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Abstract

Anaerobic membrane bioreactors (AnMBRs) offer a promising solution for wastewater treatment, combining anaerobic digestion with
membrane filtration to efficiently remove pollutants and mitigate the spread of antibiotic resistance genes (ARGs). The impact of antibiotic
mixtures on AnMBR performance and ARG profiles remains crucial to investigate due to their prevalence in various environments. This study
examined the effects of an amoxicillin and flucloxacillin mixture on key operational parameters in an AnMBR system. The AnMBR
demonstrated resilience to the antibiotic mixture, maintaining a high average chemical oxygen demand (COD) removal efficiency (91 +4.5%)
and stable biogas production (713 + 150 L/d) even at elevated antibiotic concentrations (250 pg/L). However, antibiotic presence significantly
influenced ARG profiles within the biomass and effluent, highlighting the complex interplay between antibiotic exposure and resistance gene
dynamics. These findings emphasize the importance of understanding and optimizing AnMBR performance under antibiotic pressure to mitigate
the spread of antibiotic resistance while ensuring effective wastewater treatment and resource recovery.

Keywords: Antibiotic resistance genes (ARGs); Anaerobic membrane bioreactors (AnMBRs); Wastewater treatment;, Amoxicillin;
Flucloxacillin; Antibiotic mixture.

1. Introduction

Anaerobic membrane bioreactors (AnMBRs) represent a cutting-edge approach to wastewater treatment, harnessing the
combined power of anaerobic digestion and membrane filtration [ 1-3]. During anaerobic digestion, microorganisms break down
organic matter in the absence of oxygen, producing biogas as a valuable byproduct. On the other hand, membrane filtration
utilizes semi-permeable membranes to separate solids and contaminants from water efficiently. This synergistic integration in
AnMBR systems ensures the efficient treatment of municipal wastewater and unlocks the potential for resource recovery through
biogas production, thereby contributing to the circular economy and promoting sustainable practices [1-3]. Studies have
demonstrated the effectiveness of AnMBRs in treating municipal wastewater, showcasing their ability to achieve high levels of
organic matter removal and biogas production while maintaining stable operation, even under fluctuating organic loading rates
[3]. In addition to their wastewater treatment and energy generation capabilities, AnMBRs have emerged as a powerful tool in
mitigating the growing threat of antibiotic resistance [4-6]. By significantly reducing the release of Antibiotic Resistance Genes
(ARGs) into the environment, AnMBRs play a crucial role in safeguarding public health. The membrane within these systems
acts as a robust barrier, effectively retaining biomass, including microorganisms and larger mobile genetic elements (MGEs)
that may harbor antibiotic resistance genes. This retention mechanism substantially curtails the dissemination of antibiotic
resistance through treated effluent, establishing AnMBRs as a sustainable and effective solution in combating antibiotic
resistance proliferation [4,5]. Research has further highlighted the capacity of AnMBRs to effectively treat antibiotic-laden
wastewater, particularly from pharmaceutical sources, with promising results in terms of both antibiotic removal and ARG
reduction [5,6].
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B-lactam antibiotics, including amoxicillin and flucloxacillin, are extensively used in various sectors, particularly poultry and
aquaculture. This widespread use has led to significant B-lactam contamination in water bodies, as evidenced by high levels
detected inriver water inregions with intensive agricultural practices [7]. Amoxicillin, a broad-spectrum penicillin, is frequently
detected in wastewater due to its extensive use in both human and veterinary medicine [5,8]. Flucloxacillin, a penicillinase-
resistant penicillin, is also commonly found in wastewater, particularly from hospital effluents [6]. The presence of B-lactams
like amoxicillin and flucloxacillin in wastewater exerts selective pressure on microbial communities, potentially leading to an
increase in B-lactamase ARGs. This phenomenon has been observed in studies on AnMBR treatment of poultry slaughterhouse
wastewater [9]. Moreover, the prevalence of extended-spectrum B-lactamase (ESBL)-producing bacteria, such as E. coli and
Klebsiella pneumoniae, harboring bla gene variants (e.g., blaNDM, blaSHV, blaTEM), has been reported in various regions,
further highlighting the concern of B-lactam resistance dissemination [10—12].

While the clinical implications of antibiotic resistance have garnered significant attention, it is crucial to acknowledge the
broader ecological context in which this phenomenon unfolds. Wastewater treatment plants (WWTPs), often overlooked, play
a critical role in disseminating antibiotic-resistant genes into the environment. These facilities serve as reservoirs for ARGs
originating from natural and human-induced processes, including releasing antibiotic residues and resistant bacteria from
various sources such as hospitals, agricultural operations, and households [6,13,14]. In aquatic environments, WWTPs facilitate
the transfer of these genes among diverse bacterial communities, creating a complex web of interactions that contribute to the
growing global health threat posed by antibiotic resistance [6,13,14]. The presence of mercury and silver resistance genes, often
associated with ARGs, further underscores the interconnectedness of these environmental contaminants and emphasizes the
need for comprehensive monitoring and mitigation strategies within WWTPs [14].

The public health implications of antibiotic resistance are severe and widespread. In the United States alone, an estimated
20 billion dollars in excess healthcare costs and an additional 8 million hospital days are attributed to antibiotic-resistant
infections annually [4]. The escalating prevalence of resistance, driven by the selective pressures exerted by antimicrobial
compounds and facilitated by efficient vertical and horizontal gene transfer mechanisms among bacteria, necessitates urgent
action [4,15-21]. Studies have revealed that WWTPs often discharge treated effluent containing altered concentrations of
various ARGs, sometimes exceeding levels found in the influent wastewater [4,22]. This alarming observation, also supported
by research demonstrating increased ARG abundance in response to combined antibiotic exposure [21], underscores the
potential of WWTPs to act as amplifiers and disseminators of antibiotic resistance, highlighting the critical need for targeted
interventions to mitigate this public health crisis [4].

Recent research has shed light on the complex interplay between antibiotic mixtures and the profiles of ARGs within
microbial communities. Studies have demonstrated that the combined selective pressures exerted by multiple antibiotics can
enrich and disseminate broader spectrum of resistance genes compared to individual antibiotics [15-19,21]. These findings
emphasize the importance of understanding the dynamics of resistance gene expression in response to antibiotic cocktails, which
are frequently encountered in wastewater treatment plants and other environments, such as agricultural soils exposed to
antibiotic-laden manure [23,24]. Such knowledge is essential for developing effective strategies to combat the spread of
antibiotic resistance and protect public health [15-19,21].

The escalating global water scarcity crisis, driven by factors such as population growth, uncontrolled economic growth, the
need to raise living standards, climate change, and escalating water pollution, necessitates innovative solutions like wastew ater
reuse [25]. Wastewater reuse is a cornerstone of the circular economy model, promoting resource recovery and sustainable water
management. However, the presence of contaminants, including antibiotics, in wastewater raises valid concerns for both
environmental and human health [5,6]. Antibiotics, extensively used in medicine, agriculture, and animal husbandry, find their
way into wastewater streams, often in substantial concentrations [S5]. For instance, the excessive use of antibiotics in animal
husbandry leads to the excretion of unmetabolized antibiotic residues in animal waste, with concentrations ranging from
milligrams to grams per kg [24]. Similarly, pharmaceutical wastewater can contain antibiotic concentrations exceeding 20 mg/L
[8]. Discharging such wastewater into the environment inevitably impacts the natural microbial communities, fostering the
proliferation of antibiotic-resistant bacteria (ARBs) and ARGs [6,20,21].

The continuous exposure of bacteria to antibiotics within wastewater treatment systems creates persistent selective pressure,
favoring the survival and proliferation of those possessing resistance mechanisms changes of antibiotic resistance genes and
bacterial communities in the advanced biological wastewater treatment [20,21,26]. Resistance genes can be found both
intracellularly, within bacterial cells, and extracellularly, as free DNA in the environment [27]. Bacteria employ diverse
strategies to evade the effects of antibiotics. These strategies include the production of enzymes that degrade antibiotics (e.g.,
B-lactamase enzymes in Enterobacteriaceae that counteract penicillin) [28], the expression of efflux pumps that expel antibiotics
from the cell [26], and modifications to the antibiotic target sites within the bacterial cell [26,28]. These mechanisms, coupled
with the ability of bacteria to transfer resistance genes vertically through replication and horizontally through conjugation,
transduction, and transformation, contribute to the rapid spread of antibiotic resistance within and beyond WWTPs [29-32].

Anaerobic membrane bioreactors (AnMBRs), which integrate anaerobic digestion with membrane filtration, offer a
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promising solution for mitigating the release of ARGs and other contaminants from wastewater. The anaerobic digestion process
facilitates the degradation of organic matter and energy recovery and creates an environment that may be less conducive to the
proliferation of certain antibiotic-resistant bacteria [1,2]. The membrane component further enhances the removal of ARGs and
ARBs by physically separating them from the treated effluent. Additionally, AnMBRs possess several advantages over
conventional biological wastewater treatment methods, including enhanced energy recovery through biogas production,
improved biodegradation of organic pollutants, extended sludge retention times (SRTs), and superior effluent quality [1,2].

The primary objective of the present study is to investigate the intricate relationship between antibiotic mixtures and AnMBR
performance, specifically focusing on the effects of an amoxicillin and flucloxacillin mixture on key operational parameters
such as COD removal efficiency, biogas production, and the fate of the antibiotics within the system. While previous studies
have explored the impact of individual antibiotics or antibiotic classes on AnMBRs, there remains a knowledge gap in
understanding how these systems respond to mixtures of antibiotics, which are commonly encountered in real-world wastewater.
Furthermore, the long-term effects of antibiotic exposure on AnMBR performance and ARG profiles have not been fully
elucidated. By elucidating the impacts of these commonly used antibiotics on the performance of AnMBRs, this research seeks
to contribute valuable insights to the ongoing efforts to optimize wastewater treatment processes, mitigate the spread of
antibiotic resistance, and protect both human and environmental health.

2. Material and methods
2.1. AnMBR Configuration and Operation

The laboratory-scale AnMBR system (Figure 1), with a working volume of 10 liters, incorporated four flat-sheet silicon
carbide (Ceramic) microfiltration membranes with a 0.1 pm pore size (Cembrane A/S, Denmark). The reactor operated at 25°C.
These membranes, positioned on either side of the reactor with a central space for the mixer, provided a total effective filtration
area of 0.02 m? [33]. The system was operated at a hydraulic retention time (HRT) of 16 hours, corresponding to a flow rate of
625 mL/h and a membrane flux of 15.625 L/m?/h. Influent wastewater was delivered to the reactor using a peristaltic pump, and
another pump facilitated permeate withdrawal through the ceramic membranes. Two float switches maintained a stable liquid
level within the reactor. The primary float switch controlled the influent flow, while the secondary switch acted as a safety
mechanism to prevent overfilling and leakage.

A biogas recirculation system was implemented to enhance membrane cleaning and mitigate fouling. A biogas pump with a
capacity of 12 L/min delivered 3 L/min to each of the two diffusers located beneath the membranes. This recirculation occurred
for one minute every ten minutes. Each membrane module's transmembrane pressure (TMP) was monitored using a pressure
transducer, and the transmembrane pressure (TMP) was kept below -0.8 bar.

Sludge was not wasted except for sampling purposes, leading to a solids retention time (SRT) of about 100 days by the end
of the experiment.
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Fig. 1. Schematic diagram for the lab-scale anaerobic membrane bioreactors (AnMBR)
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2.2. Synthetic Wastewater and Antibiotic Mixture
The AnMBR system was fed with synthetic wastewater, and formulated to maintain a constant chemical oxygen demand

(COD) concentration of 500 mg/L throughout the experiment [33]. This approach allowed for precise control over antibiotic
introduction, eliminating the potential influence of background contaminants present in real wastewater.

The synthetic wastewater was prepared according to a predetermined composition (Table 1), with a concentrated stock
solution stored at 4°C. Before each use, tap water diluted an aliquot of the stock solution to the desired concentration.

An antibiotic mixture, consisting of a 1:1 ratio of amoxicillin and flucloxacillin, was prepared in concentrations of 50, 100,
and 250 pg/L, reflecting typical levels found in domestic wastewater and hospital effluents [33]. This mixture, sourced from a
commercially available drug (Flumox, EIPICO, Egypt), was stored at 4°C until use.

The AnMBR was initially operated without antibiotics to establish a steady-state performance, characterized by an effluent
COD removal efficiency of up to 90%. Subsequently, the antibiotic mixture was introduced into the influent wastewater in three
distinct phases, each lasting 10 days. The antibiotic concentrations were incrementally increased from 50 to 100, then to 250
ng/L.

Throughout the experiment, the AnMBR's performance was comprehensively monitored. Key parameters, including mixed
liquor suspended solids (MLSS), mixed liquor volatile suspended solids (MLVSS), COD, biogas production, and methane
content in the biogas were regularly measured to assess the system's operational stability, treatment efficacy, and biogas
generation potential [33]. Biogas produced in the reactor were collected in a 1-liter biogas sampling bag from the reactor
headspace, and the time taken to fill the bag was recorded to estimate biogas production.

Table 1. Composition of Synthetic Wastewater

Inorganics Conc.(g/1) Organics Conc. (g/l)
NH4Cl 0.15 Milk Powder 1.5
Na2S0s4 0.15 Peptone 0.15
NaHCOs 0.3 Starch 1.5
KsPOs 0.015 Yeast 0.6
C2H;NaO: 0.5
Urea 0.55

2.3. Sample DNA Extraction

AnMBR biomass and effluent samples were collected before antibiotic application (at the end of the start-up period) and
prior to each increase in antibiotic concentration (every 10 days). For effluent samples, 12 mL was centrifuged, whereas two
mL of suspended sludge was centrifuged for biomass samples. Both were centrifuged for 10 min at 14,000 RPM. The samples
were first pretreated with lysis buffer, followed by three cycles of freezing and thawing using liquid nitrogen. Following
supernatant removal, the lysates were purified using a Genomic DNA Kit (GeneJET ™, Thermo Scientific, USA), and the kit's
instructions were followed for DNA purification. The extracted DNA was then quantified, and its quality assessed using a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Thermo Scientific, USA).

2.4. Quantification of ARGs by qPCR

Conventional Polymerase Chain Reaction (PCR) assays were employed to detect the presence of three beta-lactam resistance
genes (oxa-1, blarey, and blanpy) in the AnMBR biomass and effluent [3,8,20]. The PCR reactions were carried out using a 2x
master mix (amaR OnePCR™, GeneDireX, Inc.) in a total 20 pl reaction volume. The PCR program included initial denaturation
at 95°C, followed by 30 cycles of denaturation (95°C for 30 s), annealing (Table 2), and extension (72°C for 30 s), with a final
extension step of 10 min at 72°C. Amplicons were visualized on a 1.5% agarose gel under UV light to confirm the presence of
target genes.
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Table 2. Primers sequences, expected amplicon size, and annealing temperature for the target ARGs and 16 s rRNA genes

Gene Target Antibiotic Primer Sequence (5'—3") Size (bp) Annealing Temp (°C)  References

0XA4-1 B-lactam F: TAT CTA CAG CAG CGC CAG TG 199 60 [34]
R: CGC ATC AAA TGC CAT AAG TG

blanom B-lactam F: ATTAGCCGCTGCATTGAT 154 55 [35]

R: CATGTCGAGATAGGAAGTG

blarem B-lactam F: TTCCTGTTTTTGCTCACCCAG 113 60 [10]
R: CTCAAGGATCTTACCGCTGTTG

16srRNA Reference gene F: CGGTGAATACGTTCYCGG 190 57 [36]

R: GGWTACCTTGTTACGACTT

Quantitative PCR (qPCR) was subsequently conducted to quantify the abundance of the three target ARGs, using Maxima
SYBR Green gPCR Master Mix 2X (ThermoFisher Scientific, USA) on a Bio-Rad CFX96 system (Bio-Rad Laboratories, Inc.,
Germany) [37]. Each qPCR reaction contained 10 pl of master mix, 0.2 pM of each primer, and 1 ul of DNA template (10 ng).
Triplicate reactions were performed for each sample (biomass and effluent). At known concentrations, a calibration curve was
constructed using purified PCR fragments of the target ARGs and the 16S rRNA gene (reference gene). Absolute quantification
of ARGs was calculated based on the method described by Tichopad et al. [37], with the following formula: Xo = EAMP"(b-
Cq), where Xo is the initial copy number, EAMP is the amplification efficiency (10”(-1/slope)), b is the y axis-intercept of the
standard curve, and Cq is the PCR quantification cycle [38]. The fold change expressions were normalized using the endogenous
reference gene 16S rRNA (ACt) and relative to the samples from AnMBR (biomass and effluent) before the addition of
amoxicillin/flucloxacillin (AACt)

3. Results and Discussion
3.1. Organic Removal During Start-up Period

Before introducing the amoxicillin and flucloxacillin mixture, the AnMBR system underwent a start-up period to establish
stable operational conditions and achieve a baseline performance. During this phase, the AnMBR was fed synthetic wastewater
without B-lactam antibiotics (amoxicillin/ flucloxacillin), and COD removal efficiency was measured.

During the start-up, the permeate flux and TMP data indicated that no irreversible fouling occurred during the AnMBR
operation. The mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS) concentrations
remained relatively stable at 3.8+0.42 g/l and 2.3+0.36 g/1, respectively. The average total COD concentration in the AnMBR
influent was 490 + 32 mg/L. COD removal efficiency gradually increased, reaching a steady state of approximately 94% after
40 days of operation (Figure 2). COD concentration results fall within the range reported in the literature that, ranging from 200
mg/1 to over 1000 mg/1[39]. COD removal above 90% suggests effective treatment performance and AnMBR system achieving
a steady-state COD removal efficiency [2,40].

3.2. Organic Removal under Antibiotic Exposure

The AnMBR system demonstrated remarkable resilience and high performance in terms of COD removal efficiency, even
inthe presence of increasing concentrations of the amoxicillin and flucloxacillin mixture. Under consistent operating conditions,
introducing different antibiotic concentrations (50, 100, and 250 pg/L) resulted in a transient decrease in COD removal
efficiency. However, the system rapidly recovered, returning to its initial high-performance levels over time. This adaptability
and resilience can be attributed to the extended solids retention time (SRT) of 300 days, allowing the microbial community
within the AnMBR to acclimate and develop antibiotic resistance mechanisms. The average COD removal efficiency remained
consistently high, averaging 91+4.5%, even with the addition of antibiotics, as depicted in Figure 3. These findings underscore
the robust nature of the AnMBR technology and its ability to maintain stable and efficient operation despite the introduction of
potentially inhibitory substances.
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Fig. 2. COD removal efficiency over time during the AnMBR start-up period.
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3.3. Biogas Production

Biogas production steadily increased during the start-up period, ultimately reaching a stable average daily production of 713
+ 150 mL/day. While fluctuations in production were observed, this is expected in lab-scale reactors where minor leakages and
the use of biogas bags for measurement can introduce variability. The overall trend, however, demonstrates an increase in biogas
production over time (Figure 4), even in the presence of antibiotics.

The average daily biogas production translates to approximately 142.5 L/g COD removed, considering the daily COD
feeding of 5 g/d. This value is lower than the theoretical methane yield of 0.35 L CH4/g COD. This discrepancy can be attributed
to factors such as potential leakages, methane loss through the effluent, and the inherent limitations of lab-scale systems.

Nevertheless, the observed biogas production aligns with values reported in the literature for AnMBRs treating various types of
wastewater [3,39,40].
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Fig. 4. Biogas production over time in the AnMBR system

3.4. ARGs Abundance and Diversity
3.4.1. ARGs Abundance in Effluent and Biomass

In order to evaluate the prevalence of B-lactamase resistance genes after supplementation of antibiotics to AnMBR system,
the abundance values in the effluent of three target genes oxa-1, blazey, and blaypywere quantified in both the AnMBR effluent
and biomass using qPCR.

The results revealed that the gradual increase in the amoxicillin/flucloxacillin concentration in the AnMBR bioreactor led to
an increase in the copy number of all tested antibiotic resistance genes in the effluent compared to control before the addition
of antibiotic. The highest copy number was detected in oxa-1 at a concentration 250 pg/L (Figure 5a) followed by blanpa (Figure
5b) and blaresm (Figure Sc). While these genes were almost undetected in the AnMBR effluent during the startup phase,
remarkable increases were observed after introducing antibiotics to the system. The high copy number of ARGs in the effluent
are derived either from bacterial cell secretion when cells survive or through lysis when they die. These extracellular ARGs
persist in the environment for a long period when adsorbed onto particulate substances such as clay or macromolecules [12,41].
It was reported that there is a positive correlation between the total relative abundance of ARGs and total concentrations of their
related antibiotics; moreover, the multiple antibiotics promoted high spread rate of ARGs [7,42].

In contrast to the effluent, the biomass results showed a significant decrease in the abundance of all three ARGs at the higher
antibiotic concentrations compared to the control phase (Figure 6). This observation suggests a potential shift in the microbial
community composition within the biomass under increased antibiotic pressure. While the exact mechanisms underlying this
decrease require further investigation, several factors could contribute to this trend. One possibility is that the higher antibiotic
concentrations may inhibit the growth of certain bacterial populations carrying these ARGs, leading to their reduced abundance

Egypt. J. Chem. 68, No. 6 (2025)



ANTIBIOTIC RESISTANCE GENES DYNAMICS AND OPERATION PERFORMANCE .. 241

in the biomass. Another possibility is that the increased antibiotic pressure may favor the growth of bacterial populations with
alternative resistance mechanisms, potentially outcompeting those harboring the targeted -lactamase genes. This observation
aligns with previous studies that have reported varying responses of different ARG types to antibiotic exposure within AnMBR
systems [4,33].

Analyzing the scale and magnitude of change in ARG abundance across the effluent and biomass (Figures 5 and 6) reveals
further insights. It's important to note that the y-axis scales differ significantly between the effluent and biomass graphs, with
the biomass generally exhibiting much higher ARG copy numbers overall. This is expected due to the membrane filtration in
AnMBRs, which effectively removes bacteria and extracellular DNA carrying ARGs from the effluent. However, direct
comparison of the magnitude of change between the effluent and biomass should be interpreted cautiously due to these scale
differences.

Despite the varying scales, the contrasting trends in ARG abundance between the effluent (increasing) and biomass
(decreasing) with increasing antibiotic concentrations highlight the complex dynamics of ARG propagation and removal within
AnMBRs. The increase in ARG abundance in the effluent could be due to increased efflux or secretion of ARGs by bacteria
under stress, or lysis of cells carrying those genes [41,43]. On the other hand, the decrease in the biomass might indicate that
the bacteria carrying these specific ARGs are being outcompeted by others with different resistance mechanisms, or their growth
is being inhibited at higher antibiotic concentrations.

(a) OXA-1 gene

1.5%10"1 =
=3 Effluent O pl/L
= Effluent 50 /L
| Effluent 250 pi/L

E 1=10114

]

=

E

H]

H

>

S 5x 1010+

510

o T
NG NG NG
S S S
N G &
& X <V
& & &5
< & &

blarey gene

5000000~
£ Effluent O piiL
(b) B3 Effluent 50 pI/L
4000000+ =m Effluent 250 piiL
E
S 3000000
2
E
5
£
2 2000000
o
(=]
1000000+
o
N N N
& & S
& S v
&5 & &
<& & &
blaypy gene
60000
= Effluent O pl/L
3 Effluent 50 pi/L
== Effluent 250 piiL
E 400004
5
(© £
H
]
o)
2" 20000
(=]
—— T

Fig. 5. Abundance of ARGs (copies/mL) in AnMBR effluent during the initial startup phase (no antibiotic) and subsequent exposure
to antibiotic concentrations of 50 and 250 pg/L of amoxicillin/flucloxacillin.

Egypt. J. Chem. 68, No. 6 (2025)



242 A. Kamal et.al.

OXA-1 gene
& Biomass O pl/iL
6%1011 O Biomass 50 pl/iL
_ 3 Biomass 250 pl/L
£
g 4x1011
£
3
c
2
&
O 2x10114
0= | T T
2 NZ 2
& & W
=3 * )
\o«o P & oea
< ¥ &°
blazgygene
1.5%109m
= Biomass O ul/L
= Biomass 50 pl/iL
— 3 Biomass 250 pl/iL
,\E_ 1%10°4]
@
=)
£
3
c
2
S sx108
(]
—
0= T T
N4 N4 N
o @& Sy
& el oV
& &
<& 05‘0 05‘0&
blaypy gene
3%107 B3 Biomass 0 pl/L
3 Biomass 50 pl/L
€ 3 Biomass 250 pl/L
E 2x1074
£
3
c
2
o
8 1107
[ T T
e‘?\v ,,e‘?\v ,,e‘?v
&ba" & 7
& @
<° < Q’\D@
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to antibiotic concentrations of 50 and 250 pg/L of amoxicillin/flucloxacillin.

These findings suggest that the microbial community within the AnMBR comprises diverse bacterial species with varying
susceptibilities to the antibiotic mixture and different roles in ARG dynamics. As Zhang et al. [20] demonstrated, even under
low selective pressure from a single antibiotic (tetracycline), shifts in bacterial communities and ARG profiles can occur in
wastewater treatment systems. In our study, the presence of an antibiotic mixture likely exacerbates these shifts, leading to more
complex interactions and outcomes. While some species may be negatively affected by the antibiotics, leading to a decrease in
their abundance and the associated ARGs in the biomass, others may thrive under antibiotic pressure, potentially contributing
to the increase in ARGs observed in the effluent. This highlights the importance of considering the complex interplay between

different bacterial populations and resistance mechanisms when evaluating the impact of antibiotics on AnMBR performance
and ARG dissemination [17,26].

3.4.2. ARGs Profiles
The fold change of ARGs in the AnMBR was also assessed (Figures 7 and 8). The results indicated that the presence of the
amoxicillin and flucloxacillin mixture led to a shift in the three tested ARG, with certain genes becoming highly prevalent under
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specific antibiotic concentrations. The highest fold change value in the effluent was recorded for the blaTEM gene,
approximately 69.5 fold followed by blanpm and OXA-1by 65.5 and 39.2 fold, respectively (Figure 7). Overall, ARG profiles
of this investigation showed that, with increasing antibiotic concentrations (low or high concentration), the abundances of ARGs
in the effluent increased. The ARGs propagation after antibiotic exposure was also reported in many studies in different
wastewater treatment systems, that was explained by horizontal gene transfer under selective pressures [10,33,34].
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Fig. 7. The fold changes of oxa-1, blaTEM, and blaNDM genes detected in AnMBR effluent before (0 pg) and after the exposure of
different concentration of amoxicillin/flucloxacillin (50, 250 pg). The fold changes expressions in each treatment were normalized
using the endogenous reference gene 16S rRNA (ACt) and relative to the control samples from AnMBR effluent before the addition of
antibiotics (AACt). The bars represent AACt mean = SD from triplicate independent samples (n = 3).

However, in the biomass, the prevalence of antibiotics might follow very different directions, even those that confer
resistance to the same antibiotic (Figure 8). It was observed that at the high concentration of antibiotics increased blazeu
concentration in the biomass in contrast to the other genes blanpm and OXA-1. Indeed, the most frequently produced B-
lactamases is the blatem genes in gram-negative bacteria [10,11]. This result was in line with previous study performed in a lab-
scale AnMBR where blarg) increased in the biomass but not the biofilms in contrast to other ARGs [9] suggesting that these
genes might be induced in the effluent of AnMBR by entirely different groups of bacteria. Taken together, Plasmid mobility
and conjugation, the presence of specific genes on plasmids, and the dynamics of microbial communities may all be connected
to this phenomenon, even though its exact explanation is unknown [5,17,33].

& Before & 50 ug E 250 ug

Q

Fold Change

OXA-1 Blapu blagey

Biomass

Fig. 8. The fold changes expressions from AnMBR biomass before and after the addition of amoxicillin/flucloxacillin. The samples were
normalized using the endogenous reference gene 16S rRNA (ACt) and relative to the control (AACt) before the addition of antibiotic.
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4. Conclusion

This study investigated the influence of an amoxicillin and flucloxacillin mixture on the performance of an AnMBR system.
The results demonstrate the remarkable resilience and high performance of AnMBRs in treating municipal wastewater, even
under continuous exposure to a mixture of commonly used antibiotics. The AnNMBR maintained a stable and high COD removal
efficiency (91 + 4.5%) and consistent biogas production (713 + 150 L/d) throughout the experiment, including phases with
varying antibiotic concentrations. This highlights the system's robustness and potential for sustainable energy recovery, even in
the presence of antibiotic contamination.

However, the observed shifts in ARG profiles within the biomass and effluent underscore the complex relationship between
antibiotic exposure and the selection pressure for resistance genes. The increase in ARG abundance, particularly in the effluent,
under antibiotic pressure emphasizes the need for continuous monitoring and optimization of AnMBR operation to minimize
the potential for ARG dissemination and the subsequent spread of antibiotic resistance.

Future research should focus on elucidating the specific microbial community dynamics and operational strategies to
enhance ARG removal efficiency in AnMBRs. This will ensure this technology's long-term sustainability and effectiveness in
mitigating antibiotic resistance in wastewater and safeguarding public health.

Ultimately, this study contributes valuable insights into AnMBRs' response to antibiotic mixtures, highlighting the need for
continued investigation into the complex interplay between wastewater treatment, antibiotic resistance, and environmental
health. By further understanding and optimizing AnMBR performance under antibiotic pressure, we can move towards more
sustainable and effective wastewater treatment practices that protect both human and environmental well-being.
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