tetra-
cycline (TC), Oxytetracycline (OTC), and Chloramphenicol (CAP), could be removed in
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two dual chamber MFCs [4–6], and the voltage output was virtually not affected. Different
from two dual chamber MFCs, single-chamber MFCs (mainly air-cathode MFCs) could
directly use O2 in the air as an electron acceptor without the cathode chamber, so they
could increase the mass transfer effective and reduced cost, and O2 diffusion from air to
the cathode would help the removal of nitrogen without aeration. Therefore, air-cathode
MFCs also showed excellent performance in removing antibiotics [4,7,8].

Bacterial community structure played a key role during the power output and con-
taminant removal in MFCs. Therefore, it is necessary to understand the microbial status
in the MFCs to clarify the relationship between power generation and pollutant removal.
Previous research revealed that the dominant phylum in MFCs were Proteobacteria, Bac-
teroidetes, Firmicutes, and Actinobacteria. The bacteria affiliated with these phyla were
classified into two groups (degradation related and exoelectrogenic) [9]. The mechanisms
of electroactive microorganisms have been summarized in several recent reviews [10–12].
These cases of research mainly focused on anodic bacteria, but the growth of bacteria in the
cathode is inevitable for air-cathode MFCs, which was an important factor reducing the
electrochemical performance [13,14]. Conversely, cathode-biofilm also could prevent the
diffusion of O2 in the cathode side to the anode chamber to increase the power generation
of MFCs [15]. Therefore, the role of cathodic bacteria is controversial. There is limited
literature on cathodic bacteria of air-cathode MFCs. To gain insight into anodic and cathodic
communities, Daghio et al. firstly operated a single chamber MFC to investigate microbial
communities. It was found that degradation-related bacteria were enriched in the cath-
ode, but electricigens or closely related microbes were clustered in the anode to attribute
chlorinated herbicide removal or power generation in soil MFCs [16,17]. Yuan et al. found
that the COD/N of wastewater would affect the bacteria, both in the anode and cathode of
MFCs [18]. The distribution trend of nitrifiers and denitrifiers in cathodes varied with the
cathode-biofilm depth. These studies demonstrated that the cathode played an important
role in power generation and contaminants removal in air-cathode MFCs; however, the
research on the degradation of antibiotics in wastewater by MFCs mostly focused on anode
biofilm, and the function of cathodic bacteria was seldom mentioned. Therefore, it is
necessary to clarify the roles of both the anode and cathode in power generation, antibiotic
degradation, and ARG propagation.

This work investigated the efficacy of air-cathode MFCs in wastewater treatment,
with SDZ as the representative antibiotic. SDZ is reported to be one of the most common
sulfonamides and is used frequently in veterinary medicine [19]. The electrochemical and
physicochemical performance of MFCs under SDZ pressure was studied. Especially, the
structures and interactions between anodic and cathodic microorganisms were mainly
analyzed. Finally, the occurrence of ARGs and integrons in the anode and the cathode
are discussed. The study will elucidate the role of microorganisms in both electrodes and
provide reference for the further application of air-cathode MFCs in pollution control and
power generation.

2. Materials and Methods
2.1. Chemicals and Reagents

Analytical reagent sulfadiazine was purchased from Biotopped Science & Technology
Co., Ltd. (Shanghai, China). A graphite fiber brush and carbon cloth were acquired from
Cetech CO., Ltd. (Suzhou, China). The catalyst (20% Pt/C) was obtained from Johnson
Matthey Co., Ltd. (Shanghai, China). The concentration of stock solution for sulfadiazine
was 5 g/L and preserved in a 4 ◦C refrigerator for further use. Other chemicals were
purchased from Sinopharm chemical regent Co., Ltd. (Shanghai, China).

2.2. MFC Start-Up and Operation

The MFC reactors were constructed with a fiber brush anode and carbon cloth cathode
(Supplementary Materials). They were inoculated with granule sludges collected from
a wastewater plant in Shangdong, China. The composition of the anolyte is shown in
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Table S1. The external resistance was fixed at 1000 Ω, and titanium wire (Φ 1 mm) was
used as wires connected to the carbon cloth. The reactors were stabilized for two weeks in
a biochemical incubator at 35 ◦C. The medium was changed every 48 h during acclimation;
After that, the reactors were operated with the sequencing batch, and the medium was
changed every 24 h. The whole experiment was carried out at ambient temperature in
the dark. The reactors were designed MFCs and open-circuit control with three replicates
of each. A total of 40 mg/L of SDZ was added in each reactor after the output voltage
reached stabilization.

2.3. Analytical Methods
2.3.1. Determination of Physicochemical Parameters and SDZ

Because there were many suspended solids in the MFCs effluent, it was easy to cause
deviation due to uneven sampling. The samples were filtrated by a 0.45-µm filter (Tianjin
jinteng experimental equipment Co., Ltd., Tianjin, China) and detected. The concentrations
of chemical oxygen demand (COD), ammonium-nitrogen (NH4

+-N), and total dissolved
nitrogen (TDN) were analyzed according to the standard method (See Supplementary
Materials). The pH and conductivity were measured with a pH-meter and conductivity
gauge. The concentration of SDZ was detected by high-performance liquid chromatogra-
phy (Ultimate 3000, Thermofisher, Waltham, MA, USA) after filtering by a syringe filter
(0.22 µm), The samples were collected by an automatic sampling device and injected into
C18 liquid chromatography (0.46 × 25 cm, 5 µm, Thermofisher, Waltham, MA, USA).
During the elution of the mobile phase, a UV detector was used for analysis and detection
at 270 nm. The mobile phase comprised acetonitrile/3‰ acetic acid (v/v = 25/75), the flow
rate was 1 mL/min, and the injection volume was 20 µL.

2.3.2. Electrochemical Measurement

The external voltages were collected using a data acquisition board (PISO-813, ICP
DAS Co., Ltd., Shanghai, China) via online monitoring and recording every 30 min. The
power density was normalized by the projected surface area of one side of the cathode.
A standard three-electrode system was employed for electrochemical tests. The anode was
the working electrode, while the cathode was the counter electrode, and Ag/AgCl was used
as the reference electrode. Cyclic voltammetry (CV) was carried out on the electrochemical
workstation (CHI660E, CH Instrument Ins.) by sweeping the cell potential from −0.8 V to
+0.6 V at a rate of 5 mV/s. Electrochemical impedance spectroscopy (EIS) measurements
were conducted at the open circuit voltage (OCV) of the MFCs with the amplitude set to
5 mV and using a frequency range of 100 kHz–0.1 Hz, with the anode chamber filled with a
fresh anolyte (Table S1).

2.3.3. DNA Extraction and qPCR of ARGs

The samples were collected from the MFCs anode and cathode biofilms in triplicate.
The shape of the carbon brush and carbon cloth were different, and for the convenience
of the comparison, weight was used for quantification (1/4 of carbon brush and 1/6 of
carbon cloth was used for DNA extraction). DNA extraction and real-time quantitative
PCR (qPCR) were performed according to methods used in a previous study [20]. DNA
samples were stored at −20 ◦C until use. Each qPCR was repeated three times. The genes
of 16S rRNA, intI1, intI2, sul1, sul2, sul3, and sulA were tested, and the primers were set in
Table S2.

2.3.4. Bacterial Community Analysis

High throughput sequencing was performed at Beijing Allwegene Technology Co.
Ltd., Beijing, China. See Supplementary Materials for details.



Int. J. Environ. Res. Public Health 2022, 19, 6253 4 of 14

2.3.5. Data Analysis

The basic statistical calculations and analysis were performed using SPSS 23.0 (IBM,
Chicago, IL, USA) and Origin 9.1 (Origin Lab, San Diego, CA, USA). p < 0.05 was considered
statistically significant. The changes of the bacterial community at the phylum-level
made use of Circos-0.67–7 software (http://circos.ca/, accessed on 8 March 2021), and
the networks were performed using Networkx software (http://networkx.github.io/,
accessed on 20 August 2021) (p < 0.05), according to the relative contents of each genu
after classification.

3. Results and Discussion
3.1. Performance of Air-Cathode MFCs under Sulfadiazine Pressure

The removal ratio of COD, NH4
+-N, and TDN was 86.55%, 45.15%, and 45.64% in the

MFCs, respectively, and it was 83.46%, 9.56%, and 11.27% in the open circuit treatment,
respectively (Figure 1a). The degradation of SDZ was gradually accelerated with the
process (Figure 1b). Twelve cycles later, over 50% of SDZ could be removed within a
cycle, which suggests that the microbes in the MFCs gradually acquired the ability for
SDZ degradation. Compared with the open circuit, MFCs reduced the increase of pH and
conductivity (Figure S2) to keep a suitable environment for microorganisms to degrade
pollutants, even under SDZ pressure. In air-cathode MFCs, oxygen diffused from the air
into the biofilm from the cathode, which played a role in nitrification and mono-oxygenation
reactions for the removal of SDZ [21,22]. Compared with other research (13.39–80%) [6,23],
our experiment was conducted in the dark, which might have caused a relatively low
removal ratio of SDZ (58.72%).

Int. J. Environ. Res. Public Health 2022, 19, x  4  of  16 
 

 

2.3.4. Bacterial Community Analysis 

High throughput sequencing was performed at Beijing Allwegene Technology Co. 

Ltd., Beijing, China. See Supplementary Materials for details. 

2.3.5. Data Analysis 

The basic statistical calculations and analysis were performed using SPSS 23.0 (IBM, 

Chicago, IL, USA) and Origin 9.1 (Origin Lab, San Diego, CA, USA). p < 0.05 was consid‐

ered statistically significant. The changes of the bacterial community at the phylum‐level 

made use of Circos‐0.67–7 software (http://circos.ca/, accessed on 8 March 2021.), and the 

networks were performed using Networkx software (http://networkx.github.io/, accessed 

on 20 August 2021) (p < 0.05), according to the relative contents of each genu after classi‐

fication. 

3. Results and Discussion 

3.1. Performance of Air‐Cathode MFCs under Sulfadiazine Pressure 

The removal ratio of COD, NH4+‐N, and TDN was 86.55%, 45.15%, and 45.64% in the 

MFCs, respectively, and it was 83.46%, 9.56%, and 11.27% in the open circuit treatment, 

respectively (Figure 1a). The degradation of SDZ was gradually accelerated with the pro‐

cess (Figure 1b). Twelve cycles later, over 50% of SDZ could be removed within a cycle, 

which suggests that the microbes in the MFCs gradually acquired the ability for SDZ deg‐

radation. Compared with the open circuit, MFCs reduced the increase of pH and conduc‐

tivity (Figure S2) to keep a suitable environment for microorganisms to degrade pollu‐

tants, even under SDZ pressure. In air‐cathode MFCs, oxygen diffused from the air into 

the biofilm from the cathode, which played a role in nitrification and mono‐oxygenation 

reactions for the removal of SDZ [21,22]. Compared with other research (13.39–80%) [6,23], 

our experiment was conducted in the dark, which might have caused a relatively low re‐

moval ratio of SDZ (58.72%).   

 

Figure 1. Performance of the air‐cathode system: (a) Contents of COD, NH4+‐N, and DTN in MFCs; 

(b) Removal rate of SDZ; (c) Output voltage; (d) CV curves. 
Figure 1. Performance of the air-cathode system: (a) Contents of COD, NH4

+-N, and DTN in MFCs;
(b) Removal rate of SDZ; (c) Output voltage; (d) CV curves.

The maximum output voltage was 0.55 V (Figure 1c), and the addition of SDZ had
no drastic effect on the output voltage of MFCs. Previous studies have demonstrated
that the output of MFCs would be enhanced rather than be inhibited under antibiotic
pressure [7,8,24]. An obvious peak was at −0.4 V vs. Ag/AgCl in CV curves (Figure 1d),
which was close to the formal potential of outer membrane cytochromes of G. sulfurreducens

http://circos.ca/
http://networkx.github.io/
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(−0.398 V vs. Ag/AgCl) [25]. It was consistent with a previous study that concluded
that some antibiotics could increase the permeability of exoelectrogens membranes and
then facilitate the direct electron transfer [7]. In addition, the maximum output power
(Figure S3a) and Nyquist plots (Figure S3b) demonstrate that the addition of SDZ showed
little influence on the electrochemical activity of MFCs.

3.2. Bacterial Community Shift in the Anode and Cathode under Sulfadiazine Pressure

The goods coverage of all tested samples was 99%, which indicated that the sizes of
all libraries were enough to cover the bacterial communities. As shown in Figure 2, the bac-
terial community showed a lower Chao1 index and a higher Shannon index in the cathode
compared with that of the anode. This indicated that although the bacteria community in
the cathode was not rich, it had a higher diversity. The principal coordinate analysis (PCoA)
based on UniFrac distances showed that the sample had a good reproducibility (Figure S4a).
The distance between samples further validated the difference of the bacterial community
structures between the anode and cathode. The unique species also sharply reduced in the
anode and cathode (Figure S4b), which will be discussed in detail below. These indicated
that the bacteria in the inocula were selectively enriched in the anode and cathode.
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Firmicutes, Ignavibacteriae, Chloroflexi, Lentisphaerae, and Euryarchaeota were
mainly enriched in the anode, while Actinobacteria mainly clustered in the cathode; Pro-
teobacteria and Bacteroidetes existed both in the anode and cathode (Figure 3). Among
these phyla, Proteobacteria, Bacteroidetes, and Actinobacteria were three dominant phyla
with the relative abundance of 88.6% (anode) and 97.1% (cathode), respectively. The func-
tion of these bacteria determined their selective enrichment in the anode and cathode,
which will be discussed in more detail at follow-up.

Proteobacteria was most abundant in the anode (70.7%) and cathode (62.6%). The dif-
ference was further explicated at the class-level (Figure 4a). The most abundant class in
anodic community was Deltaproteobacteria (40.91%), for which almost all the detected
sequences belonged to the genus Geobacter (Figure 4b). Geobacter was the dominant genus in
the MFCs anode, with the relative abundance of 40.3% as Gram-negative and electroactive
bacteria [26,27]. Geobacter is strictly anaerobic and could adapt to the low surface potentials
of the anode [26,27]; therefore, they mainly colonized in the anode and were responsible for
power generation by using acetate. Xanthobacter (11.11%, p < 0.01), Bradyrhizobium (9.04%,
p < 0.01), and Mesorhizobium (2.68%, p < 0.001) affiliated with Alphaproteobacteria were
enriched in the cathode (Figure 4b). Xanthobacter was dominant in the microbial electrolysis
cells (MECs) but was scarcely reported in MFCs. They accumulated in the cathodic commu-
nity in this experiment, possibly due to the fact that Xanthobacter thrives in micro-oxygen
environments [18], as well as that they could degrade the aromatic structure of SDZ in the
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cathode [28]. Similarly, Bradyrhizobium could degrade antibiotics via co-metabolism with
acetate [29]. Mesorhizobium is an aerobic bacterium using oxygen as the terminal electron
acceptor to respire. The possible role of Mesorhizobium was to remove acetate and SDZ
degradation products because it could metabolize amino salts, nitrates, and various amino
acids using various carbohydrates and organic acid as the carbon source [30]. Azospirillum
(1.88%, p < 0.01) affiliated with Alphaproteobacteria was enriched in the anode, which
have been reported to be resistant to antibiotics using a wide range of carbon sources [31].
It was reported that Bradyrhizobium, Mesorhizobium, and Azospirillum could produce extra-
cellular polysaccharides, which supported their metabolism [30,31]. Achromobacter (7.30%,
p < 0.001) and Castellaniella (2.24%, p < 0.01) affiliated with Betaproteobacteria were en-
riched in the cathode (Figure 4b). Achromobacter was able to degrade sulfonamides [32], and
Castellaniella could degrade pyrene under denitrifying conditions [33], so they clustered in
the cathode to degrade the aromatic structure of SDZ. Azospira (5.45%, p < 0.01) affiliated
with Betaproteobacteria was enriched in the anode as denitrification organisms, which
could denitrify under anaerobic conditions and could use the electrode as the electron
acceptor [34]. They colonized in the anode for denitrification and power generation. Hy-
drogenophaga, an autotrophic H2-oxidizing bacteria, could utilize hydrogen as the energy
source [35]. Comamonas as facultative anaerobic microorganisms have been isolated from
MFCs, which contributed to the power generation with acetate as the electron donor [36].
They belong to Betaproteobacteria, with lower abundance in the anode and the cathode
(Hydrogenophaga (0.49% vs. 2.28%, p = 0.114) and Comamonas (0.78% vs. 0.05%, p = 0.403)).
Pseudomonas (4.58%, p < 0.01), which belong to Gammaproteobacteria, were enriched in the
anode (Figure 4b). As electroactive bacteria, Pseudomonas were also able to degrade sulfon-
amides, which were the dominant bacterial genus in the anodic chamber of MFCs [37], so
they accumulated in the anode for SDZ removal and power generation. Stenotrophomonas
(1.59% vs. 2.68%, p = 0.186) and Dokdonella (1.20% vs. 2.18%, p < 0.01) affiliated with
Gammaproteobacteria were enriched in both the anode and cathode. Stenotrophomonas is
able to degrade many xenobiotic aromatic compounds [38]. Dokdonella is usually found
in the aerobic biological systems to remove nitrogen and degrade aromatic hydrocarbons
simultaneously [39], so they colonized both the anode and cathode, possibly for the degra-
dation of SDZ.
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Actinobacteria were widely used in water treatment field, as they can use glucose,
starch, and cellulose as carbon sources [40]. The abundance of Actinobacteria in the cath-
ode (19.68%) was higher than that in the anode (7.65%, p < 0.01) (Figure 4a), due to the
anaerobic condition that inhibited Actinobacteria [41]. Microbacterium (9.85%, p < 0.05) and
Pseudoclavibacter (2.78%, p < 0.001), which belong to Actinobacteria, clustered in the cathode
(Figure 4c). Microbacterium is an important degradation-related microorganism, which
showed a higher degradation rate for sulfonamides, especially for SDZ [42]; therefore, it
was most likely responsible for the degradation of SDZ in the cathode. Pseudoclavibacter
is a Gram-positive and aerobic genus; although this genus has not been reported in the
wastewater treatment field, it was reported to be responsible for the biodesulfurization
of organic sulfur [43]; therefore, they might cluster in the cathode, helping the removal
of sulfur in SDZ. Rhodococcus (2.69% vs. 1.99%), Mycobacterium (1.03% vs. 0.43%), and
Gordonia (1.56% vs. 3.69%, p < 0.01) affiliated with Actinobacteria existed both in the anode
and the cathode (Figure 4c). Rhodococcus degraded SDZ and regulated biofilm thickness
in both the anode and cathode, for they could degrade various aromatic compounds via
a ring-cleavage pathway under anaerobic conditions [44]. They could also improve MFC
performance via controlling the biofilm thickness on the anode surface [45]. Mycobacterium
and Gordonia were beneficial to degrade SDZ, for they could degrade polycyclic aromatic
hydrocarbons (PAHs) into phthalate, CO2, and other chemicals by decarboxylation, dioxy-
genation, hydrolysis, and ring-cleavage reactions [6,46]. Gordonia is an aerobic bacterial
genus, but it was found in the anode in previous studies [46,47], which is possibly due to
less attention being paid to microorganisms in the cathode of MFCs.

Bacteroidetes were enriched both in the anode (10.28%) and cathode (14.86%) without
a significant difference between each other. Proteiniphilum (2.02%, p < 0.05) and Petrimonas
(1.83%, p < 0.05) affiliated with Bacteroidetes mainly accumulated in the anode (Figure 4c),
possibly because they are typical fermenters. Proteiniphilum and Petrimonas could de-
grade complex substrates, such as PAHs, to simple organic compounds by syntrophic
metabolism [48,49], which indicates that they could degrade the product of SDZ in anode.
There was no significant difference for the relative abundance of Chryseobacterium between
the anode (1.27%) and the cathode (1.17%) (Figure 4c). Considering their ability to degrade
aromatic compounds [50], they might degrade SDZ in both electrodes.

Generally, Proteobacteria played an important role both in the anode and cathode,
without a significant difference as the predominant phylum: Deltaproteobacteria mainly
accumulated in the anode, represented by the genus of Geobacter; it was responsible for
power generation. Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria
colonized both the anode and cathode and were associated with the degradation of SDZ;
Actinobacteria mainly clustered in the cathode, which were responsible for the removal
of SDZ; Bacteroidetes showed no significant difference between the anode and cathode,
and they were associated with the degradation of SDZ. The nature (aerobic/anaerobic) and
function of bacterial genera decided their distribution in the anode and cathode.

3.3. Potential Bacterial Roles in SDZ Degradation

The microorganisms in air-cathode MFCs can be functionally categorized into the
following two groups: exoelectrogenic bacteria (Geobacter, Pseudomonas, Azospira, and
Comamonas) and degradation-related bacteria (Xanthobacter, Bradyrhizobium, Achromobacter,
Azospirillum, Microbacterium, Pseudoclavibacter, Mycobacterium, Castellaniella, Dokdonella,
Rhodococcus, Mycobacterium, Gordonia, Proteiniphilum, Petrimonas, and Chryseobacterium).
Based on the variation of bacterial communities in the biofilms, the ecological model of SDZ
biodegradation in air-cathode MFCs was proposed (Figure 5a). Substrates (acetate and SDZ)
diffused into the biofilm both in the anode and cathode, while oxygen diffused from the
cathode side. In the anodic biofilms, Geobacter was mainly responsible for power generation
by the metabolizing acetate, and SDZ degradation products were further oxidized by
fermentation bacteria (e.g., Proteiniphilun and Petrimonas) or Gordonia to low molecular
organics. Nitrification bacteria used the O2 from cathode. The oxygen-utilizing of cathodic
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bacteria can create anoxic zones, offering a favorable zone for denitrifying bacteria and
exoelectrogenic bacteria. Almost all cathodic bacteria and part of anodic bacteria were
involved in nitrification and denitrification.
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Possible SDZ biodegradation pathway).

Based on published literature, the possible degradation pathway of SDZ is shown
in Figure 5b. Furthermore, the role of microorganisms in the degradation of SDZ and
their relationship in air-cathode MFCs was explained according to specific functions. It is
noteworthy that the initial electrophilic attack by oxygenases of aerobic bacteria is of-
ten a rate-limiting step and the first of a chain of reactions which is responsible for the
biodegradation of many organic compounds [52]. This might be the main reason why
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degradation bacteria were mostly distributed in the cathode. In the pathway I, SDZ ob-
tained electrons in the presence of O2 to form dihydroxyl SDZ (I- 1©). As mentioned in
Section 3.2, Mycobacterium might work in the process by deoxygenation. Moreover, Mi-
crobacterium was able to degrade SDZ into 2-aminopyrimidine, which was initiated by
NADH-dependent ipso-hydroxylation [53], corresponding to the S-N bond hydrolysis,
(I- 2©) or (II- 1©). The p-anilinesulfonic acid was further hydrolyzed to generate aniline and
sulfate (I- 3©), or N atoms were bio-consumed to form benzenesulfinic acid (II- 2©), then
leading to the formation of benzene and sulfate. During this process, Pseudoclavibacter
was responsible for biodesulfurization. The benzene and catechol can be decomposed
into acetate and pyruvate by Proteiniphilun, Petrimonas, Rhodococcus, and Castellaniella (I- 6©,
II- 4©). 2-amino-4,6-dihydro-pyrimidine contains more electron-donating functional groups,
which render the molecules more prone to electrophilic attack by oxygenases of aerobic
bacteria (mainly cathodic bacteria); then, it was decomposed into N2, formic acid, and
acetate by nitrifiers/denitrifiers (I- 7©, II- 6©) [52]. Finally, formic acid, acetate, and pyruvate
can be used by a Geobacter for power generation. The degradation of SDZ was the result
of the synergistic reaction of anodic and cathode bacteria in air-cathode MFCs. O2 was
harmful to power generation in MFCs, but it was conducive to remove contaminants.
Therefore, the role of O2 in air-cathode MFCs should be reconsidered.

All the reactions in air-cathode MFCs can be summarized as follows: (1) Exoelectro-
genic bacteria were responsible for power generation in the anode of air-cathode MFCs;
(2) The electrons provided by exoelectrogenic bacteria could increase the metabolic reaction
of degradation-related bacteria located in the anode and cathode; (3) Degradation-related
bacteria might contribute to the power generation by producing metabolites, which could
be used as electron donors by the electroactive bacteria. These functional bacteria could
effectively remove pollutants and generate power via complex synergistic interactions.

3.4. ARGs in the Anode and Cathode under Sulfadiazine Pressure

As shown in Figure 6a, 16S rRNA gene, intI1, intI2, sul1, and sul2 were detected in the
anode and cathode. This is consistent with previous work that showed that sul3 and sulA
were not detected in any samples [54]. The integrons, intI1 and intI2, are natural mobile
genetic elements that can capture, integrate, and express resistance gene cassettes with the
help of integrase genes. Integrase genes, being important players in ARG transfer, were
the driving force for bacterial evolution. Integrons have been reported to be involved in
the occurrence of new resistant and pathogenic species [8]. The resistance of bacteria to
sulfonamides are mutated of the enzyme dihydropteroate synthase (DHPS) or acquired
alternative DHPS gene, among which sul1 and sul2 belong to the latter [55]. The absolute
abundance of 16S rRNA gene, intI1, intI2, sul1, and sul2 in the anode was higher than that
of the cathode (Figure 6a), and a significant difference was observed between the anode
and cathode. Moreover, the relative abundance of these ARGs in the anode was also higher
than that in the cathode, except for sul2 (Figure 6b). The relative abundance of sul1 and sul2
ranged from 6.59 × 10−4 to 3.43 × 10−2, and sul2 > sul1 in the cathode. Similar to other
studies, the abundance of sul1 was usually lower than sul2 [56].

A network analysis was conducted in order to further explore the relationship of
the bacterial community, integrons, and ARGs in the air-cathode MFCs (Figure 6c). intI1
showed a positive correlation with Geobacter and presented a negative correlation with
Bradyrhizobium, Mesorhizobium, Achromobacter, and Hydrogenophaga. It indicated that Geobac-
ter might be the host bacteria of intI1, while the proliferation of others might be effective
to reduce intI1. Geobacter mainly clustered in the anode, and others were enriched in
the cathode, which explains why the abundance of intI1 in the anode was higher than
that in the cathode. The sul1 presented a positive correlation with Proteiniphilun, Petri-
monas, and Azospirillum and showed a negative correlation with Microbacterium, Dokdonella,
Stenotrophomonas, and Castellaniella. Proteiniphilun, Petrimonas, and Azospirillum were mainly
enriched in the anode, and Microbacterium and Castellaniella mainly clustered in the cathode.
Though Stenotrophomonas and Dokdonella were both enriched in anode and cathode, the
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abundance of these bacteria in the cathode was higher than that in the anode. All of
these were consistent with the abundance of sul1 in the anode being higher in the cathode.
The sul2 showed a positive correlation with Hydrogenophaga and a negative correlation with
Geobacter. In addition, the relative abundance of Geobacter in the anode was substantially
higher than the abundance of Hydrogenophaga in the cathode. This was consistent with the
relative abundance of sul2 being lower in the anode than that of the cathode. The results
showed that many anodic bacteria were potential hosts of the tested ARGs, while the
cathodic bacteria might play a role in the reduction of these ARGs. The findings were
consistent with previous research that aerobic conditions showed better removal capacities
of ARGs than anaerobic conditions [57].
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4. Conclusions

In summary, the addition of SDZ has a limited effect on the electrochemical perfor-
mance of air-cathode MFCs, with the maximum output voltage kept at 0.55 V. Anodic
bacteria were mainly responsible for power generation, and part of them could remove
contaminants. Cathodic bacteria were responsible for pollutants removal. The nature
(aerobic/anaerobic) and function of bacteria decided their distribution in the anode and
cathode. The electrons provided by exoelectrogenic bacteria could increase the metabolic
reaction of degradation-related bacteria, and degradation-related bacteria might contribute
to the power generation by producing secondary metabolites. They could remove SDZ
and generate power through synergistic interactions. The potential hosts of ARGs mainly
presented in anodic bacteria, while cathodic bacteria possibly played a role in ARG reduc-
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tion. Regardless, the spread risk of antibiotic resistance should be seriously concerned for
both electrodes.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijerph19106253/s1. Figure S1: Construction of the air-cathode
MFC reactor used in this study; Figure S2: The physicochemical performance of air-cathode MFCs:
(a) pH; (b) EC; Figure S3: The electrochemical performance of air-cathode MFCs: (a) power density
curves; (b) EIS polt; Figure S4. (a) PCoA on the similarity of bacterial communities in samples; (b)
Venn diagram for the unique/shared OTUs; Table S1: The ingredients of anolyte; Table S2: q-PCR
primers used in this study. References [54,58–61] are cited in the Supplementary Materials.

Author Contributions: Conceptualization, Z.Y. and H.L.; Data curation, Z.Y. and H.L.; Formal
analysis, Z.Y. and H.L.; Funding acquisition, H.L. and C.Z.; Investigation, Z.Y.; Methodology, Z.Y.
and T.S.; Project administration, H.L. and C.Z.; Resources, H.L. and C.Z.; Software, Z.Y., T.S., and
X.X.; Supervision, Z.Y.; Validation, Z.Y. and H.L.; Visualization, Z.Y.; Writing—original draft, Z.Y.;
Writing—review and editing, H.L., N.L., M.F.S., and H.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program,
grant number 2021YFC3201503; the Outstanding Agricultural Scientist Sponsorship Program (2021–
2026); the Top-Notch Young Talents Program of China; and the Agricultural Science and Technology
Innovation Program of China.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Qiao, M.; Ying, G.; Singer, A.C.; Zhu, Y. Review of antibiotic resistance in China and its environment. Environ. Int. 2018, 110,

160–172. [CrossRef]
2. Logan, B.E.; Hamekers, B.; Rozendal, R.; Schroder, U.; Keller, J.; Freguia, S.; Aelterman, P.; Verstraete, W.; Rabaey, K. Microbial

fuel cells: Methodology and technology. Environ. Sci. Technol. 2018, 40, 5181–5192. [CrossRef]
3. Wrighton, K.C.; Virdis, B.; Clauwaert, P.; Read, S.T.; Daly, R.A.; Boon, N.; Piceno, Y.; Andersen, G.L.; Coates, J.D.; Rabaey,

K. Bacterial community structure corresponds to performance during cathodic nitrate reduction. ISME J. 2010, 4, 1443–1455.
[CrossRef]

4. Yan, W.F.; Xiao, Y.; Yan, W.D.; Wang, S.H.; Zhao, F. The effect of bioelectrochemical systems on antibiotics removal and antibiotic
resistance genes: A review. Chem. Eng. J. 2019, 358, 1421–1437. [CrossRef]

5. Wang, L.; You, L.; Zhang, J.; Yang, T.; Zhang, W.; Zhang, Z.; Liu, P.; Wu, S.; Zhao, F.; Ma, J. Biodegradation of sulfadiazine in
microbial fuel cells: Reaction mechanism, biotoxicity removal and the correlation with reactor microbes. J. Hazard. Mater. 2018,
360, 402–411. [CrossRef]

6. Chen, J.; Hu, Y.; Huang, W.; Liu, Y.; Tang, M.; Zhang, L.; Sun, J. Biodegradation of oxytetracycline and electricity generation in
microbial fuel cell with in situ dual graphene modified bioelectrode. Bioresour. Technol. 2018, 270, 482–488. [CrossRef]

7. Wen, Q.; Kong, F.; Zheng, H.; Cao, D.; Ren, Y.; Yin, J. Electricity generation from synthetic penicillin wastewater in an air-cathode
single chamber microbial fuel cell. Chem. Eng. J. 2011, 168, 572–576. [CrossRef]

8. Xue, W.; Li, F.; Zhou, Q. Degradation mechanisms of sulfamethoxazole and its induction of bacterial community changes and
antibiotic resistance genes in a microbial fuel cell. Bioresour. Technol. 2019, 289, 121632. [CrossRef]

9. Song, X.; Jo, C.; Han, L.; Zhou, M. Recent advance in microbial fuel cell reactor configuration and coupling technologies for
removal of antibiotic pollutants. Curr. Opin. Electrochem. 2022, 31, 100833. [CrossRef]

10. Logan, B.E.; Rossi, R.; Ragab, A.; Saikaly, P.E. Electroactive microorganisms in bioelectrochemical systems. Nat. Rev. Microbiol.
2019, 17, 307–319. [CrossRef]

11. Lovley, D.R. Happy together: Microbial communities that hook up to swap electrons. ISME J. 2017, 11, 327–336. [CrossRef]
12. Light, S.H.; Su, L.; Rivera-Lugo, R.; Cornejo, J.A.; Louie, A.; Iavarone, A.T.; Ajo-Franklin, C.M.; Portnoy, D.A. A flavin-based

extracellular electron transfer mechanism in diverse gram-positive bacteria. Nature 2018, 562, 140–144. [CrossRef]
13. Liu, W.; Cheng, S.; Sun, D.; Huang, H.; Chen, J.; Cen, K. Inhibition of microbial growth on air cathodes of single chamber microbial

fuel cells by incorporating enrofloxacin into the catalyst layer. Biosens. Bioelectron. 2015, 72, 44–50. [CrossRef]
14. Yuan, Y.; Zhou, S.; Tang, J. In situ investigation of cathode and local biofilm microenvironments reveals important roles of OH-

and oxygen transport in microbial fuel cells. Environ. Sci. Technol. 2013, 47, 4911–4917. [CrossRef]

https://www.mdpi.com/article/10.3390/ijerph19106253/s1
https://www.mdpi.com/article/10.3390/ijerph19106253/s1
http://doi.org/10.1016/j.envint.2017.10.016
http://doi.org/10.1021/es0605016
http://doi.org/10.1038/ismej.2010.66
http://doi.org/10.1016/j.cej.2018.10.128
http://doi.org/10.1016/j.jhazmat.2018.08.021
http://doi.org/10.1016/j.biortech.2018.09.060
http://doi.org/10.1016/j.cej.2011.01.025
http://doi.org/10.1016/j.biortech.2019.121632
http://doi.org/10.1016/j.coelec.2021.100833
http://doi.org/10.1038/s41579-019-0173-x
http://doi.org/10.1038/ismej.2016.136
http://doi.org/10.1038/s41586-018-0498-z
http://doi.org/10.1016/j.bios.2015.04.082
http://doi.org/10.1021/es400045s


Int. J. Environ. Res. Public Health 2022, 19, 6253 13 of 14

15. Yang, S.; Jia, B.; Liu, H. Effects of the Pt loading side and cathode-biofilm on the performance of a membrane-less and single-
chamber microbial fuel cell. Bioresour. Technol. 2009, 100, 1197–1202. [CrossRef]

16. Daghio, M.; Gandolfi, I.; Bestetti, G.; Franzetti, A.; Guerrini, E.; Cristiani, P. Anodic and cathodic microbial communities in single
chamber microbial fuel cells. New Biotechnol. 2015, 32, 79–84. [CrossRef]

17. Li, Y.; Li, X.; Sun, Y.; Zhao, X.; Li, Y. Cathodic microbial community adaptation to the removal of chlorinated herbicide in soil
microbial fuel cells. Environ. Sci. Pollut. Res. 2018, 25, 16900–16912. [CrossRef]

18. Yuan, J.; Yuan, H.; Huang, S.; Liu, L.; Fu, F.; Zhang, Y.; Cheng, F.; Li, J. Comprehensive performance, bacterial community
structure of single-chamber microbial fuel cell affected by COD/N ratio and physiological stratifications in cathode biofilm.
Bioresour. Technol. 2021, 320, 124416. [CrossRef]

19. Baran, W.; Adamek, E.; Ziemianska, J.; Sobczak, A. Effects of the presence of sulfonamides in the environment and their influence
on human health. J. Hazard. Mater. 2011, 196, 1–15. [CrossRef]

20. Song, T.; Zhu, C.; Xue, S.; Li, B.; Ye, J.; Geng, B.; Li, L.; Fahad Sardar, M.; Li, N.; Feng, S.; et al. Comparative effects of different
antibiotics on antibiotic resistance during swine manure composting. Bioresour. Technol. 2020, 315, 123820. [CrossRef]

21. Park, Y.; Yu, J.; Nguyen, V.K.; Park, S.; Kim, J.; Lee, T. Understanding complete ammonium removal mechanism in single-chamber
microbial fuel cells based on microbial ecology. Sci. Total Environ. 2021, 764, 144231. [CrossRef]

22. Zhao, X.; Li, X.; Li, Y.; Sun, Y.; Zhang, X.; Weng, L.; Ren, T.; Li, Y. Shifting interactions among bacteria, fungi and archaea enhance
removal of antibiotics and antibiotic resistance genes in the soil bioelectrochemical remediation. Biotechnol. Biofuels 2019, 12, 8–15.
[CrossRef]

23. Cheng, D.; Ngo, H.H.; Guo, W.; Lee, D.; Duc Long, N.; Zhang, J.; Liang, S.; Varjani, S.; Wang, J. Performance of microbial fuel cell
for treating swine wastewater containing sulfonamide antibiotics. Bioresour. Technol. 2020, 311, 123588. [CrossRef]

24. Zhang, E.; Yu, Q.; Zhai, W.; Wang, F.; Scott, K. High tolerance of and removal of cefazolin sodium in single-chamber microbial
fuel cells operation. Bioresour. Technol. 2018, 249, 76–81. [CrossRef]

25. Bond, D.R.; Lovley, D.R. Electricity production by Geobacter sulfurreducens attached to electrodes. Appl. Environ. Microbiol. 2003,
69, 1548–1555. [CrossRef]

26. Holmes, D.E.; Dang, Y.; Walker, D.J.F.; Lovley, D.R. The electrically conductive pili of Geobacter species are a recently evolved
feature for extracellular electron transfer. Microb. Genom. 2016, 2, e000072. [CrossRef]

27. Ishii, S.; Suzuki, S.; Norden-Krichmar, T.M.; Phan, T.; Wanger, G.; Nealson, K.H.; Sekiguchi, Y.; Gorby, Y.A.; Bretschger, O.
Microbial population and functional dynamics associated with surface potential and carbon metabolism. ISME J. 2014, 8, 963–978.
[CrossRef]

28. Shen, R.; Liu, Z.; He, Y.; Zhang, Y.; Lu, J.; Zhu, Z.; Si, B.; Zhang, C.; Xing, X.-H. Microbial electrolysis cell to treat hydrothermal
liquefied wastewater from cornstalk and recover hydrogen: Degradation of organic compounds and characterization of microbial
community. Int. J. Hydrogen Energy. 2016, 41, 4132–4142. [CrossRef]

29. Nguyen, L.N.; Nghiem, L.D.; Oh, S. Aerobic biotransformation of the antibiotic ciprofloxacin by Bradyrhizobium sp. isolated
from activated sludge. Chemosphere 2018, 211, 600–607. [CrossRef]

30. Kumru, M.; Eren, H.; Catal, T.; Bermek, H.; Akarsubasi, A.T. Study of azo dye decolorization and determination of cathode
microorganism profile in air-cathode microbial fuel cells. Environ. Technol. 2012, 33, 2167–2175. [CrossRef]

31. Bashan, Y.; Holguin, G.; de-Bashan, L.E. Azospirillum-plant relationships: Physiological, molecular, agricultural, and environ-
mental advances (1997–2003). Can. J. Microbiol. 2004, 50, 521–577. [CrossRef]

32. Reis, P.J.; Reis, A.C.; Ricken, B.; Kolvenbach, B.A.; Manaia, C.M.; Corvini, P.F.; Nunes, O.C. Biodegradation of sulfamethoxazole
and other sulfonamides by achromobacter denitrificans PR1. J. Hazard. Mater. 2014, 280, 741–749. [CrossRef]

33. Deng, L.; Ren, Y.; Wei, C.; Wang, J. Biodegradation of pyrene by a novel strain of Castellaniella sp. under denitrifying condition. J.
Environ. Chem. Eng. 2021, 9, 104970. [CrossRef]

34. Borole, A.P.; Hamilton, C.Y.; Vishnivetskaya, T.; Leak, D.; Andras, C. Improving power production in acetate-fed microbial fuel
cells via enrichment of exoelectrogenic organisms in flow-through systems. Biochem. Eng. J. 2009, 48, 71–80. [CrossRef]

35. Huang, J.; Wang, Z.; Zhu, C.; Ma, J.; Zhang, X.; Wu, Z. Identification of microbial communities in open and closed circuit
bioelectrochemical MBRs by high-throughput 454 pyrosequencing. PLoS ONE 2014, 9, e93842. [CrossRef]

36. Xing, D.; Cheng, S.; Logan, B.E.; Regan, J.M. Isolation of the exoelectrogenic denitrifying bacterium Comamonas denitrificans
based on dilution to extinction. Appl. Microbiol. Biotechnol. 2010, 85, 1575–1587. [CrossRef]

37. Chen, J.; Xie, S. Overview of sulfonamide biodegradation and the relevant pathways and microorganisms. Sci. Total Environ.
2018, 640, 1465–1477. [CrossRef]

38. Ryan, R.P.; Monchy, S.; Cardinale, M.; Taghavi, S.; Crossman, L.; Avison, M.B.; Berg, G.; van der Lelie, D.; Dow, J.M. The versatility
and adaptation of bacteria from the genus Stenotrophomonas. Nat. Rev. Microbiol. 2009, 7, 514–525. [CrossRef]

39. Jiang, X.; Shen, J.; Xu, K.; Chen, D.; Mu, Y.; Sun, X.; Han, W.; Li, J.; Wang, L. Substantial enhancement of anaerobic pyridine
bio-mineralization by electrical stimulation. Water Res. 2018, 130, 291–299. [CrossRef]

40. Huerta, B.; Marti, E.; Gros, M.; Lopez, P.; Pompeo, M.; Armengol, J.; Barcelo, D.; Balcazar, J.L.; Rodriguez-Mozaz, S.; Marce, R.
Exploring the links between antibiotic occurrence, antibiotic resistance, and bacterial communities in water supply reservoirs. Sci.
Total Environ. 2013, 456–457, 161–170. [CrossRef]

http://doi.org/10.1016/j.biortech.2008.08.005
http://doi.org/10.1016/j.nbt.2014.09.005
http://doi.org/10.1007/s11356-018-1871-z
http://doi.org/10.1016/j.biortech.2020.124416
http://doi.org/10.1016/j.jhazmat.2011.08.082
http://doi.org/10.1016/j.biortech.2020.123820
http://doi.org/10.1016/j.scitotenv.2020.144231
http://doi.org/10.1186/s13068-019-1500-1
http://doi.org/10.1016/j.biortech.2020.123588
http://doi.org/10.1016/j.biortech.2017.10.005
http://doi.org/10.1128/AEM.69.3.1548-1555.2003
http://doi.org/10.1099/mgen.0.000072
http://doi.org/10.1038/ismej.2013.217
http://doi.org/10.1016/j.ijhydene.2016.01.032
http://doi.org/10.1016/j.chemosphere.2018.08.004
http://doi.org/10.1080/09593330.2012.660655
http://doi.org/10.1139/w04-035
http://doi.org/10.1016/j.jhazmat.2014.08.039
http://doi.org/10.1016/j.jece.2020.104970
http://doi.org/10.1016/j.bej.2009.08.008
http://doi.org/10.1371/journal.pone.0093842
http://doi.org/10.1007/s00253-009-2240-0
http://doi.org/10.1016/j.scitotenv.2018.06.016
http://doi.org/10.1038/nrmicro2163
http://doi.org/10.1016/j.watres.2017.12.005
http://doi.org/10.1016/j.scitotenv.2013.03.071


Int. J. Environ. Res. Public Health 2022, 19, 6253 14 of 14

41. Chen, J.; Yang, Y.; Liu, Y.; Tang, M.; Wang, R.; Tian, Y.; Jia, C. Bacterial community shift and antibiotics resistant genes analysis in
response to biodegradation of oxytetracycline in dual graphene modified bioelectrode microbial fuel cell. Bioresour. Technol. 2019,
276, 236–243. [CrossRef]

42. Tappe, W.; Hofmann, D.; Disko, U.; Koeppchen, S.; Kummer, S.; Vereecken, H. A novel isolated Terrabacter-like bacterium can
mineralize 2-aminopyrimidine, the principal metabolite of microbial sulfadiazine degradation. Biodegradation 2015, 26, 139–150.
[CrossRef]

43. Oyaert, M.; De Baere, T.; Breyne, J.; De Laere, E.; Marien, S.; Waets, P.; Laffut, W. First case of Pseudoclavibacter bifida bacteremia
in an immunocompromised host with chronic obstructive pulmonary disease (COPD). J. Clin. Microbiol. 2013, 51, 1973–1976.
[CrossRef]

44. Larkin, M.J.; Kulakov, L.A.; Allen, C.C. Biodegradation and rhodococcus—Masters of catabolic versatility. Curr. Opin. Biotechnol.
2005, 16, 282–290. [CrossRef]

45. Taskan, B.; Taskan, E. Inhibition of AHL-mediated quorum sensing to control biofilm thickness in microbial fuel cell by using
Rhodococcus sp. BH4. Chemosphere 2021, 285, 131538. [CrossRef]

46. Hamdan, H.Z.; Salam, D.A. Response of sediment microbial communities to crude oil contamination in marine sediment microbial
fuel cells under ferric iron stimulation. Environ. Pollut. 2020, 263, 114658. [CrossRef]

47. Arenskotter, M.; Broker, D.; Steinbuchel, A. Biology of the metabolically diverse genus Gordonia. Appl. Environ. Microbiol. 2004,
70, 3195–3204. [CrossRef]

48. Li, W.; Quan, X.; Chen, L.; Zheng, Y. Application of slow-release carbon sources embedded in polymer for stable and extended
power generation in microbial fuel cells. Chemosphere 2020, 244, 125515. [CrossRef]

49. Zhao, Z.; Zhang, Y. Application of ethanol-type fermentation in establishment of direct interspecies electron transfer: A practical
engineering case study. Renew. Energy 2019, 136, 846–855. [CrossRef]

50. Nishioka, T.; Elsharkawy, M.M.; Suga, H.; Kageyama, K.; Hyakumachi, M.; Shimizu, M. Development of culture medium for the
isolation of flavobacterium and chryseobacterium from rhizosphere soil. Microbes Environ. 2016, 31, 104–110. [CrossRef]

51. Pan, S.; Yan, N.; Liu, X.; Wang, W.; Zhang, Y.; Liu, R.; Rittmann, B.E. How UV photolysis accelerates the biodegradation and
mineralization of sulfadiazine (SD). Biodegradation 2014, 25, 911–921. [CrossRef]

52. Tadkaew, N.; Hai, F.I.; McDonald, J.A.; Khan, S.J.; Nghiem, L.D. Removal of trace organics by MBR treatment: The role of
molecular properties. Water Res. 2011, 45, 2439–2451. [CrossRef]

53. Tappe, W.; Herbst, M.; Hofmann, D.; Koeppchen, S.; Kummer, S.; Vereecken, H. Degradation of sulfadiazine by microbacterium
lacus strain sdzm4, isolated from lysimeters previously manured with slurry from sulfadiazine-medicated pigs. Appl. Environ.
Microb. 2013, 79, 2572–2577. [CrossRef]

54. Luo, Y.; Mao, D.; Ryse, M.; Zhou, Q.; Zhang, H.; Xu, L.; Alvarez, P.J.J. Trends in antibiotic resistance genes occurrence in the Haihe
river, China. Environ. Sci. Technol. 2010, 77, 7220–7225. [CrossRef]

55. Ji, X.; Shen, Q.; Liu, F.; Ma, J.; Xu, G.; Wang, Y.; Wu, M. Antibiotic resistance gene abundances associated with antibiotics and
heavy metals in animal manures and agricultural soils adjacent to feedlots in Shanghai; China. J. Hazard. Mater. 2012, 235–236,
178–185. [CrossRef]

56. Liu, L.; Liu, Y.; Wang, Z.; Liu, C.; Huang, X.; Zhu, G. Behavior of tetracycline and sulfamethazine with corresponding resistance
genes from swine wastewater in pilot-scale constructed wetlands. J. Hazard. Mater. 2014, 278, 304–310. [CrossRef]

57. Su, Y.; Wang, J.; Xia, H.; Xie, B.; Li, X. Anaerobic/aerobic conditions determine antibiotic resistance genes removal patterns from
leachate by affecting bacteria taxa-genes co-occurrence modules. Chemosphere 2019, 223, 28–38. [CrossRef]

58. Feng, Y.; Yang, Q.; Wang, X.; Logan, B.E. Treatment of carbon fiber brush anodes for improving power generation in air–cathode
microbial fuel cells. J. Power Sources. 2010, 195, 1841–1844. [CrossRef]

59. Liu, H.; Logan, B.E. Electricity generation using an air-cathode single chamber microbial fuel cell in the presence and absence of a
proton exchange membrane. Environ. Sci. Technol. 2004, 38, 4040–4046. [CrossRef]

60. Lovley, D.R.; Phillips, E. Novel mode of microbial energy metabolism: Organic carbon oxidation coupled to dissimilatory
reduction of iron or manganese. Appl. Environ. Microb. 1988, 54, 1472–1480. [CrossRef]

61. Pei, R.; Kim, S.C.; Carlson, K.H.; Pruden, A. Effect of river landscape on the sediment concentrations of antibiotics and
corresponding antibiotic resistance genes (ARG). Water. Res. 2006, 40, 2427–2435. [CrossRef]

http://doi.org/10.1016/j.biortech.2019.01.006
http://doi.org/10.1007/s10532-015-9722-9
http://doi.org/10.1128/JCM.00138-13
http://doi.org/10.1016/j.copbio.2005.04.007
http://doi.org/10.1016/j.chemosphere.2021.131538
http://doi.org/10.1016/j.envpol.2020.114658
http://doi.org/10.1128/AEM.70.6.3195-3204.2004
http://doi.org/10.1016/j.chemosphere.2019.125515
http://doi.org/10.1016/j.renene.2019.01.055
http://doi.org/10.1264/jsme2.ME15144
http://doi.org/10.1007/s10532-014-9711-4
http://doi.org/10.1016/j.watres.2011.01.023
http://doi.org/10.1128/AEM.03636-12
http://doi.org/10.1021/es100233w
http://doi.org/10.1016/j.jhazmat.2012.07.040
http://doi.org/10.1016/j.jhazmat.2014.06.015
http://doi.org/10.1016/j.chemosphere.2019.02.007
http://doi.org/10.1016/j.jpowsour.2009.10.030
http://doi.org/10.1021/es0499344
http://doi.org/10.1128/aem.54.6.1472-1480.1988
http://doi.org/10.1016/j.watres.2006.04.017

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	MFC Start-Up and Operation 
	Analytical Methods 
	Determination of Physicochemical Parameters and SDZ 
	Electrochemical Measurement 
	DNA Extraction and qPCR of ARGs 
	Bacterial Community Analysis 
	Data Analysis 


	Results and Discussion 
	Performance of Air-Cathode MFCs under Sulfadiazine Pressure 
	Bacterial Community Shift in the Anode and Cathode under Sulfadiazine Pressure 
	Potential Bacterial Roles in SDZ Degradation 
	ARGs in the Anode and Cathode under Sulfadiazine Pressure 

	Conclusions 
	References

