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ARTICLE INFO ABSTRACT
Keywords: Continued widespread use of antibiotics, especially fluoroquinolones, raises environmental con-
Fluoroquinolones cerns, as its driving bacterial resistance and disrupts microbial ecosystems. Here we investigate

Ligninolytic fungi
Laccase
Peroxidase
Cytochrome P450

the biodegradation of ten fluoroquinolone antibiotics (six for medical use and four for veterinary
use) by ligninolytic fungi, including Trametes versicolor, Bjerkandera adusta, Porosterum spadiceum,
Irpex lacteus, Pleuroteus ostreatus, Phanerochaete chrysosporium, Pycnoporus cinnabarinus, Gano-
derma lucidum, and Gloeophyllum trabeum. The results show significant variations between strains
in the efficiency of antibiotic transformation. B. adusta and P. spadiceum were the fungi that most
efficiently reduced antibiotic concentrations and were able to totally degrade eight and six an-
tibiotics, respectively, within a 15-day period. T. versicolor and P. ostreatus also showed the ability
to effectively degrade antibiotics. Specifically, T. versicolor degraded six out of the ten fluo-
roquinolone antibiotics by more than 70 %, while P. ostreatus degraded the tested antibiotics
between 43 % and 100 %. The remaining antibiotic activity did not always correlate with a
reduction in antibiotic concentrations, which points to the presence of post-transformation
antimicrobial metabolites. This study also explores the potential mechanisms used by these
fungi to remove selected models of fluroquinolones via enzymatic routes, such as oxidation by
laccases, heme-peroxidases, and cytochrome P450, or via adsorption on fungal biomass.

1. Introduction

The identification and development of different classes of antibiotics have been pivotal to modern medicine, revolutionizing the
treatment of bacterial infections and helping to significantly enhance human life expectancy, and they logically account for a sub-
stantial share of pharmaceutical sales. Over the period 1997 to 2017, antibiotic consumption in Europe remained relatively stable,
with average consumption in 2017 ranging from 8,94 Defined Daily Dose (DDD) per 1000 population in the Netherlands to 32,15 DDD
per 1000 population in Greece [1].
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Among the many different antibiotics on the market, fluoroquinolones hold a prominent position as one of the most widely used
classes of broad-spectrum antibiotics worldwide. These antimicrobial agents ranked as the third-largest class of medication (by sales
revenue) in the world in 2009, generating approximately $7.1 billion, and showing average growth of 5 % between 2005 and 2009 [2].
Fluoroquinolones find broad applications in both human and animal medicine.

The European Centre for Disease Prevention and Control, the European Food Safety Authority, and the European Medicines Agency
jointly reported that in Europe, the consumption of fluoroquinolones and related quinolones amounted to 2.4 mg/kg in human health
use and 7.2 mg/kg in veterinary use. These figures correspond to 2.2 % and 5.5 % of total antibiotic consumption in each sector in the
same year [3]. In human medicine, commonly used fluoroquinolones include norfloxacin, ciprofloxacin, gemifloxacin, levofloxacin,
moxifloxacin, ofloxacin, and pefloxacin, while the veterinary sector specifically employ danofloxacin, difloxacin, enrofloxacin, mar-
bofloxacin, orbifloxacin, pradofloxacin, and sarafloxacin. Ciprofloxacin is the most frequently prescribed fluoroquinolone in Europe
and the world, followed by ofloxacin, levofloxacin, lomefloxacin, norfloxacin, and sparfloxacin [4].

The extensive utilization of fluoroquinolones has led to significant fluoroquinolone accumulation in aquatic and terrestrial envi-
ronments. Due to their poor metabolization and high chemical stability, fluoroquinolones ultimately release into nature, with around
70 % being discharged unchanged through household and hospital wastewaters, and through waste effluents from livestock farms [5].
The presence of these compounds in the environment raises a several of concerns, primarily due to their persistence in various eco-
systems. Indeed, fluoroquinolones are one of the most resilient classes of antibiotics in soils, which further enhances their stability,
notably by protecting them from photodegradation [6,7]. Moreover, fluoroquinolones have low Henry’s law volatility constants at
room temperature, so they undergo little further volatilization once they enter aquatic resources [5]. In addition, their moderate
degree of water solubility lends them mobility within the water column [8]. Thus, the environmental degradation of these antibiotics is
an extremely slow process [8].

The environmental accumulation of fluoroquinolones also drives the emergence of multi-resistant bacteria, which is an alarming
issue. Over the past decades, several fluoroquinolone-resistant strains have been identified [9,10]. These strains have developed
various protective mechanisms against these antibiotics, such as the SOS response that involves a series of mutations that the bac-
terium undergoes during DNA replication, or plasmid-mediated resistance [11]. This is particularly worrisome, as the World Health
Organization (WHO) categorizes fluoroquinolones as critically important antibiotics, partly due to the limited effective therapeutic
options available to treat severe bacterial infections in humans [12].

Another hazard posed by the environmental accumulation of these antibiotics is their potential toxicity to various organisms within
the ecosystem. There is extensive research highlighting that fluoroquinolones have phytotoxicity ([13,14]) as well as documented
toxicity to both vertebrate and invertebrate species ([8,15]).

In this context, numerous studies have addressed various antibiotic degradation strategies specifically targeting fluoroquinolones.
The strategies proposed to date include physicochemical techniques such as photocatalysis [16], adsorption [17], and the Fenton
reaction [18]. However, microorganisms, especially ligninolytic fungi, hold promising potential as agents for bioremediation.
Research has successfully demonstrated that these fungi can efficiently degrade various pharmaceutical compounds ([19-21]),
including fluoroquinolones ([22-24]).

Ligninolytic fungi have attracted attention due to their remarkable capacity to employ a range of biodegradation mechanisms.
These mechanisms include extracellular enzymatic processes, which leverage a versatile array of enzymes including laccases and
heme-peroxidases ([25-27]), and may also mobilize intracellular pathways involving P450-complex enzymes, which have demon-
strated effectiveness in breaking down a diverse array of micropollutants, including fluoroquinolones ([21,28-30]). Furthermore, the
bioremediation of antibiotics like fluoroquinolones is known to also involve alternative mechanisms, like adsorption by mycelium
from certain fungi such as Penicillium commune, Epicoccum nigrum, Trichoderma harzianum, Aspergillus terreus, Beauveria bassiana,
Pycnoporus sanguineus, and Phanerocaete chrysosporium ([29]; [18]).

Given these attributes, efforts have explored multiple strategies for using fungi to biodegrade fluoroquinolones. These approaches
encompass the utilization of entire fungal cells as well as the application of purified extracellular enzymes ([26,31,32].

However, previous research has predominantly focused on a limited number of fluoroquinolones, chiefly norfloxacin and cipro-
floxacin ([30,32,33]). To address this gap, here we broaden the scope of investigation by selecting a panel of ten fluoroquinolones,
including six medical-use fluoroquinolones, i.e. ciprofloxacin, norfloxacin, lomefloxacin, levofloxacin, ofloxacin, and moxifloxacin,
and four veterinary-use fluoroquinolones, i.e. enrofloxacin, sarafloxacin, danofloxacin, and difloxacin.

We screened fungal strains for their capability to degrade these antibiotics, focusing on nine ligninolytic fungi and based on
previous researches: T. versicolor [24,30], B. adusta [34], P. spadiceum [35], L lacteus [24], P. ostreatus [23,24], P. chrysosporium [18], P.
cinnabarinus [18], G. lucidum [36], and G. trabeum [37]. This approach aimed to evaluate these fungi in terms of their specific
biodegradation efficiency on each antibiotic, and to investigate putative mechanisms involved in the degradation of certain of these
molecules.

2. Materials and methods
2.1. Standard antibiotics

All the antibiotics used in this study, i.e. danofloxacin, difloxacin, sarafloxacin, levofloxacin, lomefloxacin, moxifloxacin, enro-
floxacin, ofloxacin, norfloxacin, ciprofloxacin, were purchased from Sigma Aldrich (Saint-Quentin-Fallavier, France).
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2.2. Fungal strains

The degradation of individual selected antibiotics was evaluated using nine white-rot fungi. Seven of these fungi, Pleuroteus
ostreatus BRFM 3226, Trametes versicolor BFRM 3140, Irpex lacteus BFRM 2544, Gloeophyllum trabeum BFRM 40, Phanerochaete
chrysosporium BFRM 3148, and Pycnoporus cinnabarinus BFRM 137, were obtained from the fungal collection held by the Centre In-
ternational de Ressources Microbiennes (CIRM-CF; www.cirm-fungi.fr) in Marseille, France. Two other white-rot fungi, Bjerkandera
adusta TM11 (NCBI accession number: ON340793) and Porosterum spadiceum BS34 (NCBI accession number:ON340794), were isolated
from different habitats in Northwest Tunisia [38].

2.3. Media and culture conditions

Each fungal strain was grown in solid cultures on potato dextrose agar (PDA) media, using 39 g of dehydrated media (Accumix®,
Geel, Belgium) suspended in 1000 mL of distilled water, and sterilized by autoclaving at 120 °C for 20 min. Three 6-mm diameter plugs
were scraped from the growth zone of 4-day-old fungi on Petri dishes to inoculate the liquid precultures of the fungi. Precultures were
performed in 250 mL baffled flasks of containing 50 mL of malt extract and yeast extract medium (Sigma-Aldrich, St. Louis, MO, USA),
at 18 g of malt extract and 5 g of yeast extract per liter of medium. The precultures were incubated for 5 days at 30 °C with stirring at
120 rpm. The resulting mycelia were then ground down using 0.6 mm sterile glass beads and used to inoculate the cultures.

The cultures were carried out in 250 mL Erlenmeyer flasks containing 50 mL of M7 medium at pH 5.5. The composition of the M7
medium was (per liter): glucose (10 g), peptone (5 g), yeast extract (1 g), ammonium tartrate (2 g), KHoPO4 (1 g), MgS0O4-7H20 (0.5 g),
KCl (0.5 g), and a trace element solution (1 mL). The composition of the trace element solution was 0.1 g L~! B40;Naye10 H,0, 0.01 g
L~! CuSO4e5 H,0, 0.05 g L™ FeSO4e7 H,0, 0.01 g L™ MnSOye, 7 Hy0 0.07 g ™! ZnSO4e7 H,0, and 0.01 g L! (NH,)s Mo;O24e4 H0.
The cultures were spiked with a solution of the respective antibiotics at a final concentration of 50 mg L™, along with 300 pM CuSOy4 as
a laccase inducer. Uninoculated media containing the antibiotic solution and an inoculated medium without antibiotics were prepared
as controls. Each culture was performed in duplicate and incubated at 30 °C with agitation at 120 rpm for 15 days.

2.4. HPLC analysis of the antibiotics

Residual antibiotic concentrations after 7 and 15 days were determined by UV-HPLC (Agilent 1260 Infinity HPLC system, Wil-
mington, DE), utilizinga Hypersil GoldTM C18 column (50 x 2.1 mm, Thermo Fisher Scientific, Illkirch-Graffenstaden, France), The
mobile phases used (flow rate of 0.5 mL.min—1) were solvent A: 0.1 % (V/V) formic acid and solvent B: acetonitrile 100 %. The
gradient elution program was as follows: 5 % B for 1 min, 5 % B to 100 % B (3min), 100 % B (3 min). Total run time was 10 min.
Column temperature was held at 30 °C, and the antibiotics were detected using a UV detector at 280 nm.

2.5. Residual antibacterial activity assay

The residual antibacterial activity of the antibiotics was evaluated by growth inhibition against E. coli (DH5a). The assay was
performed using the well diffusion method. Mueller-Hinter agar (Merck, Darmstadt, Germany) was used to culture the plates, which
were inoculated with E. coli using a sterile cotton swab. An exponential-growth bacterial culture with an optical density of 0.08-0.1
was used to inoculate the agar plates. After air drying the surface, two holes were aseptically cut, and each filled with 50 pL of the
culture supernatant or the control (media with antibiotics without fungi). The plates were incubated for 20 h at 37 °C, and the in-
hibition zone diameters were measured. The percent decrease in antimicrobial activity was calculated as follows:

(Dua — Dta) x 100

Percent decrease in antimicrobial activity = Dua

where Dua is diameter of inhibition by untreated antibiotics, and Dta is diameter of inhibition by fungi-treated antibiotics).

2.6. Enzyme assays

Enzymatic activities were measured at 6, 7, 9 and 15 days of culture growth. Laccase-like activity of the fungal cell-free supernatant
was assayed using 5 mM of 2,6-dimethoxyphenol (DMP) (469 nm, €469 = 27,500 M~ ! cm™1) in 100 mM tartrate buffer at pH 5 in the
presence of 50 pL of culture supernatant at 30 °C for 30 s. Peroxidase-like activity of the fungal cell-free supernatant was assayed using
5 mM of 2,6-dimethoxyphenol (DMP) (469 nm, €469 = 27,500 M~ ! ecm 1) in 100 mM tartrate buffer at pH 5 in the presence of 0.1 mM
H302, 4 mM sodium fluoride (NaF; Fluka Chemicals, Steinheim, Germany) to inhibit laccase-like activity), and 50 pL of culture su-
pernatant at 30 °C for 30 s. One nanokatal (nkat) of enzyme activity was defined as the amount of enzyme that liberated 1 nmol of
product per second under the assay conditions.

2.7. Tests for cytochrome P450- system inhibition and antibiotic adsorption, to the fungal cell wall

To gauge the involvement of the cytochrome P450 system in the degradation of each antibiotic, the cytochrome P450 enzyme
inhibitor 1-aminobenzotriazole (ABT) (Sodipro, Echirolles, France) was added at a final concentration of 5 mM to the culture medium
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of B. adusta with either danofloxacin, ofloxacin or norfloxacin. Triplicate cultures were prepared, including an uninoculated medium
containing the antibiotic solution and an inoculated medium without antibiotics as controls.

To determine the amount of antibiotic adsorbed to the fungal cell wall, 50 mL cultures with a heat-treated biomass was mixed with
either danofloxacin, norfloxacin, or ofloxacin at a concentration of 50 mg L~} for 24 hours, and the cell-free supernatant was analyzed
by HPLC. The residual antibacterial activity was measured as described in section2.5. The heat-treated biomass, equivalent to 2 g L™}
in dry weight, was obtained by autoclaving 5-day-old precultures at 121 °C for 20 min and filtering them through a Miracloth filter
(Merck Millipore, Burlington, MA). The heat-treated biomass was washed in copious amounts of distilled water. This experiment was
conducted in triplicate.

2.8. Statistical analyses

Unless otherwise indicated, all experiments were performed in triplicate, and results are expressed as the mean of three values +
standard deviation (SD). Data were analyzed using SPSS and Microsoft Excel.

3. Results
3.1. Evaluation of fungal degradation of antibiotics

We investigated the potential of nine fungal strains for the biotransformation of ten distinct fluoroquinolone antibiotics over a 15-
day incubation period. The residual antibiotic concentration was measured by HPLC and E. coli growth inhibition zone related to
fluroquinolones was assessed using E. coli growth inhibition test after 7 and 15 days of culture (Fig. 1A and B). The antibiotic
biotransformation profiles varied significantly, depending on fungal strain and antibiotic used. In the conditions used here, the fungi
tested fell into three broad groups: (i) no to very low capacities to decrease the fluroquinolones concentrations, with Irpex lacteus,
Ganoderma lucidum and Gloephyllum trabeum, wherein a minimum of 50 % of fluoroquinolones underwent degradation, with per-
centages remaining below 20 % following a 15-day cultivation period, such as I lacteus, G. lucidum and G. trabeum (ii) fungi that have
moderate ability to decrease the concentration of some of the tested fluoroquinolones, such as T. versicolor, P. ostreatus,
P. chrysosporium and P. cinnabarinus which exhibited a capacity to reduce the antibiotics concentration exceeding 50 %, for more than
30 % of the tested antibiotics; (iii) fungi that can strongly fluoroquinolones, which included B. adusta and P. spadiceum. These two
fungal strains demonstrated the highest efficiency, achieving a complete reduction in concentration of 8 and 6 out of 10 antibiotics,
respectively, after 15 days of culture (Fig. 1A). However, 4 fluoroquinolones (lomefloxacin, ciprofloxacin, sarafloxacin and levo-
floxacin) were particularly recalcitrant to the degradation of either B. adusta or P. spadiceum. Among the second group of fungi,
T. versicolor and P. ostreatus showed promising antibiotic degradative potential, with a significant decrease in concentrations observed
for most antibiotics, except for sarafloxacin and lomefloxacin which was not eliminated at all by T. versicolor. P. chrysosporium
demonstrated effectiveness in reducing concentration of norfloxacin, danofloxacin and sarafloxacin including the recalcitrant
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Fig. 1. Heatmap profile of biodegradation performance: (A) Percent decrease in residual concentration (HPLC), and (B) percent decrease in
antimicrobial activity (antibiogram) after 15 days of culture, plotted by strain tested. Each datapoint (mean + standard deviation) is the result of
duplicate experiments.
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ciprofloxacin.
In the third group of fungi, I lacteus, G. triatum and G. lucidum did not show any fluoroquinolone biotransformation potential.

3.2. Effect of fluoroquinolones on ligninolytic enzyme profiles in submerged fugal cultures

As oxidative enzymes secreted in the extracellular culture medium were already demonstrated to potentially participate in anti-
biotic biodegradation, we measured laccase-like and peroxidase-like activities at day 7, in both conditions, with or without flur-
oquinolones. Four groups of fungi emerged: (i) a first group that produced only peroxidase-like activity, (ii) a second group that
produced only laccase-like activity, (iii) a third group that produced both peroxidase-like and laccase-like activity, and (iv) a fourth
that failed to produce any of these activities.

Interestingly, B. adusta and P. spadiceum (first group), which showed a strong decrease of fluoroquinolone concentration, did not
show any detectable laccase-like activity and modest peroxidase-like activity except for P. spadiceum in presence of norfloxacin (Fig. 2).

T. versicolor and P. cinnabarinus (second group) showed high laccase-like activity but no peroxidase-like activity. P. ostreatus (third
group) showed both laccase-like activity and peroxidase-like activity. I. lacteus, P. chrysosporium and G. trabeum strains (fourth group)
did not show any laccase or peroxidase-like activity.

Statistical tests were conducted to compare enzymatic activity between cultures with and without antibiotics. The results revealed
no significant difference in enzyme secretion, except for B. adusta at 7 days of culture. In the presence of danofloxacin, norfloxacin,
lomefloxacin, ciprofloxacin, and sarafloxacin, a significant difference in peroxidase-like activity (P < 0.05, Tukey test) was observed.
Specifically, the presence of danofloxacin, sarafloxacin, and ciprofloxacin led to a significant decrease in enzymatic activity compared
to cultures without antibiotics, while the presence of norfloxacin and lomefloxacin resulted in a significant increase in enzymatic
activities. These findings can potentially explain the limited biodegradation of ciprofloxacin by B. adusta. In addition, P. spadiceum
showed significant differences in peroxidase-like activities, in the presence of norfloxacin, which is efficiently biotransform, by this
fungi after 7 days of culture (P < 0.05, Tukey test).

3.3. Potential mobilization of the cytochrome P450 system to remove fluoroquinolones

The strain showing the best capacity to reduce fluoroquinolones concentration (see Fig. 1) was then used to investigate the role of
the intracellular cytochrome P450 enzymes in the biodegradation of fluoroquinolones. For this experiment, we selected B. adusta and 3
fluoroquinolones, i.e. norfloxacin, danofloxacin and ofloxacin, as model molecules as they are structurally divergent and are used for
both human and animal medication. The fluoroquinolone degradation tests were performed in the presence of 1-aminobenzotriazole
(ABT), a specific inhibitor of P450 monooxygenases. The P450 inhibitor was added to the medium aseptically at the beginning of the
culture. The assessment of dry mass after a 15-day period with and without ABT confirms that ABT does not appear to inhibit the
growth of the fungus (Fig. S20). Antibiotic degradation was tracked and profiled using HPLC and E. coli growth inhibition zone assays
(Fig. 3). Addition of the inhibitor had a clear impact on the degradation kinetics of these antibiotics at 7 days of culture. Specifically,
percentage of antibiotic degradation decreased from 68 %, 87 % and 100 % in cultures without the inhibitor to 45,5, 63 %, and 67 %, in
cultures with inhibitor in the presence of norfloxacin, danofloxacin and ofloxacin, respectively. This decrease was also visible in the
residual antibiotic activity (Fig. 3B), where cultures with the inhibitor showed a significant decrease with the three fluoroquinolones,
norfloxacin, danofloxacin and ofloxacin, to 25 %, 48 % and 49 %, respectively, and cultures without the inhibitor showed a complete
loss of all residual antibiotic activity. In addition, at day 15, there was no notable difference between cultures with and without the
inhibitor. This suggests cytochrome P450 enzymes are primarily involved in the degradation of antibiotics during the initial stages of
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Fig. 2. Comparative analysis of extracellular activity after 7 days of fungal culture with various strains: (A) strains with peroxidase-like activity
(nkat/mL), and (B) strains with laccase-like activity (nkat/mL). Each datapoint (mean + standard deviation) is the result of duplicate experiments.
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Fig. 3. Impact of cytochrome P450 system inhibitor on antibiotic degradation by Bjerkandera adusta: (A) percent decrease in residual concentration
(by HPLC), and (B) percent decreases in antimicrobial activity (antibiogram). Each datapoint (mean + standard deviation) is the result of triplicate
experiments.

metabolism in B. adusta.

3.4. Potential mobilization of mycelium adsorption capacity to remove fluoroquinolones

We investigated whether fluoroquinolone bioremediation by B. adusta involved mycelial adsorption on fungal biomass. Heat-
treated mycelia was added to a medium containing norfloxacin, danofloxacin, and ofloxacin. After 24 hours, the remaining anti-
biotic concentrations were quantified using HPLC, and the percentage variance in concentration was used as a measure of antibiotic
adsorption by the fungal biomass.

The introduction of heat-inactivated mycelium resulted in a 21.64 %, 24.90 %, and 17.80 % reductions in residual antibiotic
concentrations for norfloxacin, danofloxacin, and ofloxacin, respectively, after 24 h. This corresponds to respective antibiotic
adsorption quantities of 10.82 mg/g dry weight biomass, 12.3 mg/g dry weight biomass, and 8.91 mg/g dry weight biomass. This
illustrates the significant contribution of adsorption to B. adusa-driven removal fluoroquinolones.

4. Discussion

B. adusta and P. spadiceum showed the most effective and efficient reduction of antibiotic concentrations and antibiotic activity.
B. adusta totally biodegraded eight out of the ten tested antibiotics while P. spadiceum totally degraded six out of the ten tested an-
tibiotics. The high efficiency of these two strains in reducing fluoroquinolones concentrations underscores their potential for use as
effective antibiotic-degraders. These findings converge with previous studies reporting that these strains hold potential for degrading
antibiotics such as tetracycline and sulfamethoxazole and xenobiotics such as industrial textile dyes from wastewater plants. Indeed,
Aydin (2016) [39] showed that B. adusta was able to strongly degrade sulfamethoxazole (90 %) and tetracycline (92 %), and Spina
et al. (2018) [40] tested a number of fungal species and found that P. spadiceum achieved the highest percentage of wastewater
decolorization (60 %).

T. versicolor and P. ostreatus also showed promising results, significantly reducing antibiotic concentrations. However, T. versicolor
faced challenges in efficiently degrading sarafloxacin and lomefloxacin. Moreover, five other fungi selected for their fluoroquinolone
biotransformation capability in the literature namely, P. chrysosporium, P. cinnabarinus, G. lucidum, G. trabeum, and I. lacteus exhibited
limited versatility in their overall activities. This result emphasizes the importance of evaluating the degradation potential of different
fungal strains for specific antibiotics, as each strain may have different capabilities.

The decrease in residual antibiotic activity does not always correspond to a proportional decrease in concentration. This reflects the
complexity of antibiotic transformation processes, and points to the continued presence of metabolites or transformation by-products
that retain antimicrobial effects. These metabolites may contribute to the persistence of antibiotic activity even after HPLC analysis
indicates complete disappearance of the parent antibiotic compound. This finding converges with a previous study by Cvanéarova et al.
(2015) [24], where a non-significant difference in residual antibiotic activity was observed after the transformation of certain
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fluoroquinolones by certain fungal species. To illustrate, even though fluoroquinolones such as ciprofloxacin were fully transformed by
I lacteus and T. versicolor over the course of 14-day, some persistent activity against E. coli remained. Comprehensive assessment of
both antibiotic concentration and activity is therefore crucial to accurately evaluate the true effectiveness of fungal-mediated anti-
biotic degradation [24].

We investigated ligninolytic enzymes, such as heme-peroxidases and laccases, to decipher their role in the fungal degradation of
antibiotics. We confirmed that various fungal strains tested here exhibited peroxidase-like and laccase-like activities. However,
although B. adusta and P. spadiceum showed effective antibiotic degradation, they lacked laccase-like activity. Previous research re-
ports that B. adusta produces a laccase activity [41], but its genome has only one putative gene coding for a laccase (https://mycocosm.
jgi.doe.gov/Bjeadl_1/Bjeadl_1.home.html), and no laccase-encoding genes were found in the genome of P. spadiceum [42] (https://
mycocosm.jgi.doe.gov/Porspal/Porspal.home.html). This suggests that heme-peroxidase enzymes may play more of a significant role
in the transformation of antibiotics in these fungi.

In contrast, T. versicolor and P. cinnabarinus both showed high laccase activity but lacked peroxidase activity, even though heme-
peroxidase-encoding genes were found in their genomes ([43,44]), which points to a potential contribution antibiotic degradation
processes within these fungal species. Despite their similar laccase activity, T. versicolor and P. cinnabarinus exhibited distinct patterns
of antibiotic transformation. This finding suggests that the role of laccases in the degradation of specific fluoroquinolones is highly
specific to individual fungal species, which points to fungal-specific mechanisms or other additional pathways involved in the
transformation of these antibiotics. These findings agree with previous studies that have reported different secretion patterns of lig-
ninolytic enzyme production among different fungal species ([24,27,45]). It would be hugely instructive to run an in vitro experiment
to study the action of purified recombinant laccases from both strains and compare their ability to effectively biodegrade
fluroquinolones.

It is noteworthy to state that previously well-studied ligninolytic fungi, P. chrysosporium, L. lacteus, and G. lucidum, did not exhibit
ligninolytic activity in the culture conditions tested here, despite previous reports suggesting that they can produce these enzymes
([24,46,471). This inconsistency may stem from differences in culture conditions, which makes it important to optimize growth
conditions in order to induce enzyme secretion and thus enhance degradation efficiency.

Cytochrome P450s (also called CYPs or P450s) are a different group of intracellular oxidases that were investigated here for their
potential role in antibiotic biotransformation. P450s are described as a group of heme-containing monooxygenases found in all bio-
logical kingdoms.

This study highlights the potential role of cytochrome P450 enzymes in the initial stages of antibiotic metabolization in B. adusta, as
we provided specific evidence that cytochrome P450 enzymes were involved in the degradation of norfloxacin, danofloxacin, and
ofloxacin. These findings are consistent with previous research that showed similar enzyme involvement in antibiotic degradation by
other fungal species ([22,30,48]). However, based on our evidence, the cytochrome P450 enzymes are only involved in the biodeg-
radation of antibiotics in the early phase of fungal growth, and this activity diminishes over time. This research advances our un-
derstanding of antibiotic degradation mechanisms in fungi involving extracellular oxidases but also cytochrome P450 enzymes, and
thus contributes to broader knowledge in the field. Further investigations are now needed to delve deeper into the specific functions
and cooperation of these enzymes.

In addition to the involvement of enzymatic systems in the degradation of fluoroquinolones by B. adusta, this study also highlighted
that adsorption by fungal biomass plays a role in antibiotic bioremediation by certain fungi. Fungal biomass was shown to be an
efficient tool for biosorption of several pollutants in wastewaters, including antibiotics [29].

5. Conclusion

This study on fluoroquinolone degradation by ligninolytic fungi revealed significant variations in the antibiotic degradation ef-
ficiency of different fungal strains. In particular, B. adusta and P. spadiceum emerged as promising candidates for antibiotic degradation
processes, showing broad versatility on the fluoroquinolones tested.

This study brings important evidence of a complex relationship between the tested fluoroquinolone antibiotics and residual
antibacterial activity after the fungal degradation process, which points to the likely presence of persistent and long-lasting antimi-
crobial metabolites. The diverse activities of ligninolytic enzymes, though strain-dependent, do not always correlate with antibiotic
degradation, which further highlights the complexity of mechanisms among fungal species.

Cytochrome P450 enzymes were found to be involved in the early stages of antibiotic metabolism in B. adusta, which provides
valuable insights into the complex biochemical pathways governing fluoroquinolone degradation.

Taken together, the findings of this research highlight the need for tailored approaches to antibiotic degradation studies to consider
both fungal species and specific antibiotics. With global concern surrounding antibiotic resistance and environmental pollution set to
intensify, this work on fluoroquinolone degradation by fungi opens pathways to potential solutions. Future research is needed to
further investigate the specific enzymes and metabolites involved to obtain a more complete understanding of fluoroquinolone
biotransformation by these fungi.
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