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Abstract. Pre-cultivation time, exposure duration with xenobiotic, and its concentration are among the most significant
factors that can influence biotransformation efficiency. Therefore, the objective of this study was to investigate these three
major parameters influencing the biotransformation process of two white-rot fungal strains, Ganoderma lucidum 1900 and
Bjerkandera adusta 2144. High-performance liquid chromatography revealed that both strains converted flumequine into
hydroxyflumequine. The optimal biotransformation conditions were determined. A five-day pre-cultivation period is optimal
for both cultures; the optimal exposure time is 18 hours for G. lucidum 1900 and 36-84 hours for B. adusta 2144. The optimal
flumequine concentration was determined for G. lucidum 1900, and the highest metabolite production was observed at 200
mg/L of flumequine. Both strains effectively biodegraded flumequine: G. lucidum 1900 showed 97.7% degradation of flume-
quine after 60 hours of submerged cultivation, while B. adusta 2144 reached 96.0% after 108 hours.
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lucidum, hydroxyflumequine

Introduction 2015). In farming, antimicrobial agents can be used

to treat or prevent disease, or for mass prophylaxis
Flumequine is a first-generation fluoroquinolone (Van Boeckel et al., 2017). Flumequine is used in
that has broad-spectrum activity against Gram-ne-  figh farming in Chile (Jara et al., 2022), South Korea
gative microorganisms and is used in poultry and (Lee et al., 2025), France (Le Bouquin et al., 2021),
aquaculture (Baati, 2022). Despite the fact that flu-  and some other European countries (Swinkels et

mequine is not used for human treatment, antimi- 4] 2024). Residues of flumequine are found in both
crobial resistance is interlinked with other popu- ol and water (Ariyani et al., 2024; Barathe et al,,
lations such as animals or fish (Woolhouse et al,  2024). A comprehensive study conducted by Korean
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researchers has demonstrated that flumequine is the
second most frequently detected compound in li-
vestock products in Korea (Kim et al., 2025). Thus,
there is a strong demand for effective strategies to
degrade antibiotics released into the environment.

Biotransformation is an important tool that can
be used in white biotechnology for transformation
of various pollutants, or even natural compounds
(Smitha et al., 2017; Sales et al., 2019). For biotrans-
formation, factors such as temperature, pH, and
carbon source were widely studied and recognized
as highly impactful (Prasad et al.,, 2008; Sampaio
et al., 2008). Additionally, the productivity of bio-
transformation can be significantly enhanced by
pre-cultivation time, cultivation duration, and sub-
strate concentration (de Souza Sevalho et al., 2024).
However, they remain considerably less studied
than the parameters mentioned before. Regarding
flumequine biotransformation by fungal species,
the influence of such operational conditions re-
mains completely unexplored.

The physiological age of the fungal culture is a
critical factor in xenobiotic degradation and is di-
rectly related to pre-cultivation time in experimen-
tal setups. It was demonstrated that the removal
efficiency of chlorophenols by Trametes versicolor
(L.) Lloyd was strictly dependent on the age of the
culture, which correlates with the peak production
of extracellular enzymes such as laccase (Ullah et
al., 2000). The cultivation period is also a significant
factor, because its duration may influence the pro-
duced amounts of metabolites, and even change the
metabolites profile (Esmaeili et al., 2011).

In our previous study, five fungal strains from the
Mushroom Culture Collection (IBK) were screened
for their ability to transform and degrade flume-
quine (Kerner et al., 2026). Based on the results of
the screening, one of the strains, Ganoderma lu-
cidum (Curtis) P. Karst. 1900, was found to form
hydroxyflumequine as its sole metabolite, where-
as another, Bjerkandera adusta (Willd.) P. Karst.
2144, produced both hydroxyflumequine and trace
amounts of flumequine ethyl ester. Both cultures
showed the highest conversion rates into the pri-
mary metabolite of flumequine among the screened
strains and were therefore selected for detailed eval-
uation of the key cultivation parameters and fur-
ther development of biotransformation conditions.
Consequently, this study aimed to evaluate the
key parameters of flumequine biotransformation
by selected basidiomycetes for developing stable
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laboratory systems, thereby providing a baseline for
further investigations and future large-scale imple-
mentation of this technology.

Materials and Methods

Reagents. Acetonitrile (Chemsolute, Germany), Bac-
to agar (Saveen Werner, Sweden), Dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, USA) Ethyl acetate (Ena-
mine, Ukraine), Ethanol (Enamine, Ukraine), Flume-
quine (Enamine, Ukraine), Formic acid (Enamine,
Ukraine), Glucose (Chimlaborreaktiv LLC, Ukraine),
Magnesium sulfate (heptahydrate) (Chimlaborrea-
ktiv LLC, Ukraine), Methanol (Enamine, Ukraine),
Peptone (VWR International, Belgium), Potassium
dihydrogen phosphate (Chimlaborreaktiv LLC, Uk-
raine), Potassium hydrogen phosphate (Chimlabor-
reaktiv LLC, Ukraine), Yeast extract (Conda, Spain).

Fungal strains and medium. The strains Gano-
derma lucidum 1900 and Bjerkandera adusta 2144
(GenBank accession number PQ740472) were ob-
tained from the Mushroom Culture Collection
(IBK) of the M.G. Kholodny Institute of Botany
of the National Academy of Sciences of Ukraine
(Bisko et al., 2024). Stock cultures of mushrooms
were maintained on beer-wort agar slants (pH 6.5)
at 4 °C.

Biotransformation experiments. The biotrans-
formation experiment was divided into three stages
as demonstrated in Fig. 1. At each stage, the cultures
were grown in 250 mL Erlenmeyer flasks, each con-
taining 45 mL of glucose-peptone-yeast medium
(GPY) composed of (g/L): glucose — 25; peptone
— 3; yeast extract — 3; KH2P04 — 1 KZHPO4 — 1
MgSO,-7H,0 — 0.25; pH 6.5. The fungal mycelia
were first grown on Petri dishes with GPYA media,
which additionally contain 20 g/L of agar-agar.

Based on the results of the initial biotransforma-
tion experiments, G. lucidum 1900 and B. adusta
2144 showed the highest conversion of flumequine
to hydroxyflumequine and were therefore select-
ed for further experiments to adjust parameters
for flumequine biotransformation (Kerner et al.,
2026). Those parameters included pre-cultivation
time of cultures, exposure time with flumequine,
and flumequine concentration; the parameters
were varied one at a time, while two other variables
were constant. The initial stage of biotransforma-
tion experiments (zero phase) and the extraction
procedure were performed for all fungal strains us-
ing the same procedures.
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For inoculation, seven-day-old fungal mycelia
grown on one GPYA Petri dish were used. The obtained
mycelium was suspended in approximately 200 mL of
sterilized water and homogenized to use as an inocu-
late for 45 mL GPY medium in a 250 mL Erlenmeyer
flask (10% v/v). Cultures were grown on a rotary shak-
er at 26 °C with shaking at 120 rpm in darkness. Flum-
equine was dissolved in dimethyl sulfoxide (DMSO)
and added to each flask; after that, the cultures were re-
turned to the rotary shaker for further cultivation. The
concentration of flumequine varied depending on the
experiment, and the final concentration of DMSO was
constant for each stage of the experiment, and did not
exceed 0.5%. To avoid abiotic degradation of flume-
quine, all cultivation and extraction were performed in
the dark to prevent photodegradation of flumequine.

Extraction procedure. Culture broth and my-
celia were separated by filtration. The pH of the
culture broth was adjusted to 4.0 based on the pre-
dicted log D value of flumequine and its metabolite
(hydroxyflumequine). The mycelial biomass was ex-
tracted with ethyl acetate at a 1:5 (m/v) ratio, while
the culture broth was extracted with ethyl acetate
at a 1:1 (v/v) ratio. The organic phase was collect-
ed, and the extraction was repeated three times for
both the biomass and the culture broth. Both bio-
mass and culture broth extracts were merged into a
single sample. The samples were concentrated using
a vacuum rotary evaporator. The residues were dis-
solved in a 3 mL mixture of methanol, ethanol, and
ethyl acetate (1:1:4 v/v). Extraction of the abiotic
controls was performed the same way.

Control flasks containing the medium and flum-
equine (without fungal cultures) were prepared and
incubated for 5 days under the same conditions.
Furthermore, to confirm flumequine metabolites,
the experiment with strains without flumequine
was performed for each of the strains. Each culture
was cultivated for 7 days on a rotary shaker at 26 °C
with shaking at 120 rpm in darkness, and the ex-
tracts were prepared as described above. Obtained
chromatograms from non-flumequine culture
broth were analyzed by HPLC and used as blanks to
compare with flumequine-containing samples.

Assessment of pre-cultivation time on the ca-
pability to transform flumequine. To determine
the optimal time for flumequine addition, the com-
pound was added to the cultures of different ages.
Flumequine was introduced to fungal cultures aged
3,4, 5, 6, and 7 days. After that, the flasks were re-
turned to the rotary shaker and cultivation was

continued under the same conditions (26 °C, 120
rpm, darkness). The final concentration of flum-
equine was constantly 200 mg/L, and a constant
exposure period of 3 days was chosen as the start-
ing point, based on studies of biotransformation
by other basidiomycetes (Bondaruk et al.,, 2025).
Therefore, the total time for biotransformation last-
ed from 6 to 10 days, depending on the pre-culti-
vation time. Afterwards, the contents of the flasks
were harvested and extracted as described in the
extraction procedure.

Effect of exposure time on the biotransforma-
tion efficiency. The optimal pre-cultivation time
was determined based on the extent of flumequine
conversion to its main metabolite, hydroxyflume-
quine. For both B. adusta 2144 and G. lucidum 1900,
a pre-cultivation period of 5 days was selected for
turther evaluation of the optimal exposure time. On
the 5% day of cultivation, flumequine was added to
each flask at a constant concentration of 200 mg/L.
After the addition of flumequine, the experiment
was conducted over 108 hours. Sampling was per-
formed every 6 hours over the first 48 h, and at every
12 h thereafter until the end of the experiment. At
each time point, the contents of the flasks were har-
vested and extracted as described in the extraction
procedure. Samples were performed in duplicate to
determine the concentrations of flumequine and
its metabolites by high-performance liquid chro-
matography (HPLC). Overall, the experiment was
performed in quadruplicate, consisting of two inde-
pendent experiments conducted in duplicate.

Evaluation of the optimal flumequine concen-
trations using strain G. lucidum 1900. To deter-
mine the optimal concentration of flumequine for
the biotransformation process, a dose-response
experiment was performed using the strain of G.
lucidum 1900 that showed the highest conversion
efficiency in the exposure-time experiment. Flume-
quine was added to the cultures of G. lucidum 1900
after 5 days of pre-cultivation at four different con-
centrations: 5, 10, 20, and 30 mg per flask, receiving
final concentrations in culture broth of 100, 200,
400, and 600 mg/L, respectively. The cultures were
incubated for the optimal period (18 hours), and
the residual concentration of flumequine was deter-
mined after extraction by HPLC. The main purpose
was to identify the concentration that provides high
transformation efficiency and does not have a nega-
tive impact on fungal growth. This experiment was
performed in triplicate.
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Conditions before
adjustment
Parameters

Pre-cultivation

concentration

Irpex lacteus 2437, Bjerkandera
adusta 2144, Ganoderma
Jucidum 1900, Coprinus
comatus 1687, 2325

Cultures

Assessment of pre-
cultivation time

duration 5 days Fralenliia stage stage
Exposure time 3 days 3 days From 6 to 108 h Sieccssg :tl;gt:e
Flumequine 200 mg/L 200 mg/L 200 mg/L From 100 to 600

Bjerkandera adusta 2144,
Ganoderma fucidum 1900

Assessment of
flumequine
concentration

Assessment of
exposure time

Selected on the first Selected on the first

mg/L

Bjerkandera adusta 2144,
Ganoderma lucidum 1900

Ganoderma lucidum 1900

Fig. 1. Stages of selection of optimal parameters for the biotransformation of flumequine by Bjerkandera adusta 2144 and

Ganoderma lucidum 1900

The design of biotransformation experiments is
demonstrated in Fig. 1.

Identification of transformed products

Analysis procedures. To analyze the composition of
extracts obtained from two selected fungal strains,
analytical high-performance liquid chromatography
(HPLC) was performed using an Agilent Technolo-
gies 1200 Series (Agilent, USA). Five microliters of
the extract were injected and separated on a chro-
matographic column with a diameter of 4.6 mm and
a length of 100 mm, a particle size of 2.7 pm was
used as the stationary phase. The column was filled
with silica gel modified with hydrophobic C18 gro-
ups. The flow rate was 1 mL/min. The total run time
was 10 min. Gradients of solvent A (0.1% formic
acid in water) and solvent B (0.1% formic acid in
acetonitrile) were as follows (%): (I) 0-2 min (A:B,
(v/v =95/5), (II) 2—-6 min (A:B, from 95/5 to 0/100),
(IIT) 6-8 min (B, 100), (IV) 8.0-8.5 min (A:B, from
0/100 to 95/5), (V) 8.5-10.0 min (A:B, 95/5). A UV
detector and a Quadrupole LC/MS 6120 mass ana-
lyzer (Agilent, USA) were used to identify the obta-
ined compounds. UV detection was recorded at 215
nm and 254 nm. The results were obtained and ana-
lyzed via Open Lab CDS software (version C.01.10).
The analysis was carried out using flumequine and
hydroxyflumequine as standards.
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Preparative chromatography. The metabolites
of flumequine obtained from extracts of B. adusta
2144 and G. lucidum 1900 were collected and pu-
rified by preparative chromatography provided
on an Agilent Technologies 1290 Infinity II series
(Agilent, USA). For that, 300 pl of the extract was
injected and separated on a chromatographic col-
umn with a diameter of 19.5 mm, a length of 100
mm, and a particle size of 5 um was used as the sta-
tionary phase. The column was filled with silica gel
modified with hydrophobic C18 groups. The flow
rate was 25 mL/min. The total run time was 9 min.
Gradients of solvent A (0.1% formic acid in water)
and solvent B (0.1% formic acid in acetonitrile)
were prepared as follows (%): (I) 0-2 min (A:B,
80/20), (II) 2-6 min (A:B, from 60/40 to 0/100 ),
(IIT) 6-7 min (B, 100%), (IV) 7-7.5 min (from B
100% to A:B, 80/20), (V) 7.5-9 min (A:B, 80/20).
A UV detector was used to identify the obtained
compounds. UV detection was recorded at 215, and
254 nm. The results were obtained and analyzed via
Open Lab CDS software (version 3.3.65).

Confirmation of the flumequine metabolite
by nuclear magnetic resonance (NMR) spectral
analysis. The purified metabolite of flumequine was
dissolved in deuterated dimethyl sulfoxide (DM-
SO-ds). Proton (*H) and carbon (*C) nuclear mag-
netic resonance spectra were performed on a Varian
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Fig. 2. Chemical structures of flumequine (1) and its biotransformation products identified after cultivation of Ganoderma

Iucidum 1900 (2) and Bjerkandera adusta 2144 (2, 3)

VNMRS 600 MHz spectrometer operating at 25 °C,
with an acquisition frequency of 600 MHz for 'H
and 150 MHz for *C. Chemical shifts (§) were re-
ported in parts per million (ppm).

Calculation of biodegradation percentage. The
percentage of degraded flumequine was calculated
by formula (1):

0~ G

x 100% ,
G
expressed as percentages, where C; — initial con-
centration of flumequine, C, — residual concentra-
tion of flumequine.

Degradation (%) =

Results

At the first stage of the biotransformation expe-
riments, we tested five strains of fungi from the
IBK Mushroom Culture Collection: Irpex lacteus
2437, Bjerkandera adusta 2144, Ganoderma luci-
dum 1900, Coprinus comatus 2325 and 1687 for
their ability to transform flumequine (Kerner et al.,
2026). The biotransformation products of flume-
quine and their mass-to-charge ratio (m/z) were
identified by analytical HPLC. Based on the high-
er extent of flumequine (m/z 262.4) conversion
observed for B. adusta 2144 and G. lucidum 1900,
these two strains were selected for further investi-
gation. In both fungal cultures, hydroxyflumequine
(m/z 278.2) was determined to be the major meta-
bolite formed during biotransformation, and trace
amounts of an ethyl ester of flumequine (m/z 290)
were formed only during biotransformation with
B. adusta 2144. The proposed structures of the pa-
rent compound (1) and the identified metabolites,
together with their mass-to-charge ratios (m/z),
are presented in Fig. 2. The structure of the major

metabolite, hydroxyflumequine, was confirmed by
NMR. Abiotic controls and non-flumequine culture
samples had no peaks corresponding to any of the
three metabolites.

Assessment of pre-cultivation time on the capa-
bility to transform flumequine. The results of the
assessment of pre-cultivation time on flumequine
biotransformation demonstrate that in B. adusta
2144, the extent of flumequine biotransformation
differed among cultures of different pre-cultivation
ages. The highest transformation was observed in
4-5-day-old cultures. The concentration of hydroxy-
flumequine was higher in 4- and 5-day-old cultures
(12.2 and 12.5 mg/L, respectively) than in 6- and
7-day-old cultures (6.4 and 10.2 mg/L, respectively).

On the contrary, in G. lucidum 1900, the highest
concentration of hydroxyflumequine was detected
in cultures pre-cultivated for 3 days (46.8 mg/L).
At this time point, a high residual concentration of
flumequine was also observed (16.8 mg/L). Howev-
er, in 5-day-old cultures, both the concentration of
hydroxyflumequine and the residual concentration
of the parent compound were lower (20.0 mg/L and
2 mg/L, respectively). Therefore, we assume that
the 5-day pre-cultivation period is optimal for G.
lucidum 1900. According to the obtained results,
culture age had a significant effect on the biotrans-
formation process in both investigated fungi. How-
ever, the observed trends differed between B. adusta
2144 and G. lucidum 1900.

Effect of exposure time on the biotransforma-
tion efficiency. The dynamics of flumequine bio-
transformation by B. adusta 2144 are shown in Fig.
3A. Across the analyzed cultivation time points, the
concentration of flumequine showed an overall de-
crease, following an approximately linear trend. In
contrast, the concentration of hydroxyflumequine
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Fig. 3. Effect of exposure time on biotransformation of flumequine by investigated strains. A: Bjerkandera adusta 2144;

B: Ganoderma lucidum 1900

exhibited an S-shaped profile, with the highest
concentration detected at 84 h, followed by a grad-
ual decrease at later time points. Considering that
not all flumequine was converted into hydroxy-
flumequine, the biodegradation of flumequine was
also calculated in relation to its initial concentra-
tion in the culture medium. At later time points,
higher degradation values were recorded, with a
maximum of approximately 96% observed after
108 hours of cultivation.

Fig. 3B demonstrates the effect on the biotrans-
formation of flumequine by G. lucidum 1900. Hy-
droxyflumequine was detected at all analyzed time
points. After 18 h of cultivation, its concentration
reached 15.2 + 0.81 mg/L, whereas the highest con-
centration (18.1 + 3.0 mg/L) was recorded after 60
hours. After 42 h, the concentration of hydroxy-
flumequine plateaued, whereas the concentration of
flumequine continued to decrease.

Ganoderma lucidum 1900 exhibited a high flum-
equine degradation efficiency throughout the ex-
periment. The degradation rate was calculated at
all sampling times, with a maximum value of 97.7%
observed after 60 hours of cultivation. Overall, G.
lucidum 1900 exhibited faster flumequine trans-
formation than B. adusta 2144, while both cultures
reached comparable final degradation efficiencies.

Evaluation of the optimal flumequine concen-
trations for strain G. lucidum 1900. Ganoderma
lucidum 1900 was selected for optimization of the
biotransformation process in order to determine the
optimal flumequine concentration. The culture was
pre-cultivated for 5 days, the exposure time lasted 18
h, and initial concentrations of flumequine ranged
from 100 to 600 mg/L. As shown in Fig. 4, residu-
al concentrations of flumequine were comparable

340

30

25

15
210
5 '
0
100 200 400 600

Initial conentration of flumequine, mg/L

Residual concentration of chemical,

® Flumequine  ® Hydroxyflumequine

Fig. 4. Effect of flumequine concentration on the
biotransformation efficiency of Ganoderma lucidum 1900

when initial concentrations ranged from 100 to 400
mg/L, varying between 12.9 + 4.5 and 15.1 + 3.9
mg/L. When flumequine was added at 600 mg/L, the
residual concentration increased to 22.3 + 1.7 mg/L.
The formation of hydroxyflumequine was slightly
dependent on the initial substrate concentration.
The highest concentration of the metabolite was de-
tected at 200 mg/L flumequine (15.2 + 0.81 mg/L),
whereas lower amounts were observed at 400 and
600 mg/L (9.5 + 1.7 and 11.9 + 2.3 mg/L, respective-
ly). The structure of hydroxyflumequine was verified
by 'H and *C NMR spectroscopy.

The biodegradation efficiency varied with sub-
strate concentration, reaching 91.7% at 200 mg/L and
increasing to 96.3% at 600 mg/L, indicating that G.
lucidum 1900 maintained a high degradation capac-
ity even at higher initial flumequine concentrations.

Overall, the most significant factors that influ-
enced the biotransformation process were culture
age and exposure time with xenobiotic, whereas the
concentration of xenobiotic did not influence either
biodegradation or conversion rate.
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At each stage of the experiment, non-inoculated
controls without cultures and with flumequine had
no peaks corresponding to any metabolites, con-
firming that the conversion was provided by the
fungal cultures.

Discussion

The interest of researchers in exploring the bio-
transformation of fluoroquinolones began in the
early 2000s due to the increasing consumption of
this class of antibiotics (Wetzstein et al., 2006; Wil-
liams et al., 2007). Considering that flumequine is
still applied in livestock production in several coun-
tries, the risk of developing resistance among
Gram-negative bacteria remains significant (Swin-
kels et al., 2024). Therefore, the demonstrated abi-
lity of fungal cultures to degrade this compound
highlights their promising potential for mitigating
antibiotic contamination and resistance dissemina-
tion in the environment.

The conversion of flumequine into hydroxy-
flumequine has been studied in both ascomy-
cetes and basidiomycetes (Williams et al., 2007;
Cvancarovd et al., 2015). Previous research
demonstrated that Cunninghamella elegans
Lendn. and some basidiomycetes are capable of
producing hydroxyflumequine as the primary
metabolite (Williams et al., 2007; Cvanéarova et
al., 2013). Our previous study showed that all
tested strains (Bjerkandera adusta 2144, Copri-
nus comatus 2325 and 1687, Ganoderma lucidum
1900, Irpex lacteus 2437) formed hydroxyflume-
quine (Kerner et al., 2026). However, only certain
species possess the enzymatic capacity to catalyze
further reactions leading to the formation of oth-
er derivatives.

The key role in fungal biotransformation is
played by their enzymatic systems. Fungi, especial-
ly wood-decaying species, are capable of producing
intracellular cytochrome P450 monooxygenases as
well as a wide range of extracellular oxidative en-
zymes such as laccase, lignin peroxidase, manganese
peroxidase, etc. Previous studies suggest that, at the
early stages of fluoroquinolone degradation by B.
adusta, cytochrome P450 enzymes play a dominant
role in initiating the transformation process (Akrout
et al., 2024). Alterations in pre-cultivation time, xe-
nobiotic concentration, and exposure time with xe-
nobiotic can have an impact on enzyme formation,
influencing biotransformation productivity.

Assessment of pre-cultivation time on the ca-
pability to transform flumequine. The influence
of pre-cultivation time on flumequine biotrans-
formation reflects the physiological state of fungal
cultures. In B. adusta 2144, the highest formation
of hydroxyflumequine was observed in 4-5-day-old
cultures, whereas older cultures (6-7 days) showed
lower concentrations of the metabolite. This result
is likely associated with sufficient biomass develop-
ment combined with active metabolic capacity. In
contrast, younger cultures may not yet possess ad-
equate biomass, while older cultures may exhibit
reduced metabolic efficiency due to nutrient limita-
tion or the onset of stationary-phase processes. Lit-
erature data show that fungal culture age influences
not only enzyme activity, but also the composition
of oxidative isoenzymes (Levin et al., 2002), which
may contribute to the observed differences in flum-
equine biotransformation at different pre-cultiva-
tion stages.

In G. lucidum 1900, the maximum concentra-
tion of hydroxyflumequine was detected in 3-day-
old cultures. However, it was accompanied by a
relatively high residual concentration of the parent
compound. In contrast, in cultures pre-cultivated
for 5 days, both hydroxyflumequine and residual
flumequine concentrations were lower, indicating a
balance between xenobiotic conversion and overall
transformation efficiency compared to B. adusta.
Therefore, we selected the 5™ day of pre-cultivation
as the optimal period for G. lucidum 1900. These
results demonstrate that the optimal pre-cultiva-
tion age differs between fungal species, reflecting
species-specific growth dynamics and metabolic
regulation. Overall, the data indicate that pre-cul-
tivation time is an important parameter that must
be optimized individually for each fungal strain to
achieve efficient flumequine transformation.

Effect of exposure time on the biotransfor-
mation efficiency. The exposure time had a pro-
nounced effect on the flumequine biotransfor-
mation by both fungal cultures. In Ganoderma
lucidum 1900, the most pronounced accumulation
of hydroxyflumequine was observed during the
early phase of exposure, with 18 h selected as the
optimal time point. Further increases in metabo-
lite concentration were relatively limited, indicating
that prolonged exposure did not result in higher
transformation yields.

This pattern may be related to changes in the
physiological state of the fungal culture during
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exposure. As cultivation proceeds, the biomass con-
tinues to age, which may alter metabolic activity and
the capacity for xenobiotic transformation. Thus,
the most effective biotransformation appears to oc-
cur when the culture maintains a balance between
active metabolism and the amount of biomass. Re-
markably, in our study, the major metabolite, hy-
droxyflumequine, remained unchanged throughout
the whole biotransformation period. In contrast,
during the biotransformation of other compounds,
such as citral, the longer exposure time can signif-
icantly change the final metabolic profile. Specifi-
cally, a 6-day incubation leads to hydroxycitronellal
production, whereas the period of 15 days shifts the
pathway toward the commercially valuable prod-
uct citronellol (Esmaeili et al., 2011). Consequently,
while the exposure time serves as an instrument for
changing the target product depending on the ap-
plication, flumequine biotransformation by investi-
gated basidiomycetes demonstrates a highly stable
and predictable metabolic outcome.

Bjerkandera adusta 2144 exhibited a slower but
more sustained transformation profile, with hy-
droxyflumequine detected throughout most of the
cultivation period and maximum biodegradation
achieved after prolonged exposure time (36-84 h).
This suggests species-specific differences in trans-
formation kinetics, where G. lucidum favors rapid
conversion at earlier stages, while B. adusta main-
tains transformation capacity over longer cultiva-
tion times.

The results of assessing biodegradation rate dur-
ing cultivation demonstrate that both G. lucidum
1900 and B. adusta 2144 are capable of rapidly de-
grading flumequine shortly after its addition to the
culture medium. High biodegradation rates have
already been detected after 6 h of cultivation, reach-
ing 93.4% for G. lucidum and 91.8% for B. adusta.
The biodegradation efficiency increased further,
reaching a maximum of 97.7% for G. lucidum after
72 h and 96.0% for B. adusta after 108 h. These val-
ues are comparable with previously reported data
for white-rot fungi, where more than 90% of flum-
equine was degraded within several days of cultiva-
tion (Cvancarova et al., 2013). The slightly slower
attainment of maximal degradation by B. adusta
may reflect species-specific differences in enzyme
induction or substrate processing rates.

The high biodegradation capacity observed
for B. adusta in this study is consistent with ear-
lier reports demonstrating its effectiveness toward
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other fluoroquinolone antibiotics. For example,
Befenzi et al. (2025) reported complete degrada-
tion of levofloxacin by B. adusta within seven days
of cultivation, highlighting the broad potential of
this species for fluoroquinolone removal. Overall,
the results confirm the ability of white-rot fungi
to degrade fluoroquinolone antibiotics under sub-
merged cultivation conditions.

Evaluation of the optimal flumequine concen-
trations for strain G. lucidum 1900. Xenobiotic
concentration is considered an important parame-
ter for biotransformation effectiveness. Even small
changes in concentration from 0.04 to 0.05% of xe-
nobiotic can demonstrate a change in variety and
amounts of metabolites (Prasad et al., 2008). Previ-
ous studies investigating fungal transformation of
fluoroquinolones have used a broad range of initial
concentrations, depending on the fungal species
and experimental design (Cvancarova et al., 2013;
Williams et al., 2007). In our study, four different
initial concentrations of flumequine were tested in
order to assess their effect on biotransformation ef-
ficiency. The results demonstrated that the highest
metabolite production was observed at 200 mg/L,
whereas lower metabolite levels were detected at
both lower and higher concentrations. At lower
concentrations, the substrate availability was likely
ineffective in activating the oxidative enzyme sys-
tems of the culture, whereas higher concentrations
may have inhibited fungal metabolism, thereby re-
ducing transformation efficiency.

Conclusion

The present study demonstrated that the efficiency
of flumequine biotransformation by Ganoderma lu-
cidum 1900 and Bjerkandera adusta 2144 depends
on cultivation parameters, including pre-cultivation
duration, exposure time, and initial antibiotic con-
centration. Both strains exhibited a high efficiency of
flumequine degradation: G. lucidum 1900 achieved
91.7-97.7% degradation, while B. adusta 2144 sho-
wed 91.8-96.0% within five days of cultivation with
flumequine. In both cultures, the main metabolite
was identified as hydroxyflumequine, which began
to accumulate as early as six hours after the start
of submerged cultivation and increased through-
out the cultivation period, confirming the active
involvement of fungal enzymatic systems in the
transformation process. The obtained results de-
monstrate the importance of cultivation conditions
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HocnimkenHa ¢paxTopis, 10 BININBAIOTH Ha 6ioTpancdopmaniro praroMekBiny
Kynbrypamu Ganoderma lucidum 1900 ta Bjerkandera adusta 2144

A.O.KEPHEP |, T A. AJIb-MAAJII 12
! Incturyr 6oraniku im. M.I. Xonogaoro HAH Vkpainy,
By Tepemenkiscbka 2, Kuis 01601, Ykpaina
2 TOB "Enamin", By Bincrona Yepuwmna 78, Kuis 02094, Ykpaina

Pedepat. TpuBaicTh IONEpeIHbOTO KyIbTUBYBAHHA, Yac iHKyOaIlii 3 KCeHOOIOTHKOM Ta JI0r0 KOHLIEHTpALis € ONHIMU 3
HallBXMBIiIMX HaKTOpiB, AKi MOXKYTb BIMBATK Ha eeKTUBHICTh GioTpaHchopmaril. MeTow AOCHipKeHHA OYIO BU-
3HAYeHH: BIUIMBY TPHOX CYTTEBUX IapaMeTpiB Ha mpolec 6iotpancdopmarii fBoMa Kynprypamn rpubis — Ganoderma
lucidum 1900 ta Bjerkandera adusta 2144. Anayi3 MeTo0M BCOKOe(eKTUBHOI pifHHOI xpomarorpadii ITokasas, 10 06u-
7iBa IITAaMU IIepeTBOPUIN (IIOMEKBIiH Ha rifpokcndmomMeksin. OnTumanpHi yMoBu A 6ioTpanchopmalii BigpisHAmMCA
I/ [OCTIIKEeHNX KY/IBTYP: Yac MOIePeFHbOr0 Ky/IbTHBYBAHHs CTAHOBMB 5 IHIB /I 000X LITaMiB, TPUBAICTh iHKyOanil
— 18 rop st G. lucidum 1900 i 36-84 rox anst B. adusta 2144. [Tns xynerypu G. lucidum 1900 BCTaHOBJIEHO, 1110 HalIBMIIeE
IIPOAYKYBaHHA IiIpoKCUQIIOMEKBiHY BinOyBa€eThCs Ipy BHeceHHi 200 Mr//1 GpIioMeKBiHY, TOMY TaKa KOHLIEHTpAllis € OITHU-
MasbHOI0. BCcTaHOB/IEHO, 110 06MABA IITAMV MAIOTh BYUCOKI IIOKasHMKM Giomerpapanii ¢paroMekBiny: Kynerypa G. lucidum
1900 mpopemoncTpyBana 97,7% pmerpapaiii (meMeKBiHy micig 60 rof IMMOMHHOTO KY/IbTUBYBaHHS, TOi K B. adusta 2144
mocarna 96,0% micna 108 rom KynbTUBYBaHHA.

Krrouosi cnoBa: Bjerkandera adusta, Ganoderma lucidum, 6iopisnomanirtsi, 6iotpancdopmaris, rpubmu,
rifpoKcUQIIOMeKBiH, GTOPXiHOTOHU
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