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Abstract: Intensive livestock production relies heavily on sulfonamides, quinolones and Cu/Zn additives, creating potent co-selec-
tive pressures that accelerate the environmental spread of antibiotic-resistance genes (ARGs). This study examined the effects of
combined sulfamethoxazole (SMX), ciprofloxacin (CIP), and copper (Cu2+) in swine wastewater on microbial fuel cell (MFC) perfor-
mance and ARGs accumulation. Closed-circuit MFCs achieved 95.9% COD removal in pristine influent, 88-90% under antibiotic
stress and 81% when Cu2+ was present, while maintaining >99% removal of both SMX and CIP via adsorption and biodegrada-
tion. Although Cu?* reduced coulombic efficiency by ~30%, stable electricity generation persisted. Cu?+ co-stress doubled class 1
integron abundance and tripled sul, gnr, and cus gene copies relative to antibiotic-only conditions. Anodic polarization enriched
electroactive and Cu-tolerant taxa (e.g., Trichococcus and Rhodococcus) associated with ARGs, mobile genetic elements, and
metal-resistance genes. PICRUSt2 analysis indicated upregulation of DNA repair, metal efflux, and electron-transfer-related path-
ways, suggesting functional coupling between bioelectrochemical activity and resistance propagation. These findings demon-
strate that while MFCs efficiently remove organic matter and antibiotics, they can simultaneously intensify resistance-gene evolu-
tion through quantitative, host-associated and functional mechanisms, highlighting the urgent need for post-treatment barriers
or operational optimization to curb ARG dissemination from livestock-wastewater treatment systems.
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1. Introduction

The high-density farming environment provides favorable con-
ditions for the outbreak and spread of infectious diseases.
Heavy metal elements such as copper (Cu) and zinc (Zn), as
well as antibiotics like sulfonamides and quinolones, are
widely used in livestock farming [1,2]. These substances play a
crucial role in disease prevention and treatment, promoting ani-
mal growth, and improving feed utilization efficiency, making
them indispensable factors in modern animal husbandry [3-5].
However, due to the low utilization rates of antibiotics and
heavy metals in animals, less than 40% of the added amounts
actually participate in metabolic processes and exert their
intended effects [6,7]. The remaining portions are excreted in
their original forms or as metabolites through feces, urine, and
wastewater from cleaning pens, ultimately entering aquatic
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environments. As a result, livestock farming wastewater con-
tains not only nitrogen, phosphorus, and chemical oxygen
demand (COD) but also various pollutants such as heavy met-
als and antibiotics [8,9]. The concentration of SMX and CIP is
usually from pg/L to low mg/L, and the concentration of cop-
per (Cu%t) is usually from 0.1 to 5 mg/L, depending on the
actual farming conditions [10,11]. Their presence can select for
ARGs, and such selection pressure can be substantially intensi-
fied by co-existing heavy metals such as Cu?*[1,12]. The co-exis-
tence of antibiotics and heavy metals in wastewater can cre-
ate a complex selective environment that promotes the persis-
tence and dissemination of ARGs, often through the co-selec-
tion and mobilization of resistance determinants [13-15].
Microbial fuel cells (MFCs) have emerged as a promising
technology for simultaneous wastewater treatment and bioen-
ergy production [16-17]. Previous studies have shown that
MFCs can effectively degrade organic pollutants and remove
antibiotics from swine wastewater[16,18], with reported
removal efficiencies commonly exceeding 80-95% through
combined adsorption on anodic biofilms and biodegradation
byelectroactive microorganisms.Thesebioelectrochemical con-
ditions provide unique redox environments that can alter micro-
bial metabolism compared with conventional biological treat-

(EZR AL

Tsinghua University Press

3§

| Sci®pen


https://doi.org/10.26599/ECS.2026.9600008
https://doi.org/10.26599/ECS.2026.9600008
mailto:donglelecheng@gmail.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/

Environmental Chemistry and Safety doi: 10.26599/ECS.2026.9600008

ment processes [19]. However, the presence of antibiotics and
heavy metals in swine wastewater, poses significant chal-
lenges to the performance and stability of MFCs. These contami-
nants can induce the accumulation of ARGs [20-21], which
pose a threat to environmental and public health [22]. Accumu-
lating evidence suggests that ARG enrichment in MFCs may be
driven by multiple mechanisms, including sustained selective
pressure, stimulation of DNA repair and replication pathways,
and enhanced horizontal gene transfer mediated by mobile
genetic elements [23]. Most existing studies primarily report
changes in ARG abundance or community composition, while
quantitative comparisons of resistance amplification under sin-
gle versus combined antibiotic-metal stresses, as well as the
identification of specific resistance hosts, remain limited. More-
over, the extent to which bioelectrochemical processes cou-
ple microbial metabolic functions with resistance dissemina-
tion in MFCs is still poorly understood. Understanding these
interactions is crucial for developing effective strategies to miti-
gate ARG accumulation and enhance the stability and perfor-
mance of MFCs in treating contaminated wastewater.

Several strategies have been proposed to mitigate ARG
risks in bioelectrochemical systems, including post-treatment
disinfection, optimization of operational conditions to reduce
selective pressure, and integration with downstream treat-
ment barriers. Nevertheless, how combined antibiotic-metal
stress influences ARG dynamics and microbial functional poten-
tial within MFCs remains insufficiently characterized under real-
istic livestock-wastewater scenarios [24]. To address this knowl-
edge gap, a comprehensive study was conducted to investi-
gate the effects of SMX, CIP, and Cu2*+ co-existence in swine
wastewater on the accumulation of ARGs in MFCs. Two-cham-
ber MFC reactors were conducted using synthetic swine waste-
water spiked with different combinations of SMX, CIP, and
Cu?+.The performance of the MFCs in terms of electricity gener-
ation, COD removal, antibiotic degradation was evaluated,
together with a quantitative comparison of ARG and metal resis-
tance gene amplification under different stress scenarios. Addi-
tionally, the microbial community structure was analyzed
using 16S rRNA gene sequencing to identify specific taxa poten-
tially responsible for ARG and MRG propagation under bioelec-
trochemical conditions. The potential functional roles of the
microbial communities were further explored using PICRUSt2-
based functional prediction to elucidate the coupling
between electron transfer-related metabolism and resistance-
associated functions. This study aims to provide valuable
insights into the complex interactions between microbial com-
munities, electrochemical processes, and contaminant expo-
surein MFCs, and to highlight the potential of MFCs as a sustain-
able swine wastewater treatment technology under challeng-
ing environmental conditions.

2. Materials and methods

2.1. Construction and operation of the MFC reactors

The two-chamber MFC reactor was made of plexiglass glass.
The anode and cathode chamber has a working volume of 294
mL and separated by a proton exchange membrane (PEM)
with an effective area of 12.5 cm? (radius of 2 cm). The PEM
material was immersed in a 4% NaCl solution for 48 hours, dur-
ing which the solution was replaced three times for pretreat-
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ment to remove impurities and expand the membrane sur-
face. The anode was constructed using circular carbon felts
with a radius of 2 cm and a thickness of 3 mm, connected by
copper wire, while the cathode consisted of a carbon brush
with a radius of 2 cm and a length of 5 cm, connected by tita-
nium wire. The anode and cathode were then connected to an
external 1000 Q resistor and data acquisition system using cop-
per wires. The anode and cathode chambers were separated
by a proton exchange membrane (PEM) made of Nafion
(DuPont, USA) with a thickness of ~180 um. The inoculum of
anode chamber was 200 mL anaerobic sludge, which was
taken from anaerobic tank of Nibuwan sewage treatment
plant in Qingdao, Shandong Province. Synthetic swine waste-
water was used as the influent for the MFC, containing 3.28
g/L glucose, 2.28 g/L (NH,),SO,4 0.44 g/L KH,PO, 0.065 g/L
MgS0O,-7H,0, and trace metal ions such as Mo, Mn, Ca, Zn, and
Co. Additionally, the pH was adjusted to 7.1-7.2. At different
specific stages of MFC, the concentration of antibiotics is con-
trolled by directly adding AMX or CIP concentrate to the influ-
ent. A peristaltic pump continuously injected the wastewater
into the MFC at a constant flow rate of 0.05 mL/min. The MFC
reactor was operated at room temperature. Two groups of
MFC reactors named open-circuit group (MFC-K), and experi-
mental group (closed-circuit blank group (MFC-0) and closed-
circuit experimental group (MFC) were operated simultane-
ously. Among these reactors, MFC-K was run in an open cir-
cuit mode, while MFC-0 and MFC were run in a closed-circuit
mode.

After the MFC had stable electricity generation for two
weeks, the open-circuit group and experimental group were
subjected to experiments under the influent conditions speci-
fiedinTable S1.Continuous monitoring was conducted to main-
tain stable operation of the MFC under different conditions.
Oncethevoltage s stabilized, experimental dataand effluent sam-
ples were collected. At the end of each phase, the relative abun-
dance of ARGs was analyzed. Prior to each experiment, the accli-
mated inoculum was cycled three times to enrich microorgan-
isms on the cathode.

2.2. Analytical methods

After each change in experimental additions, the experimen-
tal data and effluent samples were collected after the MFC oper-
ating voltage had stabilized for 1 week, and three sets of each
water sample were taken in parallel for error comparisons. The
COD degradation rate was determined by Fast Digestion-Spec-
trophotometric method (HJ/T 399-2007). The water samples
werefiltered through a 0.22 umfilter membrane, and concentra-
tions of SMX and CIP were detected by high-performance lig-
uid chromatography (HPLC) (CTO-20A, SHIMADZU, Japan), the
ultraviolet detection wavelength is 257 nm and 278 nm. Antibi-
otic removal rate (%) is determined based on the concentra-
tion difference between the influent and effluent waters. All
experimental data are presented as mean + standard devia-
tion. Statistical differences between two groups were ana-
lyzed using Student’s t-test, while comparisons among multi-
ple groups were performed using one-way analysis of vari-
ance (ANOVA). Differences were considered statistically signifi-
cant at p < 0.05.

2.3. Electricity Generation Performance
The voltage data across the external resistor was recorded
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every 30 minutes using a data acquisition system (DAQM-
4202C, Zhouzheng). Coulombic efficiency (CE) is a crucial indica-
tor for measuring the efficiency of electron recovery at the
anode and can be used to characterize the conversion of
organic matter into electrons. The calculation formula is as fol-
lows:

8 i U,'t,'
i=0

CE = rFvAcoD

where U is the output voltage (V), R is the external resistance
(1000 Q), tis the operating time of the reactor per cycle (s), F is
the Faraday constant (96,485 C/mol), V is the effective volume
of the reactor (0.0003 m3), and ACOD is the amount of COD
removed (mg/L).

2.4. DNA extraction and qPCR measurement

At the end of each experimental phase, anode sludge samples
were uniformly collected from each reactor. All samples were
stored at —20°C prior to DNA extraction. DNA was extracted
using a soil kit (DNeasy® PowerSoil® Pro Kit), with detailed meth-
ods provided in the supplementary data. A total of 11 target
genes were investigated, including sulfonamide resistance
genes (sul-1, sul-2, sul-3), ciprofloxacin resistance genes (gnr-A,
gnr-S, gnr-D, aac(6')-ib-cr), heavy metal resistance genes (cus-A,
cop-A), and mobile genetic elements (MGEs) (intl-1). Among
these, sul-1, sul-2, and sul-3 are commonly found ARGs in
nature; gnrgenes are widely detected in unrelated Enterobacte-
riaceae species; the protein encoded by aac(6')-ib-cr confers
resistance to CIP; and intl-1 indicates horizontal gene transfer.
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In addition, another method was used to calculate the fold
change (FC) of ARGs in effluent samples compared to the ini-
tial values [25].

2.5. lllumina sequencing and data analysis

At the end of each experimental phase, sludge from the
region near the anode electrode of the MFC was collected and
centrifuged at 8000 r/min for 5 minutes. The supernatant was
then removed, and the concentrated sludge was stored at
—20°C prior to sequencing analysis. The V3-V4 region of the
16S rRNA gene was amplified using polymerase chain reac-
tion (PCR) with the primers 338F (ACTCCTACGGGAGGCAGCAG)
and 806R (GGACTACHVGGGTWTCTAAT). High-throughput
sequencing results were analyzed on the online platform pro-
vided by Shanghai Majorbio Bio-pharm Technology Co., Ltd.

3. Results and discussion

3.1. Performance of MFC for pollutants removal

3.1.1. Performance of COD removal

In the absence of SMX, CIP or CuZ*, the MFC system achieved a
high COD removal efficiency of 95.88% (Fig. 1a). Upon expo-
sure to individual antibiotics, the COD removal rates remained
relatively stable, with values of 90.46% (SMX) and 90.36%
(CIP), indicating that antibiotics alone had a limited impact on
organic matter degradation. However, when both antibiotics
were present (SC group), the removal efficiency slightly
decreased to 88.36%. A more pronounced reduction was
observed in the SCC group (81.01%), where Cu?+ was intro-
duced alongside the antibiotics. This significant decline is
likely attributable to the inhibitory effects of Cu?* on micro-
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Fig. 1. Removal of COD (a); SMX (b); CIP (c); Cu?* (d) at different stages in MFC-K and MFC. (* p<0.05 ** p<0.01 *** p<0.001)
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bial activity, potentially through interference with DNA replica-
tion and disruption of cellular metabolic processes. Addition-
ally, the bioaccumulation of Cuz* within bacterial cells may
impair their capacity to degrade organic substrates effectively
[26-27].

Importantly, under all tested conditions, the closed-cir-
cuit MFCs consistently outperformed their open-circuit counter-
parts, demonstrating higher and more stable COD removal effi-
ciencies. The enhanced COD removal observed under pristine
influent conditions can be partially attributed to the stimula-
tory effect of low doses of Cu2* on microbial metabolism. At
environmentally relevant concentrations, Cu2+ acts as an essen-
tial micronutrient for key oxidoreductases such as cytochrome
¢ oxidase and superoxide dismutase, enhancing respiratory
activity and promoting the oxidation of organic matter [28].
This suggests that the electrochemical activity in closed-cir-
cuit systems can enhance microbial metabolism and
resilience, enabling more effective treatment of complex waste-
water containing antibiotics and heavy metals.

Temperature is a key environmental factor affecting micro-
bial metabolism and enzyme activity, and thus COD removal
from MFC. COD removal efficiency generally decreases at low
temperatures (~18°Cin winter) and increases at moderate tem-
peratures (~25°C in summer), with the measured removal effi-
ciency increasing from about 75% in winter to about 80% in
summer (Fig. S1). These trends are consistent with the tempera-
ture sensitivity of electroactive and heterotrophic microorgan-
isms.

3.1.2. Antibiotic and heavy metal removal

Fig. Tb—d summarise the elimination of SMX (3 mg/L), CIP (3
mg/L) and Cu?* (3 mg/L) across the different experimental
phases. SMX removal gradually climbed to 99% as the reactor
matured, whereas CIP was consistently degraded at > 95%.
The high efficiencies are attributed to the combined effect of
(i) rapid adsorption to the anodic biofilm and (ii) subsequent
biodegradation by enriched heterotrophs and electro-active
taxa [29]. Closed-circuit operation yielded both higher and
more stable antibiotic removals than the open-circuit control,
evidencing that anodic current stimulates catabolic activity
and growth of exoelectrogens such as Trichococcus.

The Cu?* removal was also markedly superior in the
closed-circuit MFC (Fig. 1d). Rhodococcus, a well-documented
Cu?* biosorbent [30], dominated the anodic community under
moderate metal stress. Biosorption proceeds via electrostatic
attraction between the positively charged ion and the deproto-

0.5

nated cell envelope, as well as complexation with surface func-
tional groups. The slightly acidic pH maintained in the anode
compartment enhanced the net negative surface charge of
Rhodococcus, enhancing CuZt binding [31]. However, during
the SCC phase, the relative abundance of Rhodococcus
declined, most likely because intracellular Cu accumulation
damaged cell-wall integrity and reduced specific growth rate.
Consequently, absolute Cu?+ uptake decreased even though
removal efficiency remained > 85%, indicating that biosorp-
tion by other taxa and precipitation on the cathode provided
supplementary sinks.

The removal of CIP and SMX in the MFC system could be
explained by a microbial-mediated transformation process
under anaerobic and bioelectrochemical conditions. As shown
as Fig. S2-3, the degradation pathway of CIP mainly involved
the structural modification and cleavage of piperazine ring,
accompanied by deamination, defluorination and decarboxyla-
tion, which leads to the instability of the quinolone parent
core structure [32]. These transformations reduced the
integrity of CIP molecules and generate intermediates with
more simplified structures [33]. In the case of SMX (Fig. S4-5),
the degradation process was mainly related to the enzymatic
ring opening of the isoxazole ring, followed by the progres-
sive conversion of the sulfonamide functional group and possi-
bly a deamination reaction at the aromatic ring. In addition,
the breakage of the sulfonamide bond could further produce
smaller molecular fragments [34]. The intermediate products
formed by both antibiotics can continue to be converted into
small molecule compounds suitable for anaerobic microbial
metabolism [35]. In addition, degradation intermediates of CIP
and SMX were also analyzed for toxicity through T.E.S.T (Fig.
S6-7). The intermediates were analyzed at LC50 (mg/L) at 96 h
and LC50 (mg/L) at 48 h in M. macrocopa, as well as develop-
mental toxicity and mutagenicity. The toxicity of most interme-
diates decreased compared with that of CIP and SMX.
Although thetoxicity of someintermediatesincreased, the over-
all toxicity of the solution decreased as the concentration of
organic matter decreased during degradation.

3.1.3. Electrical output and coulombic efficiency (CE)

Throughout the continuous-flow experiment, the output volt-
age was logged every 30 min and used to compute the CE. Fig.
2a presents the steady-state values recorded for the blank
(MFC-0) and test (MFC) reactors. It was observed that the CE of
the blank control group steadily increased to 11.4% during
long-term continuous operation, reflecting biofilm matura-
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Fig. 2. Voltage profile after stabilization at each stage (a) and Coulomb efficiency (b) .
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tion and the selection of electrogenic taxa. To achieve a quanti-
tative comparison of the electrical generation performance
under different stress conditions, we determined the power
density by calculating the steady-state voltage at each stage
[36]. As shown in Fig. S8, the steady-state voltage in the S
phase was 0.288 V, corresponding to a power density of about
66 mW m-2, Stage C exhibited higher steady-state voltage
(0324 V) and power density (~84 mW m~2), indicating
enhanced electrical generation performance under CIP condi-
tions. The steady-state voltage was slightly reduced to 0.317 V
and the power density was about 80 mW m~2 in the SC stage.
In contrast, upon the addition of Cu?*, the electrogeneration
performance was significantly suppressed, with the steady-
state voltage decreasing to 0.271 V and the power density
decreasing to ~58 mW m~2. Compared with the previous MFC
studies for the treatment of antibiotic-and/or copus-contain-
ing wastewater, the electrogeneration performance of this
study was within the typical range of the two-chamber air cath-
ode MFC, while clearly revealing the inhibition effect of CuZ*
co-stress on anode electron transport (Table.S2).

A stable anode potential enriched Proteobacteria and Firmi-
cutes, populations known for extracellular electron transfer
(EET), while non-electrogenic competitors were gradually
washed out. When either SMX or CIP was supplied individu-
ally, the relative abundance of Trichococcus—a recognised exo-
electrogen —rose markedly. Its ability to channel carbohy-
drate oxidation into current generation conferred a selective
advantage, allowing it to out-compete fermenters for glucose.
Conversely, Bacteroidetes_vadinHA17, another EET-capable
genus but specialised in protein/amino-acid degradation [37],
showed no comparableincrease because glucose was the domi-
nant electron donor in the synthetic wastewater.

Addition of Cu?* altered the anode potential and sup-
pressed acidification kinetics, reducing CE by ~30% (Fig. 2b).
Consistent with the electrochemical properties, a slight
decrease in effluent pH was observed at the SC and SCC
stages. This pH change can be attributed to enhanced proton
generation associated with anodization of organic substrates
and accumulation of organic acids under antibiotic-metal co-
stress. However, the wastewater pH remained close to neutral
(6.6-7.0), indicating that the MFC system maintained ade-
quate buffering capacity and operational stability. Intracellu-
lar Cu accumulation disrupts respiratory enzymes and
decreases substrate turnoverrates[38],illustrating the tight link-
age between metal speciation, microbial metabolism and elec-
trochemical performance. These observations underscore that
heavy-metal stress can simultaneously modify surface redox
chemistry and inhibit the physiological activity of electro-
genic bacteria, leading to lower current recovery and slower
organic-matter conversion.

Based on the steady-state electricity generation perfor-
mance, we conducted a preliminary economic evaluation of
the proposed MFC system. Based on an effective reactor vol-
ume of 200 mL and a single-stage operation time of 7 days,
the energy recovery per unit volume estimated from steady-
state voltage was 61.7-88.2 Wh m=3 in different operation
stages (Table S3). Although the current energy recovered is
not sufficient to fully offset the construction cost of the reac-
tor, the use of air cathodes and carbon-based electrodes with-
out noble metal ORR catalysis significantly reduces material
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and operating costs,and avoids the additional energy consump-
tion required for mechanical aeration. Therefore, the eco-
nomic advantages of this MFC are more reflected in the sys-
tem robustness and operation simplicity, rather than the pure
pursuit of energy maximization. In the future, it is still neces-
sary to further improve the engineering economy by improv-
ing the power density and long-term stability.

3.2. Changes in microbial community structure

3.2.1. Phylum-level community dynamics

16S rRNA profiling revealed that >70% of all sequences in
closed-circuit MFCs belonged to six dominant phyla: Firmi-
cutes, Proteobacteria, Bacteroidota, Actinobacteriota, Chlo-
roflexi and Synergistota (Fig. 3a). The first three are well-estab-
lished electrogenic taxa [39-40]. Firmicutes secrete proteases
and cellulases that hydrolyse complex organics, whereas Bac-
teroidota ferment the resulting monomers and strongly influ-
ence bulk pH [41]. Differences in performance between open-
circuit and closed-circuit MFCs under identical conditions are
primarily attributable to variations in the microbial composi-
tion of anode biofilms. Firmicutes and Proteobacteria, the pre-
dominant electrogenic taxa in MFC systems, exhibited com-
bined relative abundances of 47.43% (S), 42.00% (C), 28.40%
(SQO), and 40.26% (SCC) in closed-circuit MFCs. These abun-
dances were 57.53%, 51.41%, 20.40%, and 116.01% higher
than those in corresponding open-circuit groups and 62.09%,
80.69%, —2.95%, and 2.72% higher than those in blank control
groups.Theseresults suggest thatelectron transferin closed-cir-
cuit MFCs significantly shapes microbial community structure,
enhancing the dominance of electrogenic bacteria and confer-
ring greater resilience to environmental stressors, such as antibi-
otics, compared to MFC-0.

Single-antibiotic exposure stimulated overall biomass, yet
dual antibiotics (SC) repressed Firmicutes and Actinobacteriota
while favouring Proteobacteria, Synergistota and Desulfobac-
terota (e.g., Desulfovibrio). The addition of Cuzt (SCC) partially
reversed this shift, with Firmicutes recovering to a relative abun-
dance of 30.56%, driven primarily by the heavy metal toler-
ance of genera such as Trichococcus. Throughout the trial,
closed-circuit reactors contained markedly less Actinobacteri-
ota and Chloroflexi than open-circuit units, consistent with
their weak electrogenic potential and poor adaptation to an
electrode-redox environment, aligning with findings by Lai et
al. [42]. These findings highlight the critical influence of micro-
bial community dynamics on MFC performance, particularly in
response to antibiotics and heavy metal stressors. The
enhanced electrogenic activity and microbial resilience in
closed-circuit systems underscore their potential for bioen-
ergy production and wastewater treatment under challeng-
ing environmental conditions.

3.2.2. Genus-level electrogenic and metal-resistance

traits
As shown in Fig.3b, the key genera that shaped anodic biofilm
function was highlighted, including Trichococcus, Bac-
teroidetes_vadinHA17, Rhodococcus, JGI-0000079-D21, Sul-
furovum, Caldisericum, and Brooklawnia. The first three are
recognised electro-active taxa whose cumulative relative abun-
dances were 1.16-2.01-fold higher in closed-circuit MFCs than
in open-circuit controls and 1.02-1.70-fold higher than in the
blank (MFC-0), underscoring the selective pressure exerted by
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Fig. 3. Microbial community analysis at phylum level (a). Analysis of microbial communities at the genus level (b).

anodicelectrontransfer. Trichococcus maintained superiorabun-
dance across all phases, reflecting its intrinsic tolerance to
both antibiotics and Cu?* and its capacity to channel carbohy-
drate oxidation into current generation, thereby stabilising
power output. Bacteroidetes_vadinHA17 increased sharply
upon Cu?*+ addition. Its respiratory flexibility and ability to
reduce electron carriers enable it to sustain fermentation and
extracellular electron transfer under metal stress. Rhodococcus,
a well-known Cu?* biosorbent, mediated heavy-metal removal
through surface complexation and intracellular accumulation,
but its abundance declined in the SCC phase as cellular Cu bur-
dens rose, indicating a trade-off between adsorption capacity
and toxicity [30]. JGI-0000079-D21 also responded positively to
CuZ*, yet attained higher levels in open-circuit reactors, imply-
ing that it contributes to metal resistance rather than electric-
ity generation. Overall, the genus-level dynamics illustrate
how closed-circuit operation simultaneously enriches electro-
gens and Cu-tolerant taxa, sustaining both reductive current
production and metal removal even under co-stress conditio.

3.3. Resistance gene changes and dissemination
mechanism.

3.3.1. Sulfonamide resistance genes

The removal of the chemical does not equate to a reduction in
genetic risk, so the resistance genes were assayed. Sulfon-
amideresistance genes confer sulfonamide resistance by encod-
ing dihydropteroate synthase enzymes that are insensitive to
sulfonamide drugs, ensuring the production of dihydrofolic
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acid. Fig.4 shows that sul-2 and sul-3 rose sharply in the SMX-
only phase (S), whereas sul-1 peaked under combined antibi-
otics (SC). The further addition of Cu2+ (SCC) amplified all three
genes, emphasising the co-selective effect of heavy-metal
stress. The primary hosts of sul genes are Trichococcus,
norank_f__Propionibacteriaceae, norank_f__JG30-KF-CM45,
and Macellibacteroides, which are predominantly found in the
phyla Firmicutes, Actinobacteriota, Chloroflexi, and Bac-
teroidota. In the CIP-only phase (C), the abundance of Trichococ-
cus reached 33.89% due to its insensitivity to CIP, which grants
it higher activity and environmental adaptability compared to
other bacteria. In the SC phase, the abundance of Trichococ-
cus sharply decreased to 5.54%, demonstrating the sensitivity
of Gram-positive bacteria to SMX. This sensitivity is mainly
attributed to the lack of complex membrane structures and a
sufficient number of efflux pumps, which are more prevalent
in Gram-negative bacteria [43]. The recovery of Trichococcus
abundance in the SCC phase presumably attributed to horizon-
tal acquisition of sul-1 through intl-1-mediated gene cassettes.
Norank_f__Propionibacteriaceae and Macellibacteroides, impor-
tant propionic/acetic-acid producers that modulate pH
through [44], were also positive predictors of sul abundance.
Whereas, norank_f__Saprospiraceae, a key phosphorus-remov-
ing genus [45], showed a significant negative correlation with
resistance genes, particularly sul-2, suggesting that phospho-
rus-removing conditions may indirectly suppress sulfonamide
resistance.

Environmental Chemistry and Safety 2026, 2: 9600008
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Fig. 4. Sulfonamide resistance gene abundance analysis. Absolute abundance: (a) sul-1; (b) sul-2; (c) sul-3; Relative Variation: (d) sul-1; (e) sul-2; (f)

sul-3. (* p<0.05 ** p<0.01 *** p<0.001)

3.3.2. Quinolone resistance genes

Quinolone resistance determinants (gnr-A/D/S, aac(6’)-Ib-cr)
encode DNA-gyrase protectants or modifying enzymes.
Closed-circuit MFCs exhibited significant up-regulation of gnr-
D, gnr-S and aac(6')-lb-cr in SC and SCC phases, whereas open-
circuit controls showed only minor fluctuations in gnr-A and
aac(6’ )-lb-cr (Fig. 5). Core hosts included Trichococcus,
norank_f__Propionibacteriaceae,  Clostridium_sensu_stricto_1
and Desulfatirhabdium. C. sensu_stricto_1 increased from
0.16% to 4.2% after Cu?+ addition, paralleling the rise in gnr-S
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and intl-1, and confirming the metal-driven expansion of
multi-resistant Firmicutes. Conversely, norank_o__C10-SB1A
and Caldisericum proliferated in SC without harbouring major
gnr genes, indicating alternative, possibly chromosomal, resis-
tance mechanisms.

3.3.3. Horizontal gene transfer (HGT)

The Cu?* not only co-selects for metal-resistance genes (MRGs)
but also creates redox and osmotic stress that accelerate hori-
zontal gene transfer. Clostridium_sensu_stricto_1 increased
from 0.16% to 4.23% after Cu?* addition and was tightly linked
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to simultaneous rises in gnr-S and intl-1 (Fig. 5). Its ability to
form endospores and maintain metabolism under metal stress
provides a stable intracellular niche for class 1 integrons,
thereby promoting HGT between Firmicutes and neighbour-
ing taxa. Conversely, norank_o__C10-SB1A proliferated in the
SC phase (2.88%) without harbouring dominant ARGs, suggest-
ing chromosomally encoded resistance or yet-uncharac-
terised defence systems worthy of further genomic explo-
ration. Caldisericota member Caldisericum also expanded from
1.73%10 5.49%, mainly because its thermotolerant, low-pH opti-
mum aligns with the Cu-acidified micro-environment. Closed-
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circuit operation intensified these effects. The int/-1 copy num-
bers increased 4.10-fold after Cu?* addition, versus 1.87-fold in
open-circuit controls (Fig. S9), confirming thatanodic redox gra-
dients and continuous hydraulic selection jointly enhance inte-
gron activity. Pearson co-occurrence analysis further revealed
significant positive correlations between gnr-D and sul-2/sul-3
(p > 0.82, p < 0.01) and between cus-A (Cu efflux) and sul-3 (p
= 0.79), implying that single plasmids or transposons encode
both MRGs and ARGs. Consequently, Cu selection indirectly
enriches sulfonamide resistance even in the absence of SMX.
To further evaluate whether HGT is enhanced during MFC
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Fig. 5. Analysis of quinolone resistance gene abundance. Absolute abundance: (a). gnr-A; (b). gnr-D; (c). gnr-S; (d). aac(6')-ib-cr. Relative changes:
(e). gnr-A; (f). gnr-D; (g). gnr-S; (h). aac(6')-ib-cr. (¥ p<0.05 ** p<0.01 *** p<0.001)

operation, we compared the co-occurrence relationship
between ARGs and MGEs before and after stable operation of
the reactor. Pearson correlation analysis showed that the corre-
lation between ARGs and intl-1 was weak or insignificant in
the water intake and initial operation stages. However, under
the condition of stable operation of closed circuit MFC, espe-
cially under the combined stress of antibiotics and Cu?*, there
was a significant positive correlation between intl-1 and ARGs,
including sul-1, sul-2, sul-3, gnr-D and gnr-S (p > 0.7, p < 0.01).

This change suggests that MFC run promotes the colocaliza-
tion of ARGs with MGEs in anodal biofilms, thereby enhancing
horizontal gene transfer in an integron-mediated manner. The
electrochemical polarization and CuZ*-induced stress environ-
ment may accelerate the mobilization and spread of drug resis-
tance genes by increasing the cell membrane permeability
and recombination activity.

3.3.4. Correlation analysis between resistance genes and

microorganisms

As shown in Fig. 6,JGI-0000079-D21 and Desulfovibrio were posi-
tively correlated and associated with both gnr-S and cop-A
genes. Desulfovibrio, a sulfate-reducing bacterium known to
carry plasmid-borne metal clusters [46], may shuttle these deter-
minants across Gram-negative recipients. In contrast,
norank_o_Microtichales, norank_o_PeM15, norank_f_Propioni-
bacteriaceae, and Brooklawnia were negatively correlated with
gnr-Sand cop-A genes, indicating sensitivity to combined antibi-
otic/Cu stress and a limited role in resistance propagation.

Multi-ARG hubs were also evident. Trichococcus abun-

cop-A

qiitA

JGI~0000079-D21

norank_o_{ Run-SP154

norank_o__ Microttichales

norank f| Propionibacteriaceae

norank f JG30-KF-CM45

norank o PeMl15
sul-
. Desulfovibrio f
Brooklawnia

Lentimierobium

qnr=S

dance explained 87% of the variance in total sul gene copies,
confirming its function as a keystone resistance reservoir. Bac-
teroides_vadinHA17 was uniquely correlated with intl-1 (p =
0.92), implicating it as an integron-mediated dissemination vec-
tor for sul-1 and sul-2 within the biofilm. Likewise,
norank_f__JG30-KF-CM45 displayed strong positive links to all
three sulfonamide genes, underscoring its contribution to
sulphonamide resistance proliferation.

Collectively, these findings demonstrate that Cu2*-driven
HGT, amplified by closed-circuitelectrochemical conditions, cre-
ates a self-reinforcing cycle of ARG-MRG co-enrichment. From
a health risk perspective, the potential pathogenicity of ARG
hosts is of concern. The major ARG-related bacterial genera
enriched in the MFC system, such as Trichococcus, Rhodococ-
cus, Clostridium_sensu_stricto_1 and Bacteroidetes_
vadinHA17) are usually classified as environmental or oppor-
tunistic pathogens rather than obligate pathogens. These gen-
eraare widely distributed in sewage treatment systems and nat-
ural anaerobic environments.

Despite its low intrinsic pathogenicity, its strong environ-
mental adaptability, ability to form biofilms, and high fre-
quency of association with mobile genetic elements suggest
its potential existence as a gene pool for drug resistance.
Under suitable conditions, these host-borne ARGs may still be
transmitted to pathogenic bacteria through horizontal gene
transfer, thus posing a potential public health risk. Although
MFCs efficiently remove dissolved antibiotics and metals, they
cannot inherently contain the genetic resistance reservoir;
post-treatment barriers (e.g., UV, membrane filtration, or ARG-
ARG
Acidobacteriota
Chloroflexi
Bacteroidota
Firmicutes
Synergistota

\ Proteobacteria
- W Desulfobacterota

Positive
M Negative

norank_o (J€10-SB1A

Trichococcus sdl21

ARGs

mt-1

Bacteroidetes vadinHA17

Fig. 6. Analysis of the correlation factors between resistance genes and microbial communities.
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specific bacteriophages) are therefore essential to minimise
downstream resistance dissemination.

3.4. Functional Prediction with PICRUSt2

3.4.1. KEGG Enzyme

Sulfamethoxazole competes with p-aminobenzoate for dihy-
dropteroate synthase (DHFS). The sul-encoded isoform
bypasses this inhibition. PICRUSt2 predicts a persistently
higher DHFS abundance in closed-circuit MFCs (Fig. S10a), con-
firming that anodic conditions enrich sul genotypes even
before SMX exposure. Concurrent predicted upregulation of
dihydrofolate reductase (DHFR) under CIP stress may reflect
increased one-carbon metabolism associated with DNA repair
and cellular turnover, which is consistent with the higher over-
all metabolic activity measured in polarised biofilms. The gnr
products sterically hinder drug binding [47]. Topoisomerase
abundance was marginally higher in MFC biofilms, but the
ratio of enzyme to gnr protection protein was lower than in
open-circuit controls (Fig. S10b). Moderate electrical stimula-
tion accelerates DNA turnover (higher polymerase activity)
and shortens the window for quinolone binding, thereby reduc-
ing the selective advantage of gnr carriage and partially mitigat-
ing resistance-gene pollution. The bifunctional aminoglyco-
side acetyl-transferase AAC (6’ )-lb-cr also acetylates
ciprofloxacin. PICRUSt2 prediction indicated an increased abun-
dance of AAC(6’ )-lb-cr-related functions in CIP-only MFCs,
whereas these functions were markedly reduced when Cu?*
was present (Fig. S10c). Combined antibiotic-metal stress
likely destabilises the AAC (6")-1b fold or competes for acetyl-
CoA, restoring drug sensitivity [48]. Thus, these results sug-
gested that redox conditions within MFCs may modulate post-
translational and genetic resistance mechanisms.

3.4.2. COG-based microbial function prediction analysis
PICRUSt2 profiling revealed that >55% of predicted proteins
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fall into three core COG categories: amino-acid transport &
metabolism, translation & ribosomal structure, and energy pro-
duction & conversion, regardless of additive (Fig. 7a). Pollu-
tantstress shifted resources toward DNA replication, recombina-
tion & repair, transcription and cell-cycle control. These SOS-
related functions were significantly more abundantin closed-cir-
cuit MFCs than in open-circuit controls, suggesting an active
damage-repair response that enhances tolerance to antibi-
otics and Cu?* [49]. Notably, enrichment of functions related
to stress response and DNA repair may enhance the persis-
tence of ARG hosts in adverse environments, thereby indi-
rectly increasing the likelihood of ARG transmission to
pathogenic bacteria in downstream environments. The con-
comitant decline in category C is consistent with the mea-
sured decrease in coulombic efficiency and COD removal dur-
ing SC/SCC stages, suggesting that energy may be diverted
fromcurrentgenerationtocellulardefence.Stage-by-stagecom-
parison (Fig. S11) shows that heavy-metal was associated with
elevated two functional subsets: 1) Cell repair & carbohydrate
metabolism - required for Cu-chelation and EPS synthesis; and
2) Efflux & trafficking systems - including type-IV secretion and
retro-transposon-associated COGs that are involved in inte-
gron mobilization. All increases were significantly significantly
larger in MFCs than in open-circuit reactors, demonstrating
that anodic polarization may amplify functional expression
under medium pollutant load. The same trend is consistent
with the higher gnrand intl-1 copy numbers in MFCs: DNA-repli-
cation-linked resistance genes may benefit from the elevated
polymerase activity needed for rapid biomass turnover.
Cu-specific defence is not restricted to efflux pumps. Fig.
7b and Fig. S12 highlight a pronounced rise in P-type ATPase
Cu-transporters (COG 2217, copA-like). ATP-driven conforma-
tional pumping is considered a dominant detoxification route
in Rhodococcus and other anode-enriched taxa [50]. Because
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closed-circuit reactors are associated with higher proton-
motive force and ATP turnover, the energetic cost of Cu export
may be more readily met, which is consistent with both the
superior metal-removal efficiency and the potential co-selec-
tion of ARGs that share the same plasmid backbone. Thus, the
MFC environment may enhance microbial adaptability, but
the energetic advantage that underpins higher current may
also support efflux pumps and integron machinery, suggest-
ing a trade-off between treatment performance and resis-
tance control [51].

4, Conclusion

This study evaluated the performance and ARG dynamics of
MFCs treating swine wastewater under co-exposure to SMX,
CIP and Cu?*, It included that closed-circuit MFCs maintained
COD, SMX and CIP removals at >90%, >95% and >99%, respec-
tively, outperforming open-circuit controls. Despite a drop in
coulombic efficiency under Cu2+ addition, stable electricity gen-
eration confirmed strong adaptability to complex contamina-
tion of MFC. Electrochemical selection enriched electro-active
and Cu-tolerant taxa, conferring rapid self-repair and func-
tional stability under antibiotic-metal co-stress. The presence
of CuZ* increased the abundance of class-1 integrons and the
copy numbers of sul, gnr and cus genes via co-selection and
HGT. Efficient antibiotic degradation did not curtail ARGs,
instead, an electrode-bound resistance reservoir was estab-
lished. The PICRUSt2 analysis suggested that that closed-cir-
cuit operation was associated with enhanced DNA repair,
heavy-metal efflux and integrase-related functions, which may
providing metabolic and energetic support for ARG mainte-
nance and dissemination. Thus, MFCs under combined antibi-
otic—metal stress may promote ARG persistence without post-
treatment barriers.
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