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Abstract: Due to widespread overuse, pharmaceutical compounds, such as antibiotics, are becoming
increasingly prevalent in greater concentrations in aquatic ecosystems. In this study, we investi-
gated the capacity of the white-rot fungus, Coriolopsis gallica (a high-laccase-producing fungus), to
biodegrade ampicillin under different cultivation conditions. The biodegradation of the antibiotic
was confirmed using high-performance liquid chromatography, and its antibacterial activity was
evaluated using the bacterial growth inhibition agar well diffusion method, with Escherichia coli as an
ampicillin-sensitive test strain. C. gallica successfully eliminated ampicillin (50 mg L−1) after 6 days of
incubation in a liquid medium. The best results were achieved with a 9-day-old fungal culture, which
treated a high concentration (500 mg L−1) of ampicillin within 3 days. This higher antibiotic removal
rate was concomitant with the maximum laccase production in the culture supernatant. Meanwhile,
four consecutive doses of 500 mg L−1 of ampicillin were removed by the same fungal culture within
24 days. After that, the fungus failed to remove the antibiotic. The measurement of the ligninolytic
enzyme activity showed that C. gallica laccase might participate in the bioremediation of ampicillin.

Keywords: emerging pollutants; biodegradation; Coriolopsis gallica; β-lactam antibiotics; laccase

1. Introduction

In recent years, greater attention has been paid to emerging pollutants, such as pesti-
cides, drugs, and endocrine-disrupting chemicals (EDCs), in the aquatic environment [1–3].
Antibiotics are a group of pharmaceuticals that are widely used in both human [4] and
veterinary medicine (particularly in farm animals and for the purpose of growth promo-
tion) [5]. Their widespread use has necessitated the development of new antibiotics due to
the proliferation of antibiotic-resistant pathogens [6]. A recent study reported an annual
global antibiotic consumption of more than 200,000 tons [7], with the most common class,
β-lactam antibiotics, constituting 50–70% of sales [8]. This increase in the consumption of
antibiotics has been associated with an increase in their irrational use, from 28% to 65% [9].
In a 2015 study, despite its status as a low–middle-income country, Tunisia was found to
have the highest antibiotic consumption rates, with 61% of consumers obtaining antibiotics
directly from a pharmacist without a medical prescription [10].

Moreover, modern animal production practices are associated with the regular use of an-
timicrobials; global consumption of antimicrobials is estimated to rise from 63,151 ± 1560 tons
to 105,596 ± 3605 tons between 2010 and 2030 (a 67% increase) [11]. The generation of
pathogen-resistant antibiotics as a result of unrestricted use of antibiotics will have direct
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consequences for human health [12,13], promoting antibiotic resistance genes [14] and
indirectly affecting the environment [15–17] via effluents from urban wastewater treatment
plants (WWTPs) containing antibiotics and their residues, since they are not designed
to eliminate them [18]. Therefore, an urgent and universal effort must be made to con-
trol the concentration of antibiotics and the development of multiple antibiotic-resistant
bacteria [14].

Several studies have shown that wastewater from municipal conventional WWTPs
could be a significant source of contamination of the aquatic environment by antibacterial
agents [18]. Therefore, antibiotics have been detected in different environmental matrices,
such as ground and surface water [19,20], soil and sediment samples [21,22], as well as in
aquatic organisms [23]. They demonstrated pseudo-persistent behavior in the environment
and their accumulation in different environmental compartments can threat human and
animal existence and may have an impact on their health [24,25]. Indeed, using treated
wastewater for irrigation may contaminate agricultural soils and lead to an uptake of
residual antibiotics by plants [19,26]. As a result, the antibiotic residues that are present in
the ecosystem provide an ideal setting for the acquisition and spread of antibiotic resistance
genes, causing serious environmental problems [27].

Ampicillin, a semi-synthetic β-lactam, is part of a group of isoxazolyl penicillins
(PI), which obtain their antimicrobial properties from the presence of a β-lactam ring [28].
Thus, their structures grant them resistance to degradation via conventional biological and
chemical methods [29]. This antibiotic is widely used to treat infections in both human and
veterinary medicine. Approximately 30% of ampicillin is excreted following oral adminis-
tration, while 75% is excreted after intravenous use [30]. In an analysis of wastewater from
a swine lagoon, the concentration of β-lactam antibiotics was approximately 2.1–3.5 µg L−1,
which was close to the upper detection limit (2 µg L−1) [31]. Similarly, these antibiotics,
such as amoxicillin, ampicillin, mezlocillin, flucloxacillin, and piperacillin, were detected at
concentrations up to 48 ng L−1 in natural waters [32], while concentrations greater than
75.40 ng L−1 were observed in raw wastewater from the Sfax treatment plant [33]. As
such, finding treatments that are capable of removing β-lactam antibiotics from water is an
ongoing challenge [34].

Many researchers have attempted to remove antibiotics from aqueous solutions [35].
Processes such as Fenton reactions [36], UV/ZnO degradation [37,38], advanced oxida-
tion [39–41], and adsorption [42,43] have been designed to degrade pharmaceutical waste
in water matrices; however, biological methods are considered to be the optimal solution
for antibiotic removal due to their eco-friendly nature [44]. In fact, most tested antibiotics
are known to be biorecalcitrant under aerobic conditions [45], escaping from conventional
wastewater treatment plants intact. In this light, non-biological methods, such as advanced
oxidation processes, membrane separation, adsorption, coagulation, and combinations
thereof, have been employed to remove antibiotics (and other pharmaceuticals) from
water [25,39,41,46].

White-rot fungi (WRF) are a promising group of fungi that are known to be able
to transform recalcitrant compounds [47]. They were applied to remove pharmaceutical
residues from different environmental matrices [48]. These organisms have the potential
to adsorb [49], transform, and even to mineralize [50] a large spectrum of xenobiotics
due to a non-specific enzymatic system, including extracellular lignin-modifying enzymes
(mainly laccase, lignin peroxidase, manganese peroxidase, and versatile peroxidase) and
intracellular enzymes, such as the cytochrome P450 system, among others [51]. This
oxidizing property could have useful applications in the removal of micropollutants, which
are usually resistant to biodegradation, and seems to be a very promising approach to
improving water effluent quality at WWTPs [52,53].

The aim of this study was to investigate the potential of the white-rot fungus, Coriolop-
sis gallica, to remove ampicillin under different operational conditions. This fungus was
investigated due to the high-level production of ligninolytic enzymes, especially laccase,
and the capacity to biodegrade recalcitrant pollutants, such as dyes, bisphenol, and fluoro-
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quinolones [54–56]. Since the transformation of these molecules does not necessarily lead
to a decrease in their activity, the residual antibacterial activity of the treated solutions was
also investigated to ensure the efficiency of the treatment. To the best of our knowledge,
this is the first study in which C. gallica has been used to degrade ampicillin.

2. Results
2.1. Degradation of AMP in Liquid Media

The residual concentration of ampicillin in the supernatant was estimated directly
using HPLC–UV analysis (270 nm) after 6 days and 12 days of treatment with C. gallica
culture. According to the HPLC chromatograms (Figure 1), the untreated ampicillin (AMP)
(control) was eluted from the column at 4.97 min. However, for the C. gallica-treated AMP,
after 6 days and 12 days, the initial peak disappeared, and a new one was observed at
6.78 min (Figure 1b,c). These results indicate that the C. gallica strain successfully degraded
the ampicillin during the 6-day incubation period.
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Figure 1. HPLC chromatograms of (a) the control (AMP at 50 mg L−1 in M7 medium) and the treated
AMP after (b) 6 days and (c) 12 days.

2.2. Monitoring of Laccase and Antibacterial Activities at Different Conditions
2.2.1. Effect of AMP Concentration

The effect of the initial antibiotic concentration on the removal of the antibacterial
activity (ABA) was studied at AMP concentrations, ranging from 25 mg L−1 to 500 mg L−1.
The E. coli growth inhibition zone related to ampicillin with or without fungal treatment
(negative control) was measured. The changes in laccase activity during the treatment
were also investigated (Figure 2). Non-treated ampicillin (abiotic control) maintained the
same ABA during the experiment; however, the negative control (fungal culture without
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AMP) showed no activity against E. coli. Different concentrations of AMP showed variable
effects on the antibacterial activity removal and laccase production. C. gallica eliminated the
antibacterial activity at a wide range of AMP concentrations, ranging from 25 mg L−1 to
500 mg L−1 after 2, 6, and 9 days of treatment (Figure 2a). In fact, the ABA corresponding
to 25 mg L−1 of AMP was successfully removed after 2 days of treatment in the presence
of 0.28 U mL−1 of laccase, while the ABA corresponding to 50 mg L−1 and 100 mg L−1

of AMP was removed after 6 days of treatment in the presence of 0.8 and 2.33 U mL−1 of
laccase, respectively. Meanwhile, the ABA corresponding to 200 mg L−1 and 500 mg L−1 of
AMP was abated after 9 days of treatment in the presence of 3.94 U mL−1 and 10 U mL−1

of laccase, respectively (Figure 2b). As a result, the concentration of 500 mg L−1 of AMP
was selected for use in the subsequent experiments.
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Figure 2. Theeffect of the initial antibiotic concentration on (a) the antibacterial activity removal
and (b) the laccase activity concentration (0.15 mM Cu2+, 30 ◦C, 150 rpm). “♦”: 25 mg L−1;
“■”: 50 mg L−1; “▲”: 100 mg L−1; “X”: 200 mg L−1; “*”: 500 mg L−1. Each experiment was
performed in triplicate to obtain the final datapoints (mean ± standard deviation).

2.2.2. Effect of the Age of the Culture on AMP Removal

To evaluate how the age of the culture affected the removal of the antibacterial activity
of AMP, different fungal cultures aged 0, 3, 7, 9, and 12 days were supplemented with
500 mg L−1 of ampicillin and investigated with regard to laccase production and the
removal of the antibacterial activity (Figure 3). The C. gallica cultures successfully eliminated
the antibacterial activity of AMP (500 mg L−1), regardless of their age. The highest removal
rate was achieved using a 9-day-old culture after 4 days of incubation with AMP, whereas
a 12-day-old culture transformed only 50% of the initial ABA after 7 days of treatment
(Figure 3a). Adding AMP re-stimulated laccase production regardless of the age of the
culture (Figure 3b).
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2.2.3. Reusability of the Same Culture

To determine whether C. gallica (4-day-old culture) could be used for more than one
cycle of treatment, consecutive additions of AMP were performed after the degradation
of the first dose (500 mg L−1). The experiment was performed without nutrient supple-
mentation. It was determined that four successive doses of 500 mg L−1 of AMP could
be degraded by the same culture through 26 days of cultivation. Each time that AMP
was added to the culture medium, laccase was induced, and the antibiotic was degraded.
Then, laccase production decreased, rendering further degradation impossible. At that
time, the medium exhibited a lack of nutrients, and the lysis of mycelia was observed. As
such, we found that C. gallica efficiently eliminated AMP four successive times in the same
culture (Figure 4).
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3. Discussion

The objective of this experiment was to evaluate the potential of C. gallica to degrade a
representative of the -lactam antibiotics that are currently in widespread use. This strain was
already tested for its efficiency in degrading fluoroquinolones [56].We began by measuring
the degradation of the ampicillin over time, comparing the chromatograms during the
fungal treatment to ensure that the loss of the antibacterial activity of AMP was caused by
a molecular transformation process of the antibiotic molecule. After 6 days of treatment,
AMP was completely transformed. Compared with the results obtained in previous work,
C. gallica showed greater efficiency in terms of the initial antibiotic concentration, the
percentage of degradation, and the rate of molecular transformation. Many researchers
have described how β-lactam antibiotics are transformed by ligninolytic fungi and their
enzymes. Lucas et al. (2016) reported that 96% of β-lactam antibiotics (initial concentration
10 µg L−1) were eliminated by Trametes versicolor after 15 days of treatment [57], while
Copete-Pertuz et al. (2018) reported a 100% removal of oxacillin (16 mg L−1), cloxacillin
(17.5 mg L−1), and dicloxacillin (19 mg L−1) by Leptosphaerulina sp. after 6, 7, and 8 days of
treatment, respectively, under the action of laccase and versatile peroxidase [58].

We evaluated the ability of C. gallica to remove the antibacterial activity of AMP
under different culture conditions, measuring the laccase activity in each condition. Few
researchers have explored the correlation between antibiotic biotransformation and laccase
production in depth, but a recent study reported the involvement of extracellular enzymes
in antibiotic degradation, with a putative major role for laccases [56]. In this work, we
focused on laccase, as it could be easily repurposed as free or grafted systems to support
sustainable processes. The removal rate of AMP was affected by the initial antibiotic
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concentration, showing variable effects based on the antibacterial activity removal and the
laccase production. The presence of AMP in the culture media was observed to induce
laccase production and increasing the concentration of AMP led to an increase in the laccase
activity; however, high initial concentrations of AMP required a longer treatment duration.
These results are in agreement with those reported by Dhawan et al. (2015), who found that
nine different antibiotics affected fungal growth, protein release, and laccase production
in Cyathus bulleri (5.3 U mL−1) and Pycnoporus cinnabarinus (10.9 U mL−1) to different
extents. Interestingly, apramycin sulfate (500 mg L−1) stimulated the maximum laccase
production (23.3 U mL−1) in P. cinnabarinus. However, ampicillin trihydrate (200 mg L−1)
induced laccase production in C. bulleri from 5.5 U mL−1 to 10.6 U mL−1 [59]. Praveen and
Reddy (2012) also described the role of nine antibiotics in laccase induction in Stereum ostrea
(27.48 U mL−1) and Phanerochaete chrysosporium (1.3 U mL−1). In their study, tetracycline
(500 mg L−1) stimulated the maximum laccase production (33.4 U mL−1 and 4 U mL−1)
and ampicillin (200 mg L−1) increased laccase production (27.48 U mL−1 and 1.742 U mL−1)
in S. ostrea and P. chrysosporium, respectively [60].

Next, we investigated the effect of the age of the culture on the removal of the antibac-
terial activity of AMP. The addition of AMP (500 mg L−1) to different C. gallica cultures
affected the kinetics of both the laccase production and the ABA removal. In the absence of
AMP and under the same cultivation conditions (M7, 30 ◦C, 150 rpm, + Cu2+), C. gallica
produced the maximum laccase quantity on day 9, after which production declined [61]. In
this study, the addition of AMP re-stimulated the laccase production regardless of the age
of the culture. A possible explanation for this finding is that the fungi may have mistaken
AMP for a phenolic substrate. Similarly, Sandhu and Arora (1985) observed the induction of
laccase production in Polyporus sanguineus in the presence of different phenolic compounds.
Furthermore, they proposed that white-rot fungi may sense the antibiotic as a phenolic
substrate that must be attacked and detoxified by means of enzymatic transformation [62].
Phlebia radiata has also been found to produce lignin-modifying enzymes for detoxification
purposes in response to the presence of toxic compounds in its environment [63].

The reusability of a treatment process is a crucial factor in industrial applications,
representing a high priority for manufacturers due to economic considerations. Four
successive doses of AMP (500 mg L−1) were degraded by the same C. gallica culture in this
study. Laccase production was re-stimulated each time AMP was added to the same culture;
therefore, it could be concluded that, even if laccase is not the key enzyme responsible for
AMP degradation, it may be involved in its biotransformation reaction. Yang et al. (2017)
investigated ampicillin degradation by immobilized Cerrena laccase. In the absence of
a redox mediator, the degradation efficiency was <40%, whereas adding the mediator,
ABTS, increased the degradation efficiency to 55% [64]. Furthermore, Zhang et al. (2020)
reported the effective degradation of ampicillin (100%) by free and immobilized laccase
in water and proposed two degradation pathways involved in the oxidation of ampicillin
by laccase [65]. In the first degradation pathway, the process began with the oxidation of
the sulfur atom of ampicillin, which resulted in the generation of a sulfur–oxygen bond in
the so-called molecules (TP365 and TP397). In the second pathway, however, the β-lactam
ring of ampicillin was directly opened and oxidized to generate TP366; therefore, we could
attribute the loss of ampicillin activity to the cleavage of the β-lactam ring by laccase.

These works illustrate the efficiency of the fungal remediation process over the large
range of ß-lactam found in the environment, and the gap to be filled in order to understand
how the fungi manage with these pollutants and how they can be used to support sustain-
able processes. In conclusion, several enzymes, including laccases, could be the target of
future research to evaluate purified enzymes and identify the main by-products. It would
be better to evaluate free and immobilized enzymes alone or in the presence of a chemical
mediator, such as HBT, to improve the current degradation performances.
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4. Materials and Methods
4.1. Chemicals and Reagents

Ampicillin sodium salt (CAS No. 69-52-3, ≥98.0%) and 2,6-dimethoxyphenol (2,6-
DMP, 99%) were obtained from SigmaAldrich (Burlington, MA, USA). All other chemicals
and solvents used in this study were of an HPLC or reagent grade.

The different concentrations of AMP, ranging from 25 mg L−1 to 500 mg L−1, were
obtained usingappropriate dilution of the stock solution in distilled water. The maximum
absorbance (λmax) of AMP was determined using UV–visible spectrophotometry (JENWAY
7315 Spectrophotometer, Cole-Parmer, Inc., Vernon Hills, IL, USA). The chemical structure
and some characteristics of AMP are shown in Table 1.

Table 1. Physicochemical characteristics of AMP.

Antibiotic Class λmax (nm) Chemical Structure

Ampicillin β-lactam 204
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4.2. Microorganisms

The fungal strain used in this study was C. gallica CLBE55, a white-rot fungus isolated
from a Tunisian forest biotope in the northwest in 2008 (GPS coordinates: 36.653681,
8.904576) and maintained using subculturing on 2% malt extract agar slants at pH 5 and
30 ◦C at 30-day intervals [66].

Escherichia coli (ATCC 25922) was used as the test strain with which to measure the
residual antibacterial activity of the treated solutions.

4.3. Experimental Procedures
4.3.1. Follow-Up of AMP Concentration Time-Course in the Culture Medium

The experiments were performed in 500 mL Erlenmeyer flasks containing 150 mL of
the M7 medium and inoculated with 1% of homogenized mycelium. The M7 medium
contained (per liter): glucose, 10 g; peptone, 5 g; yeast extract, 1 g; ammonium tartrate,
2 g; KH2PO4, 1 g; MgSO4·7H2O, 0.5 g; KCl, 0.5 g; and trace element solution, 1 mL.
The composition of the trace element solution per liter was as follows: B4O7Na2·10H2O,
0.1 g; CuSO4·5H2O, 0.01 g; FeSO4·7H2O, 0.05 g; MnSO4·7H2O, 0.01 g; ZnSO4·7H2O, 0.07 g;
(NH4)6Mo7O24·4H2O, 0.01 g. The pH of the solution was adjusted to 5.5. The cultures were
incubated at 30 ◦C on a rotary shaker (160 rpm). M7 was supplemented with CuSO4·5H2O
(150 µM) after 3 days of cultivation to induce laccase [61]. Each experiment was conducted
in triplicate and included non-inoculated controls containing 150 mL of the same medium.
After 4 days of cultivation, ampicillin was added to the flasks to produce the desired
concentration from a stock solution in water. The flasks were incubated in the dark, on
an orbital shaker in the same conditions mentioned previously in order to exclude the
influence of light on the ampicillin stability. In the time-course experiments, 1.5 mL samples
were periodically withdrawn, filtered, and analyzed to assess the laccase and antibacterial
activity. The samples were maintained at a temperature of −20 ◦C until the HPLC analysis.

4.3.2. In Vitro Analysis of Residual AMP
Effect of the Antibiotic Concentration

To study the ability of C. gallica to eliminate the antibacterial activity at high con-
centrations, different doses of ampicillin were added to the culture medium at a final
concentration ranging between 25 mg L−1 and 500 mg L−1 on the fourth day of cultivation.
The samples were withdrawn periodically, centrifuged, and analyzed to determine the
residual antibacterial and laccase activity.
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Effect of the Age of the Mycelia

To investigate the influence of the age of the mycelia on the removal of the antibacterial
activity of ampicillin, the antibiotic solution was added to cultures at different stages of
fungal growth and varying laccase production levels. The final concentration of ampicillin
was 500 mg L−1, and the ages of the tested cultures were 0, 3, 7, 9, and 12 days.

Effect of the Consecutive Addition of Ampicillin

To study the potential of a C. gallica culture for the consecutive treatment of ampicillin,
the antibiotic was re-added to the same culture at the same concentration (500 mg L−1) once
the antibacterial activity of the previous concentration decreased to an undetectable level.

4.4. Analytical Procedures
4.4.1. HPLC Analysis of Ampicillin in C. gallica Culture Filtrate

The concentration of AMP in the tested culture was measured using HPLC–UV (Agilent
1100 Series, Agilent Technologies, Waldbronn, Germany) equipped with a micro-vacuum
degasser (Agilent 1100 Series, Agilent Technologies, Waldbronn, Germany), quaternary pump,
diode array, and mass detector (Agilent Technologies 61120 Quadrupole LC/MS, Agilent
Technologies, Waldbronn, Germany) at a wavelength of 270 nm. The separation was per-
formed using a ZORBAX SB-C18 (150 mm × 4.6 mm, 5 µm) column. The mobile phase was a
mixture of A (H2O + 0.1% formic acid) and B (acetonitrile + 0.1% formic acid) [64] at a flow
rate of 1 mL min−1 (initial, 10% B; 15 min, 90% B; 25 min, 90% B; 26 min, 10% B; 36 min,
10% B). The column temperature was 35 ◦C and 10 µL of each sample was injected.

4.4.2. Antibacterial Activity Assay

The antibacterial activity (ABA) of ampicillin before and after treatment was also
evaluated using the agar well diffusion method [67]. E. coli cells were cultured overnight at
37 ◦C with shaking (150 rpm) in a lysogeny broth (LB) medium. Petri dishes containing an
LB agar medium were inoculated aseptically with a suspension of 106 cells per mL from
the young culture. After drying, the agar was perforated with the upper part of a Pasteur
pipette. The resulting cavities were filled with samples obtained at different treatment times
(50 µL per well).An abiotic control (AMP in culture medium without fungus) and a negative
control (fungal culture without AMP) were evaluated in parallel with the tests described
above. The experiments were performed in triplicate. The Petri dishes were incubated at
37 ◦C for 24 h. The growth inhibition was calculated by measuring the diameter of the
growth inhibition against the control as follows:

Removal efficiency(%) =
(D0 − Dt)

D0
∗ 100

where D0 and Dt are the diameters of the growth inhibition zone (mm) corresponding to
AMP added to the culture on day 4 and the residual AMP at culture time, t, respectively.

4.4.3. Laccase Activity Assay

As oxidative enzymes can potentially participate in antibiotic degradation, laccase
activity was assayed during the culture period by monitoring the oxidation of 10 mM
of 2,6-dimethoxyphenol (DMP) (469 nm, ε469 = 27,500 M−1cm−1) in a reaction mixture
solution containing 100 mM of citrate buffer at pH 5. One unit of enzyme activity was
defined as the amount of enzyme oxidizing 1 µM of substrate min−1 [68].

5. Conclusions

This study investigated the degradation of ampicillin by C. gallica under different
culture conditions. The selected fungus successfully degraded AMP in a liquid medium
after 6 days of treatment. Based on the activity assays, C. gallica laccase was involved in
the enzymatic degradation of ampicillin and contributed to the removal of its antibacterial
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activity. The loss of antibacterial activity could be attributed to the cleavage of the β-lactam
ring in response to laccase. Further experiments, such as proteomic analysis, should be
performed to investigate other enzymes that may be involved in ampicillin degradation
and identify the degradation products generated during the treatment process.

The strong performance of C. gallica in the effective removal of ampicillin makes it a
promising candidate for environmental recovery, with potential applications in eco-friendly
biological treatment processes to remove antibiotics from wastewater; a single culture of
fungus could be deployed for prolonged use at a wastewater plant without the need to
replenish the nutrients.

Author Contributions: Conceptualization, B.G. and T.M.; methodology, B.G.; validation, A.H.A., I.B.A.
and H.Z.-M.; investigation, B.G.; resources, T.M. and H.Z.-M.; data curation, I.L.; writing—original draft
preparation, B.G.; writing—review and editing, B.G., I.B.A., A.H.A. and A.A.A.; visualization, B.G.
and I.L.; supervision, T.M.; project administration, T.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be available on request from corresponding author.

Acknowledgments: The authors are grateful to the Tunisian Ministry of Higher Education and
Scientific Research for their financial support.

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

References
1. Imai, S.; Shiraishi, A.; Gamo, K.; Watanabe, I.; Okuhata, H.; Miyasaka, H.; Ikeda, K.; Bamba, T.; Hirata, K. Removal of Phenolic

Endocrine Disruptors by Portulaca Oleracea. J. Biosci. Bioeng. 2007, 103, 420–426. [CrossRef]
2. Tan, B.L.L.; Hawker, D.W.; Müller, J.F.; Tremblay, L.A.; Chapman, H.F. Stir Bar Sorptive Extraction and Trace Analysis of

Selected Endocrine Disruptors in Water, Biosolids and Sludge Samples by Thermal Desorption with Gas Chromatography-Mass
Spectrometry. Water Res. 2008, 42, 404–412. [CrossRef] [PubMed]

3. García, J.; García-Galán, M.J.; Day, J.W.; Boopathy, R.; White, J.R.; Wallace, S.; Hunter, R.G. A Review of Emerging Organic Con-
taminants (EOCs), Antibiotic Resistant Bacteria (ARB), and Antibiotic Resistance Genes (ARGs) in the Environment: Increasing
Removal with Wetlands and Reducing Environmental Impacts. Bioresour. Technol. 2020, 307, 123228. [CrossRef]

4. Schwartz, T.; Kohnen, W.; Jansen, B.; Obst, U. Detection of Antibiotic-Resistant Bacteria and Their Resistance Genes in Wastewater,
Surface Water, and Drinking Water Biofilms. FEMS Microbiol. Ecol. 2003, 43, 325–335. [CrossRef]

5. Mai, Z.; Xiong, X.; Hu, H.; Jia, J.; Wu, C.; Wang, G. Occurrence, Distribution, and Ecological Risks of Antibiotics in Honghu Lake
and Surrounding Aquaculture Ponds, China. Environ. Sci. Pollut. Res. 2023, 30, 50732–50742. [CrossRef] [PubMed]

6. Zinner, S.H. Overview of Antibiotic Use and Resistance: Setting the Stage for Tigecycline. Clin. Infect. Dis. 2005, 41, S289–S292.
[CrossRef]

7. Sun, K.; Huang, Q.; Li, S. Transformation and Toxicity Evaluation of Tetracycline in Humic Acid Solution by Laccase Coupled
with 1-Hydroxybenzotriazole. J. Hazard. Mater. 2017, 331, 182–188. [CrossRef] [PubMed]

8. Kümmerer, K. Antibiotics in the Aquatic Environment—A Review–Part I. Chemosphere 2009, 75, 417–434. [CrossRef]
9. Erbay, A.; Bodur, H.; Akinci, E.; Colpan, A. Evaluation of Antibiotic Use in Intensive Care Units of a Tertiary Care Hospital in

Turkey. J. Hosp. Infect. 2005, 59, 53–61. [CrossRef]
10. Klein, E.Y.; Van Boeckel, T.P.; Martinez, E.M.; Pant, S.; Gandra, S.; Levin, S.A.; Goossens, H.; Laxminarayan, R. Global Increase and

Geographic Convergence in Antibiotic Consumption between 2000 and 2015. Proc. Natl. Acad. Sci. USA 2018, 115, E3463–E3470.
[CrossRef]

11. Van Boeckel, T.P.; Brower, C.; Gilbert, M.; Grenfell, B.T.; Levin, S.A.; Robinson, T.P.; Teillant, A.; Laxminarayan, R. Global Trends
in Antimicrobial Use in Food Animals. Proc. Natl. Acad. Sci. USA 2015, 112, 5649–5654. [CrossRef] [PubMed]

12. Carlet, J.; Rambaud, C.; Pulcini, C. Alliance contre les bactéries multirésistantes: Sauvons les antibiotiques! Ann. Fr. Anesth.
Reanim. 2012, 31, 704–708. [CrossRef]

13. Yuan, W.; Zhang, Y.; Riaz, L.; Yang, Q.; Du, B.; Wang, R. Multiple Antibiotic Resistance and DNA Methylation in Enterobacteriaceae
Isolates from Different Environments. J. Hazard. Mater. 2021, 402, 123822. [CrossRef] [PubMed]

14. Hossain, A.; Al Mamun, M.H.; Nagano, I.; Kitazawa, D.; Masunaga, S.; Matsuda, H. Antibiotics, Antibiotic-Resistant Bacteria, and
Resistance Genes in Aquaculture: Risks, Current Concern, and Future Thinking. Environ. Sci. Pollut. Res. 2022, 29, 11054–11075.
[CrossRef] [PubMed]

https://doi.org/10.1263/jbb.103.420
https://doi.org/10.1016/j.watres.2007.07.032
https://www.ncbi.nlm.nih.gov/pubmed/17706739
https://doi.org/10.1016/j.biortech.2020.123228
https://doi.org/10.1111/j.1574-6941.2003.tb01073.x
https://doi.org/10.1007/s11356-023-25931-8
https://www.ncbi.nlm.nih.gov/pubmed/36808535
https://doi.org/10.1086/431670
https://doi.org/10.1016/j.jhazmat.2017.02.058
https://www.ncbi.nlm.nih.gov/pubmed/28273567
https://doi.org/10.1016/j.chemosphere.2008.11.086
https://doi.org/10.1016/j.jhin.2004.07.026
https://doi.org/10.1073/pnas.1717295115
https://doi.org/10.1073/pnas.1503141112
https://www.ncbi.nlm.nih.gov/pubmed/25792457
https://doi.org/10.1016/j.annfar.2012.07.003
https://doi.org/10.1016/j.jhazmat.2020.123822
https://www.ncbi.nlm.nih.gov/pubmed/33254807
https://doi.org/10.1007/s11356-021-17825-4
https://www.ncbi.nlm.nih.gov/pubmed/35028843


Antibiotics 2024, 13, 407 10 of 12

15. Berendonk, T.U.; Manaia, C.M.; Merlin, C.; Fatta-Kassinos, D.; Cytryn, E.; Walsh, F.; Bürgmann, H.; Sørum, H.; Norström,
M.; Pons, M.-N.; et al. Tackling Antibiotic Resistance: The Environmental Framework. Nat. Rev. Microbiol. 2015, 13, 310–317.
[CrossRef] [PubMed]

16. Dong, H.; Chen, Y.; Wang, J.; Zhang, Y.; Zhang, P.; Li, X.; Zou, J.; Zhou, A. Interactions of Microplastics and Antibiotic Resistance
Genes and Their Effects on the Aquaculture Environments. J. Hazard. Mater. 2021, 403, 123961. [CrossRef] [PubMed]

17. Feng, Y.; Hu, J.; Chen, Y.; Xu, J.; Yang, B.; Jiang, J. Ecological Response to Antibiotics Re-Entering the Aquaculture Environment
with Possible Long-Term Antibiotics Selection Based on Enzyme Activity in Sediment. Environ. Sci. Pollut. Res. 2022, 29,
19033–19044. [CrossRef] [PubMed]

18. Rodriguez-Mozaz, S.; Chamorro, S.; Marti, E.; Huerta, B.; Gros, M.; Sànchez-Melsió, A.; Borrego, C.M.; Barceló, D.; Balcázar, J.L.
Occurrence of Antibiotics and Antibiotic Resistance Genes in Hospital and Urban Wastewaters and Their Impact on the Receiving
River. Water Res. 2015, 69, 234–242. [CrossRef]

19. Negreanu, Y.; Pasternak, Z.; Jurkevitch, E.; Cytryn, E. Impact of Treated Wastewater Irrigation on Antibiotic Resistance in
Agricultural Soils. Environ. Sci. Technol. 2012, 46, 4800–4808. [CrossRef]

20. Proia, L.; von Schiller, D.; Sànchez-Melsió, A.; Sabater, S.; Borrego, C.M.; Rodríguez-Mozaz, S.; Balcázar, J.L. Occurrence and
Persistence of Antibiotic Resistance Genes in River Biofilms after Wastewater Inputs in Small Rivers. Environ. Pollut. 2016, 210,
121–128. [CrossRef]

21. Göbel, A.; McArdell, C.S.; Joss, A.; Siegrist, H.; Giger, W. Fate of Sulfonamides, Macrolides, and Trimethoprim in Different
Wastewater Treatment Technologies. Sci. Total Environ. 2007, 372, 361–371. [CrossRef] [PubMed]

22. Kim, S.-C.; Carlson, K. Temporal and Spatial Trends in the Occurrence of Human and Veterinary Antibiotics in Aqueous and
River Sediment Matrices. Environ. Sci. Technol. 2007, 41, 50–57. [CrossRef] [PubMed]

23. Serra-Compte, A.; Álvarez-Muñoz, D.; Rodríguez-Mozaz, S.; Barceló, D. Multi-Residue Method for the Determination of
Antibiotics and Some of Their Metabolites in Seafood. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol. Res. Assoc. 2017, 104, 3–13.
[CrossRef] [PubMed]

24. Hernando, M.D.; Mezcua, M.; Fernández-Alba, A.R.; Barceló, D. Environmental Risk Assessment of Pharmaceutical Residues in
Wastewater Effluents, Surface Waters and Sediments. Talanta 2006, 69, 334–342. [CrossRef] [PubMed]

25. Homem, V.; Santos, L. Degradation and Removal Methods of Antibiotics from Aqueous Matrices–A Review. J. Environ. Manag.
2011, 92, 2304–2347. [CrossRef] [PubMed]

26. Wu, X.; Dodgen, L.K.; Conkle, J.L.; Gan, J. Plant Uptake of Pharmaceutical and Personal Care Products from Recycled Water and
Biosolids: A Review. Sci. Total Environ. 2015, 536, 655–666. [CrossRef] [PubMed]

27. Bhattacharjee, A.S.; Phan, D.; Zheng, C.; Ashworth, D.; Schmidt, M.; Men, Y.; Ferreira, J.F.S.; Muir, G.; Hasan, N.A.; Ibekwe, A.M.
Dissemination of Antibiotic Resistance Genes through Soil-Plant-Earthworm Continuum in the Food Production Environment.
Environ. Int. 2024, 183, 108374. [CrossRef] [PubMed]

28. Kong, K.-F.; Schneper, L.; Mathee, K. Beta-Lactam Antibiotics: From Antibiosis to Resistance and Bacteriology. APMIS Acta Pathol.
Microbiol. Immunol. Scand. 2010, 118, 1–36. [CrossRef] [PubMed]

29. Fernández-Fernández, M.; Sanromán, M.Á.; Moldes, D. Recent Developments and Applications of Immobilized Laccase.
Biotechnol. Adv. 2013, 31, 1808–1825. [CrossRef]

30. Foulds, G. Pharmacokinetics of Sulbactam/Ampicillin in Humans: A Review. Rev. Infect. Dis. 1986, 8, S503–S511. [CrossRef]
31. Campagnolo, E.R.; Johnson, K.R.; Karpati, A.; Rubin, C.S.; Kolpin, D.W.; Meyer, M.T.; Esteban, J.E.; Currier, R.W.; Smith, K.; Thu,

K.M.; et al. Antimicrobial Residues in Animal Waste and Water Resources Proximal to Large-Scale Swine and Poultry Feeding
Operations. Sci. Total Environ. 2002, 299, 89–95. [CrossRef] [PubMed]

32. Giraldo, A.L.; Erazo-Erazo, E.D.; Flórez-Acosta, O.A.; Serna-Galvis, E.A.; Torres-Palma, R.A. Degradation of the Antibiotic
Oxacillin in Water by Anodic Oxidation with Ti/IrO2 Anodes: Evaluation of Degradation Routes, Organic by-Products and
Effects of Water Matrix Components. Chem. Eng. J. 2015, 279, 103–114. [CrossRef]

33. Harrabi, M.; Varela Della Giustina, S.; Aloulou, F.; Rodriguez-Mozaz, S.; Barceló, D.; Elleuch, B. Analysis of Multiclass Antibiotic
Residues in Urban Wastewater in Tunisia. Environ. Nanotechnol. Monit. Manag. 2018, 10, 163–170. [CrossRef]

34. Chaturvedi, P.; Giri, B.S.; Shukla, P.; Gupta, P. Recent Advancement in Remediation of Synthetic Organic Antibiotics from
Environmental Matrices: Challenges and Perspective. Bioresour. Technol. 2021, 319, 124161. [CrossRef] [PubMed]

35. Alegbeleye, O.; Daramola, O.B.; Adetunji, A.T.; Ore, O.T.; Ayantunji, Y.J.; Omole, R.K.; Ajagbe, D.; Adekoya, S.O. Efficient Removal
of Antibiotics from Water Resources Is a Public Health Priority: A Critical Assessment of the Efficacy of Some Remediation
Strategies for Antibiotics in Water. Environ. Sci. Pollut. Res. 2022, 29, 56948–57020. [CrossRef] [PubMed]

36. Ioannou-Ttofa, L.; Raj, S.; Prakash, H.; Fatta-Kassinos, D. Solar Photo-Fenton Oxidation for the Removal of Ampicillin, Total
Cultivable and Resistant E. coli and Ecotoxicity from Secondary-Treated Wastewater Effluents. Chem. Eng. J. 2019, 355, 91–102.
[CrossRef]

37. Al Abri, R.; Al Marzouqi, F.; Kuvarega, A.T.; Meetani, M.A.; Al Kindy, S.M.Z.; Karthikeyan, S.; Kim, Y.; Selvaraj, R. Nanostructured
Cerium-Doped ZnO for Photocatalytic Degradation of Pharmaceuticals in Aqueous Solution. J. Photochem. Photobiol. Chem. 2019,
384, 112065. [CrossRef]

38. Mu, X.; Huang, Z.; Ohore, O.E.; Yang, J.; Peng, K.; Li, S.; Li, X. Impact of Antibiotics on Microbial Community in Aquatic
Environment and Biodegradation Mechanism: A Review and Bibliometric Analysis. Environ. Sci. Pollut. Res. 2023, 30,
66431–66444. [CrossRef] [PubMed]

https://doi.org/10.1038/nrmicro3439
https://www.ncbi.nlm.nih.gov/pubmed/25817583
https://doi.org/10.1016/j.jhazmat.2020.123961
https://www.ncbi.nlm.nih.gov/pubmed/33265004
https://doi.org/10.1007/s11356-021-17114-0
https://www.ncbi.nlm.nih.gov/pubmed/34705202
https://doi.org/10.1016/j.watres.2014.11.021
https://doi.org/10.1021/es204665b
https://doi.org/10.1016/j.envpol.2015.11.035
https://doi.org/10.1016/j.scitotenv.2006.07.039
https://www.ncbi.nlm.nih.gov/pubmed/17126383
https://doi.org/10.1021/es060737+
https://www.ncbi.nlm.nih.gov/pubmed/17265926
https://doi.org/10.1016/j.fct.2016.11.031
https://www.ncbi.nlm.nih.gov/pubmed/27908699
https://doi.org/10.1016/j.talanta.2005.09.037
https://www.ncbi.nlm.nih.gov/pubmed/18970571
https://doi.org/10.1016/j.jenvman.2011.05.023
https://www.ncbi.nlm.nih.gov/pubmed/21680081
https://doi.org/10.1016/j.scitotenv.2015.07.129
https://www.ncbi.nlm.nih.gov/pubmed/26254067
https://doi.org/10.1016/j.envint.2023.108374
https://www.ncbi.nlm.nih.gov/pubmed/38101104
https://doi.org/10.1111/j.1600-0463.2009.02563.x
https://www.ncbi.nlm.nih.gov/pubmed/20041868
https://doi.org/10.1016/j.biotechadv.2012.02.013
https://doi.org/10.1093/clinids/8.Supplement_5.503
https://doi.org/10.1016/S0048-9697(02)00233-4
https://www.ncbi.nlm.nih.gov/pubmed/12462576
https://doi.org/10.1016/j.cej.2015.04.140
https://doi.org/10.1016/j.enmm.2018.05.006
https://doi.org/10.1016/j.biortech.2020.124161
https://www.ncbi.nlm.nih.gov/pubmed/33007697
https://doi.org/10.1007/s11356-022-21252-4
https://www.ncbi.nlm.nih.gov/pubmed/35716301
https://doi.org/10.1016/j.cej.2018.08.057
https://doi.org/10.1016/j.jphotochem.2019.112065
https://doi.org/10.1007/s11356-023-27018-w
https://www.ncbi.nlm.nih.gov/pubmed/37101213


Antibiotics 2024, 13, 407 11 of 12

39. Yabalak, E. An Approach to Apply Eco-Friendly Subcritical Water Oxidation Method in the Mineralization of the Antibiotic
Ampicillin. J. Environ. Chem. Eng. 2018, 6, 7132–7137. [CrossRef]

40. Montoya-Rodríguez, D.M.; Serna-Galvis, E.A.; Ferraro, F.; Torres-Palma, R.A. Degradation of the Emerging Concern Pollutant
Ampicillin in Aqueous Media by Sonochemical Advanced Oxidation Processes—Parameters Effect, Removal of Antimicrobial
Activity and Pollutant Treatment in Hydrolyzed Urine. J. Environ. Manag. 2020, 261, 110224. [CrossRef]

41. Zhang, Y.; Zhang, B.-T.; Teng, Y.; Zhao, J. Activated Carbon Supported Nanoscale Zero Valent Iron for Cooperative Adsorption
and Persulfate-Driven Oxidation of Ampicillin. Environ. Technol. Innov. 2020, 19, 100956. [CrossRef]

42. Eniola, J.O.; Kumar, R.; Barakat, M.A. Adsorptive Removal of Antibiotics from Water over Natural and Modified Adsorbents.
Environ. Sci. Pollut. Res. 2019, 26, 34775–34788. [CrossRef] [PubMed]

43. Chen, J.; Zhang, Q.; Zhu, Y.; Zhang, M.; Zhu, Y.; Farooq, U.; Lu, T.; Qi, Z.; Chen, W. Adsorption of Fluoroquinolone Antibiotics
onto Ferrihydrite under Different Anionic Surfactants and Solution PH. Environ. Sci. Pollut. Res. 2023, 30, 78229–78242. [CrossRef]
[PubMed]

44. Bilal, M.; Adeel, M.; Rasheed, T.; Zhao, Y.; Iqbal, H.M.N. Emerging Contaminants of High Concern and Their Enzyme-Assisted
Biodegradation—A Review. Environ. Int. 2019, 124, 336–353. [CrossRef] [PubMed]

45. Kümmerer, K. The Presence of Pharmaceuticals in the Environment Due to Human Use—Present Knowledge and Future
Challenges. J. Environ. Manag. 2009, 90, 2354–2366. [CrossRef] [PubMed]

46. Pirsaheb, M.; Mohamadisorkali, H.; Hossaini, H.; Hossini, H.; Makhdoumi, P. The Hybrid System Successfully to Consisting of
Activated Sludge and Biofilter Process from Hospital Wastewater: Ecotoxicological Study. J. Environ. Manag. 2020, 276, 111098.
[CrossRef]

47. Morsi, R.; Bilal, M.; Iqbal, H.M.N.; Ashraf, S.S. Laccases and Peroxidases: The Smart, Greener and Futuristic Biocatalytic Tools to
Mitigate Recalcitrant Emerging Pollutants. Sci. Total Environ. 2020, 714, 136572. [CrossRef] [PubMed]

48. Torán, J.; Blánquez, P.; Caminal, G. Comparison between Several Reactors with Trametes versicolor Immobilized on Lignocellulosic
Support for the Continuous Treatments of Hospital Wastewater. Bioresour. Technol. 2017, 243, 966–974. [CrossRef] [PubMed]

49. Lucas, D.; Castellet-Rovira, F.; Villagrasa, M.; Badia-Fabregat, M.; Barceló, D.; Vicent, T.; Caminal, G.; Sarrà, M.; Rodríguez-Mozaz,
S. The Role of Sorption Processes in the Removal of Pharmaceuticals by Fungal Treatment of Wastewater. Sci. Total Environ. 2018,
610–611, 1147–1153. [CrossRef]

50. Naghdi, M.; Taheran, M.; Brar, S.K.; Kermanshahi-pour, A.; Verma, M.; Surampalli, R.Y. Removal of Pharmaceutical Compounds
in Water and Wastewater Using Fungal Oxidoreductase Enzymes. Environ. Pollut. 2018, 234, 190–213. [CrossRef]

51. Asgher, M.; Bhatti, H.N.; Ashraf, M.; Legge, R.L. Recent Developments in Biodegradation of Industrial Pollutants by White Rot
Fungi and Their Enzyme System. Biodegradation 2008, 19, 771. [CrossRef] [PubMed]

52. Spina, F.; Gea, M.; Bicchi, C.; Cordero, C.; Schilirò, T.; Varese, G.C. Ecofriendly Laccases Treatment to Challenge Micropollutants
Issue in Municipal Wastewaters. Environ. Pollut. 2020, 257, 113579. [CrossRef] [PubMed]

53. Russell, J.N.; Yost, C.K. Alternative, Environmentally Conscious Approaches for Removing Antibiotics from Wastewater Treatment
Systems. Chemosphere 2021, 263, 128177. [CrossRef] [PubMed]

54. Benali, J.; Ben Atitallah, I.; Ghariani, B.; Mechichi, T.; Hadrich, B.; Zouari-Mechichi, H. Optimized Decolorization of Two Poly
Azo Dyes Sirius Red and Sirius Blue Using Laccase-Mediator System. 3 Biotech 2024, 14, 93. [CrossRef] [PubMed]

55. Mtibaà, R.; Olicón-Hernández, D.R.; Pozo, C.; Nasri, M.; Mechichi, T.; González, J.; Aranda, E. Degradation of Bisphenol A and
Acute Toxicity Reduction by Different Thermo-Tolerant Ascomycete Strains Isolated from Arid Soils. Ecotoxicol. Environ. Saf.
2018, 156, 87–96. [CrossRef] [PubMed]

56. Ben Ayed, A.; Akrout, I.; Albert, Q.; Greff, S.; Simmler, C.; Armengaud, J.; Kielbasa, M.; Turbé-Doan, A.; Chaduli, D.; Navarro, D.;
et al. Biotransformation of the Fluoroquinolone, Levofloxacin, by the White-Rot Fungus Coriolopsis gallica. J. Fungi 2022, 8, 965.
[CrossRef]

57. Lucas, D.; Badia-Fabregat, M.; Vicent, T.; Caminal, G.; Rodríguez-Mozaz, S.; Balcázar, J.L.; Barceló, D. Fungal Treatment for the
Removal of Antibiotics and Antibiotic Resistance Genes in Veterinary Hospital Wastewater. Chemosphere 2016, 152, 301–308.
[CrossRef] [PubMed]

58. Copete-Pertuz, L.S.; Plácido, J.; Serna-Galvis, E.A.; Torres-Palma, R.A.; Mora, A. Elimination of Isoxazolyl-Penicillins Antibiotics
in Waters by the Ligninolytic Native Colombian Strain Leptosphaerulina Sp. Considerations on Biodegradation Process and
Antimicrobial Activity Removal. Sci. Total Environ. 2018, 630, 1195–1204. [CrossRef]

59. Dhawan, S.; Lal, R.; Hanspal, M.; Kuhad, R.C. Effect of Antibiotics on Growth and Laccase Production from Cyathus bulleri and
Pycnoporus cinnabarinus. Bioresour. Technol. 2005, 96, 1415–1418. [CrossRef]

60. Praveen, K.; Reddy, B.R. Effect of Antibiotics on Ligninolytic Enzymes Production from Stereum ostrea and Phanerochaete
chrysosporium under Submerged Fermentation. Int. J. Pharm. Pharm. Sci. 2012, 4, 135–138.

61. Zouari-Mechichi, H.; Mechichi, T.; Dhouib, A.; Sayadi, S.; Martínez, A.T.; Martínez, M.J. Laccase Purification and Characterization
from Trametes Trogii Isolated in Tunisia: Decolorization of Textile Dyes by the Purified Enzyme. Enzyme Microb. Technol. 2006, 39,
141–148. [CrossRef]

62. Sandhu, D.K.; Arora, D.S. Laccase Production by Polyporus sanguineus under Different Nutritional and Environmental Conditions.
Experientia 1985, 41, 355–356. [CrossRef]

63. Rogalski, J.; Lundell, T.K.; Leonowicz, A.; Hatakka, A.I. Influence of Aromatic Compounds and Lignin on Production of
Ligninolytic Enzymes by Phlebia radiata. Phytochemistry 1991, 30, 2869–2872. [CrossRef]

https://doi.org/10.1016/j.jece.2018.10.010
https://doi.org/10.1016/j.jenvman.2020.110224
https://doi.org/10.1016/j.eti.2020.100956
https://doi.org/10.1007/s11356-019-06641-6
https://www.ncbi.nlm.nih.gov/pubmed/31713137
https://doi.org/10.1007/s11356-023-28059-x
https://www.ncbi.nlm.nih.gov/pubmed/37269523
https://doi.org/10.1016/j.envint.2019.01.011
https://www.ncbi.nlm.nih.gov/pubmed/30660847
https://doi.org/10.1016/j.jenvman.2009.01.023
https://www.ncbi.nlm.nih.gov/pubmed/19261375
https://doi.org/10.1016/j.jenvman.2020.111098
https://doi.org/10.1016/j.scitotenv.2020.136572
https://www.ncbi.nlm.nih.gov/pubmed/31986384
https://doi.org/10.1016/j.biortech.2017.07.055
https://www.ncbi.nlm.nih.gov/pubmed/28746994
https://doi.org/10.1016/j.scitotenv.2017.08.118
https://doi.org/10.1016/j.envpol.2017.11.060
https://doi.org/10.1007/s10532-008-9185-3
https://www.ncbi.nlm.nih.gov/pubmed/18373237
https://doi.org/10.1016/j.envpol.2019.113579
https://www.ncbi.nlm.nih.gov/pubmed/31810716
https://doi.org/10.1016/j.chemosphere.2020.128177
https://www.ncbi.nlm.nih.gov/pubmed/33297145
https://doi.org/10.1007/s13205-024-03937-4
https://www.ncbi.nlm.nih.gov/pubmed/38433848
https://doi.org/10.1016/j.ecoenv.2018.02.077
https://www.ncbi.nlm.nih.gov/pubmed/29533211
https://doi.org/10.3390/jof8090965
https://doi.org/10.1016/j.chemosphere.2016.02.113
https://www.ncbi.nlm.nih.gov/pubmed/26991378
https://doi.org/10.1016/j.scitotenv.2018.02.244
https://doi.org/10.1016/j.biortech.2004.11.014
https://doi.org/10.1016/j.enzmictec.2005.11.027
https://doi.org/10.1007/BF02004501
https://doi.org/10.1016/S0031-9422(00)98215-3


Antibiotics 2024, 13, 407 12 of 12

64. Yang, J.; Lin, Y.; Yang, X.; Ng, T.B.; Ye, X.; Lin, J. Degradation of Tetracycline by Immobilized Laccase and the Proposed
Transformation Pathway. J. Hazard. Mater. 2017, 322, 525–531. [CrossRef] [PubMed]

65. Zhang, C.; You, S.; Zhang, J.; Qi, W.; Su, R.; He, Z. An Effective In-Situ Method for Laccase Immobilization: Excellent Activity,
Effective Antibiotic Removal Rate and Low Potential Ecological Risk for Degradation Products. Bioresour. Technol. 2020,
308, 123271. [CrossRef] [PubMed]

66. Daâssi, D.; Zouari-Mechichi, H.; Belbahri, L.; Barriuso, J.; Martínez, M.J.; Nasri, M.; Mechichi, T. Phylogenetic and Metabolic
Diversity of Tunisian Forest Wood-Degrading Fungi: A Wealth of Novelties and Opportunities for Biotechnology. 3 Biotech 2016,
6, 46. [CrossRef] [PubMed]

67. Meenupriya, J.; Thangaraj, M. Isolation and Molecular Characterization of Bioactive Secondary Metabolites from Callyspongia
Spp. Associated Fungi. Asian Pac. J. Trop. Med. 2010, 3, 738–740. [CrossRef]

68. Yaropolov, A.I.; Skorobogat’ko, O.V.; Vartanov, S.S.; Varfolomeyev, S.D. Laccase. Appl. Biochem. Biotechnol. 1994, 49, 257–280.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jhazmat.2016.10.019
https://www.ncbi.nlm.nih.gov/pubmed/27776862
https://doi.org/10.1016/j.biortech.2020.123271
https://www.ncbi.nlm.nih.gov/pubmed/32247949
https://doi.org/10.1007/s13205-015-0356-8
https://www.ncbi.nlm.nih.gov/pubmed/28330115
https://doi.org/10.1016/S1995-7645(10)60177-0
https://doi.org/10.1007/BF02783061

	Introduction 
	Results 
	Degradation of AMP in Liquid Media 
	Monitoring of Laccase and Antibacterial Activities at Different Conditions 
	Effect of AMP Concentration 
	Effect of the Age of the Culture on AMP Removal 
	Reusability of the Same Culture 


	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Microorganisms 
	Experimental Procedures 
	Follow-Up of AMP Concentration Time-Course in the Culture Medium 
	In Vitro Analysis of Residual AMP 

	Analytical Procedures 
	HPLC Analysis of Ampicillin in C. gallica Culture Filtrate 
	Antibacterial Activity Assay 
	Laccase Activity Assay 


	Conclusions 
	References

