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Abstract

Diclofenac (DCF) is a widely used non-steroidal anti-inflammatory drug whose presence in
environmental matrices has led to its classification as an emerging contaminant. Developing
effective and sustainable removal strategies is therefore essential. In this study, Pseudomonas
aeruginosa CSWD.1, Pseudomonas sp. CSWD.2, and a microbial consortium (MC) were
isolated from activated sludge through enrichment cultures with DCF and employed as
laboratory models to investigate DCF biodegradation capacity under a biosafety-aware
framework. Biodegradation assays supplemented with glucose showed limited removal
(45.5%) by CSWD.1, whereas CSWD.2 and the MC achieved complete elimination (100%)
of 10 mg L~! DCF in 21 and 5 days, respectively. Three extracellular metabolites, 4’
hydroxy-diclofenac (4'-OH-DCF), 5-hydroxy-diclofenac (5-OH-DCF), and putative NO,-
DCE, were detected, with concentrations varying during degradation. Persistence of 4’-
OH-DCF and tentatively identified NO,-DCF after 28 days was potentially associated with
increased toxicity relative to the abiotic control. Overall, the results suggest that evaluating
metabolites and their toxicity is essential, requiring isolation of additional microorganisms
able to degrade 4’-OH-DCF and NO,-DCF to combine with the microorganisms isolated
in this study. Metabarcoding analysis of the microbial consortium after bioremediation
revealed the dominant bacterial population of Burkholderia (88.9% relative abundance) and
a predominant fungal genus Talaromyces (80.1%), indicating that both bacteria and fungi
may be associated with DCF transformation. These results provide insights into microbial
community dynamics and their potential application in designing effective consortia for
DCF bioremediation.

Keywords: diclofenac; bioremediation; activated sludge; DCF-degrading bacteria; DCF-
degrading consortium; ecotoxicity; microbial community

1. Introduction

Pain is one of the prevalent symptoms treated pharmacologically and represents a
major global public health concern. In Europe, approximately 27% of the adult population
suffers from chronic pain [1]. Among the therapeutic options available, anti-inflammatory
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drugs have been used since ancient times, with non-steroidal anti-inflammatory drugs
(NSAIDs) remaining essential for managing both acute and chronic inflammation and
pain. More than 50 NSAIDs are currently marketed worldwide, with ibuprofen, naproxen,
aspirin, and DCF being among the most widely consumed [2]. DCF is the arylacetic acid
derivative 2-[2-(2,6-dichloroanilino)phenyl]acetic acid (C14H11CI,NO,). Its pharmacologi-
cal activity is based on the inhibition of prostaglandin synthesis through the time-dependent
suppression of cyclooxygenase enzymes (COX-1 and COX-2), with a preferential suppres-
sion of COX-2 over COX-1, thereby reducing the conversion of arachidonic acid into
pro-inflammatory mediators [3]. Due to its effectiveness and accessibility, DCF is frequently
used for self-medication. In a study by Benites-Meza et al. [4], 68.21% of 2158 participants
reported taking NSAIDs without medical supervision, with DCF being one of the most
common choices. Global consumption of DCF is estimated at 1443 + 58 tons per year, with
Europe accounting for approximately 27.8% [5]. The widespread and often unregulated
use of pharmaceuticals, combined with insufficient medical oversight, has contributed to
their increasing detection in environmental matrices, leading to the classification of many
of these compounds, including DCF, as emerging environmental contaminants [6,7].

DCF enters the environment primarily through effluents from hospitals, pharmaceuti-
cal industries, and wastewater treatment plants (WWTPs) that receive human and animal
waste [8,9]. Reported concentrations in wastewater range from ng L~! to ug L= [10,11].
Numerous studies have demonstrated that DCF is a recalcitrant compound, exhibiting low
removal efficiencies in conventional biological treatment systems [12,13]. Consequently,
DCF and its metabolites persist in surface waters, groundwater, and even drinking water
in various regions worldwide [14-16]. Furthermore, its presence in biosolids and treated
wastewater reused for agricultural purposes raises additional concerns regarding soil
contamination [17,18].

The environmental recalcitrance of DCF is largely attributed to its chemical structure,
as supported by the findings of Kimura et al. [19], who reported that the removal efficiency
of active pharmaceutical compounds strongly depends on molecular features such as the
number of aromatic rings and the presence of chlorine substituents. DCF contains two
aromatic rings and two chlorine atoms, which confer high molecular stability. Aromatic
systems are inherently resistant to enzymatic cleavage, while carbon—chlorine bonds are
powerful and poorly reactive toward microbial enzymes. In addition, the presence of
electron-withdrawing groups further reduces the susceptibility of DCF to oxidative and
hydrolytic processes, thereby limiting its biodegradation under environmental and en-
gineered conditions. As a result, conventional biological treatment systems often fail to
remove DCF efficiently [1,19,20].

Beyond its intrinsic chemical stability, several physicochemical and operational factors
contribute to the persistence of DCF in WWTPs. DCF exhibits relatively high hydropho-
bicity (logKow =~ 4.5), which can promote sorption onto sludge solids [20]. Additionally,
previous studies have shown that microbial activity and hydrolytic processes during
wastewater treatment may transform DCF-conjugated metabolites, leading to the regenera-
tion of the parent compound. This phenomenon contributes to the apparent persistence
of DCF and, in some cases, to observed increases in its concentration along the treatment
train [21,22].

Given its persistence and widespread occurrence, the development of effective and
sustainable decontamination strategies is increasingly important. Biodegradation, defined
as “a process that relies on biological mechanisms to reduce (degrade, detoxify, mineralize,
or transform) pollutant concentrations to an innocuous state” [23], has gained attention as
a promising approach. Bioaugmentation (microbial inoculation) and biostimulation (addi-
tion of macronutrients and micronutrients), in particular, offer advantages such as high
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efficiency, environmental compatibility, and cost-effectiveness [24,25]. However, despite the
extensive environmental presence of DCE, relatively few bacterial strains capable of degrad-
ing it have been identified. This limitation is largely attributed to the compound’s adverse
effects on microbial physiology, including membrane disruption, enzymatic inhibition, and
oxidative stress caused by reactive oxygen species (ROS), which damage lipids, proteins,
and nucleic acids and trigger cellular stress responses [18,26,27]. Nevertheless, some bac-
terial genera, including Pseudomonas [26,28], Rhodococcus [29], Labrys [30], Raoultella [31],
Stenotrophomonas [32], and Klebsiella [33], have demonstrated the ability to transform DCF
through pathways such as hydroxylation, dehydroxylation, decarboxylation, and dichlo-
rination, producing metabolites such as 4’-OH-DCEF, 5-OH-DCEF, 3'-hydroxy-diclofenac,
4’ 5-dihydroxydiclofenac, and quinone imine [18,34]. Reported degradation efficiencies
vary widely: Pseudomonas sp. DCa4 showed highly efficient biotransformation of DCF,
achieving up to 99.8% removal within 68 h from an initial concentration of 10 mg L~!.
Nevertheless, complete mineralization was not confirmed. This process was primarily
driven by N-C bond hydrolases rather than classical oxidative enzymes such as cytochrome
P450s, laccases, or peroxidases. Genomic analyses of Pseudomonas sp. DCo4 have iden-
tified several genes encoding hydrolases (puuD, atzF, astB, nit1, nylB), corresponding to
v-glutamyl-GABA hydrolase (EC 3.5.1.94), allophanate hydrolase (EC 3.5.1.54), N-succinyl
arginine dihydrolase (EC 3.5.3.23), deaminated glutathione amidase (EC 3.5.1.128), and
6-aminohexanoate-dimer hydrolase (EC 3.5.1.46). These enzymes are amidohydrolases that
hydrolyze C-N bonds in linear compounds and, in the case of N-succinyl arginine dihy-
drolase, in cyclic/imidazolidine derivatives. Given that diclofenac contains an aromatic
amide bond, these hydrolases could potentially contribute to its transformation, although
their activity against DCF has not yet been experimentally confirmed [28]. Rhodococcus
ruber TEGM 346 degraded approximately 25 mg L~! of DCF over 60 days from an initial
concentration of 50 mg L. The results were supported by measurements of Rhodococcus
respiratory activity, indicating cell viability and metabolic intensity, confirming that DCF de-
composition was entirely dependent on the catalytic activity of the cells and was catalyzed
by oxygenases [29]. In a study with Raoultella sp. DD4, approximately 0.6 mg L~! of DCF
was transformed in 28 days. However, no information was provided regarding metabolite
formation or the DCF degradation pathway [31]. In another study, Labrys portucalensis F11
biotransformed approximately 24 pM of DCF over 30 days. Based on the identified inter-
mediates, a metabolic pathway was proposed. DCF degradation was primarily initiated
through hydroxylation reactions, producing hydroxy-DCF isomers mediated by monooxy-
genases and dioxygenases, followed by dehalogenation, methylation, decarboxylation,
and oxidation, generating a variety of intermediates. Importantly, the metabolite profile
indicated stoichiometric liberation of chlorine, suggesting complete degradation of the
pharmaceutical compound [30]. Similarly, Klebsiella sp. KSC degraded 70 mg L~ of DCF
in 72 h. The main degradation pathways involved hydroxylation via cytochrome P450,
decarboxylation, and partial dechlorination of the central ring of DCF [33]. Co-metabolic
conditions, such as the presence of readily available carbon sources, have also been shown
to enhance pharmaceutical biodegradation by promoting microbial growth and metabolic
activity [35]. As observed for DCF, Stenotrophomonas humi, exposed to 1.5 mg L~! of DCF in
the presence of 3 g L~! glucose, achieved 75.1% degradation of DCF within 8 days, forming
a transformation product corresponding to nitro-DCF [32], and Pseudomonas moorei KB4
removed 0.5 mg L~! of DCF in 12 days, with an increase in DCF removal to 1 mg L~! was
achieved after 11 days in the presence of glucose. The transformation was mediated by
a suite of oxygenases, including monooxygenases, dioxygenases, and cytochrome P450
enzymes; however, complete mineralization was not demonstrated in this study [26].
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In some cases, microbial consortia outperform single strains by completely degrading
contaminants, enhancing their metabolic versatility and overall efficiency in the concurrent
removal of diverse compounds. This has also been described for DCF [36]. Microbial
consortia have achieved high removal efficiencies (80-98%) across a wide range of initial
DCF concentrations, from 10 to 150 mg L~!. Biodegradation processes were mainly associ-
ated with hydroxylation reactions, generating metabolites with low ecotoxicity, and also
exhibiting tolerance to variable environmental conditions, such as pH and temperature.
These findings highlight the potential of microbial consortia as a robust and efficient strat-
egy for DCF removal in biological treatment systems [36-38]. In this context, advances in
high-throughput amplicon sequencing, using marker genes such as 165 rRNA for bacteria
and Internal Transcribed Spacer (ITS) for fungi, have enabled high-resolution characteriza-
tion of the taxonomic composition of microbial consortia involved in the degradation of
pharmaceuticals. This approach overcomes the known limitations of culture-dependent
methods, providing a more comprehensive view of the diversity and dynamics of microbial
communities participating in biodegradation processes [25,39,40]. The integration of DNA
metabarcoding with chemical analyses is essential for monitoring shifts in microbial com-
munity composition, identifying key degraders, and assessing the remediation potential of
the applied consortia [41,42].

Due to the extensive environmental dispersion of DCF, its environmental fate and eco-
toxicological evaluation should be considered a priority [11,18]. Moreover, as reported by
Badawy et al. [18], certain transformation products formed during DCF degradation have
been reported to exhibit higher toxicity than the original compound, thereby potentially
intensifying environmental contamination.

Activated sludge, collected from aeration tanks, was selected as a rich and diverse
microbial reservoir since WWTPs are often exposed to pharmaceutical compounds [43],
imposing selective pressure on the bacterial community and potentially selecting microor-
ganisms with the ability to survive in the presence of these compounds. Based on this, the
objectives of the study were as follows: (i) to establish enrichment cultures from activated
sludge using DCF as the selective substrate, to obtain a microbial consortium and bacterial
isolates capable of DCF degradation. Selection criteria included sustained growth in the
presence of DCF and measurable reduction in DCF concentration; (ii) to evaluate DCF
degradation efficiency in aqueous solutions and to identify the metabolites produced dur-
ing the biodegradation process, including transformation pathways such as hydroxylation,
glucuronidation, lactam formation, nitration, nitrosation, and subsequent aromatic ring
modifications; (iii) to assess the ecotoxicological impact of DCF before and after biodegra-
dation, using Aliivibrio fischeri as a test organism, thereby evaluating the effectiveness of
the decontamination strategy in terms of toxicity mitigation; and (iv) to investigate micro-
bial community dynamics during DCF degradation using 16S rRNA and ITS amplicon
sequencing, to identify the key bacterial and fungal taxa potentially involved in DCF
biotransformation and to link microbial composition with observed degradation patterns.

This study offers interdisciplinary insights by integrating microbiology, analytical
chemistry, toxicology, and metabarcoding to advance the understanding of DCF biodegra-
dation, a contaminant that remains insufficiently characterized in terms of its microbial
degraders, transformation pathways, and associated toxicity.

2. Materials and Methods
2.1. Material

An analytical standard of DCF sodium salt (C14H19Cl,NNaO,, purity > 98%, CAS:
15307-79-6) was obtained from Sigma-Aldrich (Madrid, Spain). Luria—Bertani (LB) broth
and mineral salt medium (MSM) were prepared using analytical-grade reagents (Sigma-

https:/ /doi.org/10.3390/jox16010024


https://doi.org/10.3390/jox16010024

J. Xenobiot. 2026, 16, 24

5o0f 32

Aldrich, Madrid, Spain) and sterilized by autoclaving at 120 °C, inlet pressure of 103 kPa
for 20 min before use (steam autoclave Auster-G, P-Selecta ST DRY PV-III). The LB broth
formulation (per liter of deionized water) consisted of 10 g tryptone, 5 g yeast extract, and
10 g NaCl (BD Difco™, Fisher Scientific, Pittsburgh, PA, USA). MSM was composed of the
following components (per liter of deionized water): 0.5 g of KH;POy, 0.5 g of K;HPOy,
0.01 g of NaCl, 0.2 g of MgCl,-6 HyO, 0.02 g of CaCly, 1 g of (NH4)2504, 0.339 mg of
MnSQOy, 0.428 mg of ZnSOy, 0.347 mg of (NH4)¢Mo70,4-4 HyO, 0.4 mg of CoCl,-6 HyO,
5 mg of FeSO,4 and 7 H,O, and 0.2 mg of CuSO4-5 H,O. The pH was adjusted to 7.0 & 0.2
with NaOH.

For this study, activated sludge was collected from the San Jeré6nimo WWTP (Seville),
operated by the company EMASESA (Seville, Spain). This plant processes wastewater from
the northern area of Seville. It receives effluents from sources such as the Virgen Macarena
University Hospital in Seville and from some municipalities of Seville province.

2.2. Methods
2.2.1. Enrichment and Isolation of DCF-Degrading Consortium and DCEF-
Degrading Strains

A microbial consortium, along with individual strains capable of degrading DCF, was
obtained through enrichment cultures using activated sludge from the San Jerénimo WWTP.
The enrichment culture procedure was carried out following the methodology described
by Bessa et al. [44], with some modifications. Briefly, sterile 250 mL Erlenmeyer flasks
(autoclave Auster-G, P-Selecta with one cycle at 120 °C, inlet pressure of 103 kPa, for 20 min)
were inoculated with 10 mL of activated sludge and 150 mL of MSM, supplemented with
DCF at an initial concentration of 24 mg L~!. DCF concentration used to enrich cultures
exceeds the concentrations typically observed in WWTPs but was selected to create a
selective pressure on the bacterial community, facilitating the enrichment and isolation of
strains capable of tolerating this compound [40]. As a control, an additional treatment was
prepared without the addition of sludge. The cultures were incubated with orbital shaking
(150 rpm) at 30 °C. Aliquots of supernatant (1 mL) were collected on days 7, 14, and 21
to quantify the remaining DCF concentration by HPLC (see Section 2.2.5). Additionally,
aliquots (0.2 mL) from each flask (every triplicate separately) were taken on days 14 and 21.
These aliquots were pooled into a single sample, and a 0.2 mL sample of this mixture was
used for the isolation of bacterial degraders. After 21 days, the culture was divided into
three subcultures: one was used to continue monitoring DCF under the same conditions,
while the other two were supplemented with 3 g L~! of additional carbon sources (glucose
or yeast extract). Although this concentration is higher than would typically be found in
the environment, it could be safely applied in a real treatment scenario if needed. After 7
and 14 days of incubation (28 and 35 days after the start of the experiment), a 1 mL aliquot
was used to monitor the DCF concentration as described above, and microbial isolation
was performed. A degrading MC and 4 isolates were obtained after 7 days of enrichment
in the presence of DCF and glucose.

To obtain the microbial consortium and to isolate bacterial strains, MSM agar plates
were employed. Once the agar had solidified, 0.5 mL of an MSM solution containing
200 mg L~! DCF, as the only added source of carbon and energy, was spread evenly on
each plate using a sterile spreader until fully absorbed. Subsequently, 0.2 mL of culture
from the different enrichments was streaked on the described plates and incubated at 30 °C
for 3 days. Successive colony isolations were performed on LB plates incubated at 30 °C
under aerobic conditions, recognizing and selecting different morphotypes according to
their size, color, edge, and elevation of colonies. Once purified, the selected isolated strains
and microbial consortium were preserved in cryovials (Microbank™ 2D) at —80 °C until
further use.
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In parallel, a second enrichment assay in a 250 mL Erlenmeyer flask with 50 mL of
MSM was conducted with a higher initial DCF concentration (200 mg L~!) to increase the
selective pressure on the microbial community [45]. The culture was incubated with orbital
shaking (150 rpm) at 30 °C, and every 15 days, 5 mL of the culture was transferred to a new
flask containing 45 mL of MSM supplemented with 200 mg L~! DCF and incubated again.
On days 15 and 30, a 0.2 mL aliquot was taken for bacterial isolation as previously described.
Isolated bacteria were labeled with codes based on the research group (CSW: CONSOWAT),
the contaminant used for isolation (Diclofenac: D), and a sequential isolation number.

2.2.2. Molecular Identification of Bacterial Isolates

To identify DCF-degrading bacteria, total genomic DNA was isolated from 1 mL
of pure LB cultures using the G-spin™ Total DNA Extraction Kit (iNtRON Biotechnol-
ogy, Inc., Kirkland, WA, USA). The bacterial strains were identified by sequencing the
16S rRNA gene (~1465 bp), which was amplified via PCR with universal primers 27F
(5’-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3) [46].
Amplified PCR products were sequenced through the Sanger method at STABVIDA labora-
tory (Caparica, Portugal), using the primers 518F (5'-CCAGCAGCCGCGGTAATACG-3)
and 800R (5-TACCAGGGTATCTAATCC-3’). The resulting 16S rRNA sequences were
deposited in the NCBI GenBank database and used for molecular identification by BLASTn
(BLAST+ 2.17.0) search on the NCBI website.

2.2.3. Inhibitory Concentration of DCF for Bacterial Growth

The half-maximal inhibitory concentration (ICsp) for bacterial growth represents the
amount of DCF required to inhibit growth by 50% [47]. To determine this value, experiments
were carried out in duplicate using sterile 50 mL Erlenmeyer flasks, each containing 10 mL
of LB medium supplemented with different concentrations of DCF sodium salt (10, 100,
500, 1000, 3000, and 5000 mg L’l) to cover a wide range, from low levels to high levels
considered potentially toxic. Cultures were inoculated with bacteria or a consortium
adjusted to an initial optical density at 600 nm (ODgq) of 0.1. A parallel control without
DCF was included to represent normal growth conditions.

All cultures were incubated at 30 °C for 24 h under aerobic conditions with agitation
at 180 rpm. After incubation, bacterial growth was quantified by measuring ODgy with a
VWR UV-3100 spectrophotometer (VWR International, Radnor, PA, USA). Cell viability
(%) was expressed as the ratio between the ODg of each treated culture and the ODgg of
the control culture. The IC5) values were calculated from the dose-response curves gener-
ated by plotting microbial viability (%) against the logarithm of diclofenac concentration
(mg L~1). Each dataset was fitted with a second-order polynomial regression as follows:

y = a(log[DCF])? + b(log[DCF]) + ¢

where y represents microbial viability (%), log[DCF] is the logarithm of the DCF concentra-
tion (mg L), and a, b, and c are the experimentally determined regression coefficients.
To determine ICsp, a value of y = 50 was substituted into the equation, the corresponding
log[DCF] value was calculated, and the antilogarithm was applied to obtain the DCF
concentration associated with 50% growth inhibition.

2.2.4. DCF Biodegradation Test in Solution

Biodegradation assays were conducted in sterile 250 mL Erlenmeyer flasks covered
with a cotton plug containing 50 mL of MSM solution supplemented with glucose (3 g L™1),
spiked with 10 mg L~! DCF sodium salt, and inoculated with the microbial culture at
a volume sufficient to achieve an initial ODgg of ~1.0, measured using a VWR UV-3100
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spectrophotometer. In parallel, an abiotic control was established under identical conditions
but without inoculation. A total of 12 flasks were used, distributed as follows: (i) isolate
CSWD.1, (ii) isolate CSWD.2, (iii) microbial consortium (MC), and (iv) abiotic control, all in
triplicate. Treatments were incubated at 30 °C with orbital shaking at 180 rpm.

For the preparation of microbial culture, isolated bacterial strains and the microbial
consortium, previously stored in cryovials at —80 °C, were inoculated into 250 mL flasks
containing 50 mL of LB medium with DCF sodium salt (10 mg L~1) and incubated at
30 °C and 180 rpm under aerobic conditions for 24 h. After incubation, the cultures were
centrifuged at 7000 rpm for 15 min. The supernatant was discarded, and the bacterial pellet
was washed twice with MSM to completely remove residual DCF, possible metabolites,
and residual LB medium. An additional centrifugation step was performed under the same
conditions. Finally, the pellet was resuspended in 1 mL of MSM. To monitor residual DCF
concentration and the formation of metabolites, 1 mL aliquots of the supernatant were
collected at the initial time and at 0.5, 1, 2, 5, 7, 14, 21, and 28 days, and they were quantified
as described in detail in Section 2.2.5. At the end of the biodegradation assay (28 days), the
remaining solutions from the flasks were collected in 15 mL Falcon tubes and centrifuged.
Supernatants were stored at —20 °C for subsequent ecotoxicity assays.

The biodegradation curves were evaluated and fitted to the most suitable kinetic
models using the tool developed by the FOCUS [48] working group for degradation
kinetics. Curve fitting was performed with the GRG nonlinear algorithm in the Solver
add-in, and model parameters were optimized through the least-squares method. The
observed degradation profiles were best described by two first-order kinetic models: the
Simple First-Order (SFO) model and the biphasic First-Order model, commonly referred to
as the Hockey-Stick (HS) model. These models are expressed as follows:

M; = My-e* (SFO)

DTs = In 2/k (SFO)
M = My e ¥ th e 2(t — tb) (HS)
DTsp = (In 100/100 — 50)/k;  if DTso < tb (HS)
DTsp = tb + (In 100/100 — 50) — kq tb)/ky  if DTs > tb (HS)

In these equations, M; represents the DCF concentration (mg L~1) at time t, and M
is the initial concentration immediately after spiking. The degradation rate constants are
denoted by k (for SFO) or k; and k; (for the HS model), corresponding to the fast and
slower degradation phases, respectively. The parameter tb indicates the breakpoint at
which the degradation rate shifts. The DTsy, or half-life, represents the time required for
the DCF concentration to decrease by 50% relative to its initial level.

2.2.5. Analytical Methods

The remaining DCF concentration was quantified by HPLC, as described by
Dorado et al. [49]. The supernatant was transferred to 2 mL Eppendorf tubes and cen-
trifuged at 12,000 rpm for 2 min. DCF quantification was performed using HPLC (Shimadzu
LC-2010 HT, Shimadzu Corporation, Kyoto, Japan) equipped with a 150 mm x 4 mm oc-
tadecylsilane (ODS) column with 5 um particle size and a programmable UV detector set at
285 nm. Analyses were conducted at room temperature using a mobile phase composed of
acetonitrile-water (65:35) with 0.8 mL L~! orthophosphoric acid. A 20 puL injection volume
was used for each sample. External linear calibration was performed, and the limit of
quantification was 0.05 mg L1
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The analysis of DCF metabolites was performed by liquid chromatography tandem
mass spectrometry (LC-MS/MS). The instrument was an Agilent 1200 HPLC system with
a vacuum degasser, a binary pump, an autosampler, and a thermostated column com-
partment (Agilent, Santa Clara, CA, USA). Mass spectrometry analysis was carried out
on an Agilent 6410 triple-quadrupole mass (QqQ) spectrometer equipped with an elec-
trospray ionization (ESI) source. The separation of compounds was carried out by the
injection of 10 pL of sample in a Kinetex Polar C18 analytical column (50 mm x 3.0 mm
id., 2.6 um particle size) (Phenomenex, Torrance, CA, USA), thermostated at 30 °C and
protected by a Polar C18 guard column (SecurityGuard ULTRA Cartridges 2 mm x 3 mm
i.d.) (Phenomenex, Torrance, CA, USA). Chromatographic analysis was carried out using

gradient elution at a flow rate of 0.3 mL min~!

using a mobile phase composed of 10 mM
ammonium acetate (solvent A) and acetonitrile (solvent B). Elution started with 15% of
solvent B, held for 1 min; then increased to 55% in 5 min, held for 2 min; then, to 97% in
1 min and held for 2 min. Return to initial conditions was performed in 1 min and held for
5 min for re-equilibration. Total run time was 17 min.

Target compounds were DCF, 4’-OH-DCEF, and 5-OH-DCEF. For the ionization of the
compounds, the following settings were applied: MS capillary voltage: 3500 V in pos-
itive and 2500 V in negative, drying-gas flow rate: 9 L min~!, drying-gas temperature:
350 °C, nebulizer pressure: 35 psi and cell accelerator voltage: 4 V. Fragmentor was set at
60 V. Each extract was measured using the Multiple Reaction Monitoring (MRM) mode.
Two transitions were selected for each target compound. MRM1 was used for quantifica-
tion, and MRM2 and the ratio were used for confirmation. Conditions applied in MRM
mode are shown in Table S1. Although 4’-OH-DCF and 5-OH-DCF exhibit the same transi-
tions, chromatographic separation allowed them to be quantified. For proper identification
of the compounds, standard solutions of each compound were injected individually. Cali-
bration curves were constructed by the injection of at least seven calibration standards. For
quality control, blanks and spiked samples were injected throughout the analysis. The limit
of quantification was 0.5 ug L~! for DCF and 0.1 ug L~! for 4’-OH-DCF and 5-OH-DCF.
The identification of additional DCF metabolites/transformation products (IPs), whose
presence could be inferred from previous studies but for which analytical standards were
not available, was conducted according to Osorio et al. [50]. The metabolites analyzed were
as follows: 1-O-acylglucuronide diclofenac, 4,5-dihydroxydiclofenac, TP339 (nitration),
TP323 (nitrosation), and 5-hydroxydiclofenac lactam. Each extract was analyzed in MRM
mode, with specific conditions detailed by Osorio et al. [50] (Table S2), and the results
for these compounds are reported in a semi-quantitative manner using peak area only.
Structures of DCF, metabolites, and TPs have been reported in Table S3.

2.2.6. Ecotoxicity Bioassays

The inhibitory effect of DCF and/or potential metabolites produced during the
biodegradation process was assessed using a bioluminescence-based assay with the bac-
terium Aliivibrio fischeri, following the standard ISO 11348-3 basic test protocol [51]. For
that purpose, supernatant samples were collected at the beginning (abiotic control, con-
sisting of MSM spiked with 10 mg L~! DCF and 3 g L~! of glucose) and at the end of the
28-day biodegradation experiment (treatments with P. aeruginosa CSWD.1, Pseudomonas
sp. CSWD.2, and the microbial consortium MC). All samples exhibited an initial pH of
7.0 + 0.2, which was not modified during incubation. The solutions were filtered to re-
move particles and serially diluted (1:2) with 2% NaCl to final concentrations of 90.9%,
45.45%, 22.73%, and 11.36% (v/v). Changes in bioluminescence were measured using a
MICROTOX Model 500 analyzer (Modern Water Inc., New Castle, DE, USA) after 15 min
of contact between the samples and A. fischeri, and compared to a control without DCF.

https:/ /doi.org/10.3390/jox16010024


https://doi.org/10.3390/jox16010024

J. Xenobiot. 2026, 16, 24

9 of 32

ECs( values (the concentration of DCF (% v/v) causing toxic effects on 50% of the bacterial
population) were calculated and expressed in Toxic Units (TU) = 100/ECsg. The TU results
were classified according to the categories proposed by Persoone et al. [52].

2.2.7. Characterization of Microbial Consortium by DNA Metabarcoding

DNA was extracted from microbial pellet samples collected at the beginning (“before”)
and the end (“after” 28 days) of the DCF biodegradation experiment using the DNeasy Pow-
erSoil Pro Kit (Qiagen GmbH, Hilden, Germany). DNA concentrations of the extracts were
quantified using the fluorometric Qubit dsDNA BR assay (Invitrogen—Life Technologies,
Eugene, OR, USA) according to the manufacturer’s instructions and subsequently diluted
to achieve concentrations of around 5-10 ng uL~!. The selected barcodes, V3 and V4
regions of the 165 marker for bacteria, and the ITS2 region for fungi, were amplified using
primers that included Illumina adapter overhang sequences attached to the target-specific
sequences. Bacteria-specific sequences Bact341F (5-CCTACGGGNGGCWGCAG-3') and
Bac785R (5'-GACTACHVGGGTATCTAATCC-3') were previously described by Klindworth
et al. [53], while fungi-specific sequences ITS3-KYO2-F (5'-GATGAAGAACGYAGYRAA-3)
and ITS4-KYO1-R (5’-TCCTCCGCTTWTTGWTWTGC-3') were designed by Toju et al. [54].
After PCR amplification, the multiplexing step was performed using the Nextera XT
DNA Library Preparation Kit (Illumina, San Diego, CA, USA). After size verification of
libraries (~550 bp for bacteria and ~430 bp for fungi) on a Bioanalyzer DNA 1000 chip
(Agilent Technologies, Santa Clara, CA, USA), they were sequenced using a 2 x 300 bp
paired-end MiSeq sequencing run using the Reagent kit v3 according to the manu-
facturer’s instructions (Illumina). The resulting raw sequencing data are available at
the European Nucleotide Archive (ENA), EMBL-EBI, under accession no. PRJEB98466
(https:/ /www.ebi.ac.uk/ena/browser/view /PRJEB98466, accessed on 1 January 2026).
Bioinformatic analyses were conducted using the QIIME2 pipeline [55]. Quality filtering,
denoising, merging of contigs, removal of chimeras, and creation of the amplicon sequence
variants (ASV) table were performed using the DADA?2 pipeline [56], starting from paired-
end data. Taxonomic assignments of ASVs were performed using the Naive Bayesian
classifier integrated in Qiime2 plugins against the bacterial database Silva138 [57] and the
fungal database UNITE (v. 10 UNITE QIIME release for fungi) [58].

2.2.8. Statistical Analysis

Standard deviations for biodegradation data comparison were calculated using Mi-
crosoft Excel. One-way ANOVA with three replicates was performed to study the significant
differences among treatments. Statistical analysis was conducted by means of the SPSS v.
21 (SPSS Inc., Chicago, IL, USA) statistical package.

Statistical analyses of DNA metabarcoding data were conducted in R v 4.3.0 through
RStudio v 2023.03.0 [59]. Tidyverse v 1.2.1 [60] and vegan v 2.6-4 [61] R packages were used
for data manipulation, plotting, and ecological analyses, respectively. The quality-filtered
ASV matrices were rarefied to 95,729 and 3231 reads per sample for the bacterial and fungal
datasets, respectively, using the vegan function rrarefy (Table S4). The low number of fungal
ITS2 sequences achieved for the sample collected before the biodegradation experiment
likely reflected the low fungal biomass present in this sample. Alpha-diversity indices,
such as species richness (observed number of ASVs), Shannon, and Inverse Simpson, were
calculated using the functions specnumber and diversity from vegan. The overlap of the
ASVs detected in the two samples (at the beginning and at the end of the biodegradation
test) was illustrated using the VennDiagram R package [62]. Taxonomic composition
was analyzed at phylum, order, and genus levels, avoiding the species level due to the
well-known limitations of species identification based on such short DNA fragments.
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3. Results and Discussion
3.1. Enrichment and Isolation of the DCF-Degrading Microbial Consortium and Bacterial Strains

Enrichment cultures were initiated using DCF as the sole added source of carbon
and energy, with initial DCF concentrations of 24 mg L~! and 200 mg L~!. The use of
enrichment cultures at both low and high concentrations has been previously explored by
several authors, who argue that low concentrations allow for the selection of oligotrophic
bacteria and subpopulations specialized in degrading contaminants at reduced levels,
typically associated with faster mineralization and shorter lag phases [63]. Conversely,
high concentrations during enrichment favor the selection of bacteria that are tolerant to
contaminants and can efficiently degrade them in environments with elevated pollutant
loads [64].

From the enrichment performed at a high DCF concentration (200 mg L.~1), specific
potential DCF-degrading strains forming isolated colonies were selected from the MSM
agar plates containing 200 mg L~! DCF as the only added source of carbon and energy.
Five bacteria were isolated after 15 days; after 30 days and following a medium refresh, a
total of four additional colonies were formed and isolated from the plates inoculated with
the enrichment cultures.

In cultures supplemented with 24 mg L~! DCF, nearly half of the initial content
was removed after 14 days (Figure 1), at which point bacterial isolation was attempted.
Five different bacterial isolates were obtained. After 21 days, degradation levels were
similar to those observed on day 14 (Figure 1), indicating a plateau in DCF removal. This
stagnation might be attributed to a combination of substrate-related toxicity and nutrient
limitation, but more research is needed to support this statement. DCF and several of
its transformation products are known to induce oxidative stress and membrane damage
in microorganisms, reducing metabolic activity and biodegradation capacity [26,27,65].
In addition, the accumulation of reactive or persistent transformation products, such as
p-benzoquinone imines, hydroxylated DCF derivatives, or DCF-benzoic acid, may further
inhibit microbial activity or limit complete mineralization [66-68]. After 21 days, the
enrichment culture was divided into three equal parts; one of them was used in the same
conditions, and the other two were supplemented with additional carbon sources: glucose
or yeast extract (3 g L™1). In the glucose-supplemented culture, nearly 100% of DCF was
degraded within 7 days after its addition, while in the yeast extract-supplemented culture,
about 85% and 94% degradation was achieved after 7 and 14 days after yeast addition,
respectively. These results indicate that DCF degradation was strongly enhanced under
cometabolic conditions, in agreement with previous studies [24,26,27,32]. After 7 days of
enrichment in the presence of DCF and glucose, four more different bacterial isolates were
obtained. Based on these results, glucose was selected as the most suitable co-substrate for
subsequent experiments.

In general, the presence of glucose enhances the biodegradation of DCF by serving as
a source of carbon and nutrients, thereby stimulating the growth and metabolic activity
of the microorganisms responsible for its degradation [35]. Several studies have demon-
strated that the addition of glucose as a co-metabolite significantly increases the rate of DCF
removal by bacteria, thereby improving the efficiency of drug elimination compared to
single-substrate conditions. For instance, in the presence of Enterobacter hormaechei D15, the
DCF removal rate increased from 52.8% to approximately 82% upon supplementation with
glucose (0.05 g L) as an external carbon source [24]. Similarly, Zur et al. [26] reported that
Pseudomonas moorei KB4 degraded 0.51 mg L~! of DCF (51%) in 12 days under standard con-
ditions, whereas under co-metabolic conditions with glucose supplementation (1.5 g L™1),
complete degradation of 1 mg L~! (100%) was achieved within 11 days. Zur et al. [27]
reported that when cultures were exposed to 50 g L~! of DCF under co-metabolic condi-
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tions with glucose at a final concentration of 1.5 g L~!, the percentage of DCF degradation
increased markedly from 31%, 27%, and 55% in the absence of glucose to 100% in its
presence for Klebsiella huaxiensis KB7, Klebsiella aerogenes KB18, and Serratia proteamaculans
KB19, respectively. In another study, Stenotrophomonas humi DIC_5 removed 75.1% of
DCF (1.5 mg L™!) within 8 days when glucose (3 g L~!) was used as a co-substrate, since
removal in the absence of glucose was not achieved [32,69]. Nonetheless, in some cases,
biodegradation was not significantly improved compared to single-substrate conditions.
Zur et al. [27] investigated the enhancement of biodegradation in several bacterial isolates
and found that the positive effect of co-metabolism was strain-specific. For example, when
K. huaxiensis KB7 and K. aerogenes KB18 were exposed to 1.5 mg L~! of DCF in the presence
of glucose, the extent of biodegradation did not increase. This may occur because glucose,
as an easily assimilable carbon source, can divert the bacteria from using the drug as a
carbon source and instead lead them to preferentially metabolize glucose [24,70].
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Figure 1. Evolution of the residual percentage of DCF (24 mg L~! initial concentration) during
enrichment culture, without activated sludge (control) and with activated sludge in the absence of
external carbon sources (AS). After 21 days, AS was split into three groups: (i) AS, (ii) in the presence
of 3 g L~ glucose (AS + GLU), and (iii) in the presence of 3 g L~! yeast extract (AS + YE). Error bars
indicate standard deviation from the replicates. The t-test was applied for statistical differences at
days 0, 7, 14, and 21. * indicates significant differences among control and AS treatments (p < 0.01).
ANOVA was used for days 28 and 35. Different letters for each bar mean significant differences
among the corresponding treatments (Tukey test, significance level 99%).

In our study, a microbial consortium, labeled “MC”, was obtained from the 24 mg L-!
DCF enrichment culture supplemented with glucose for 7 days. An aliquot was plated on
MSM-agar plates supplemented with DCF to obtain a microbial consortium. In parallel,
four different bacterial strains were identified in MSM-agar plates with DCF and isolated on
LB-agar plates. Out of the 18 bacterial isolates obtained from all the enrichment cultures (5
after 15 days and 4 after 30 days of enrichment at a DCF concentration of 200 mg L1, 5 after
14 days of enrichment at a DCF concentration of 24 mg L}, and 4 after 7 days of enrichment
in the presence of DCF and glucose), only two demonstrated the ability to degrade DCF (see
Section 3.3). They were designated as strains CSWD.1, isolated after 30 days of enrichment
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at a DCF concentration of 200 mg L1, and CSWD.2, isolated after 7 days of enrichment
with 24 mg L' in the presence of DCF and glucose. These DCF-degrading bacterial strains
were successfully identified according to the NCBI BLASTn analyses of their 165 rRNA
gene sequences. CSWD.1 showed 100% identity with Pseudomonas aeruginosa sequences.
Although P. aeruginosa was isolated from an environmental sample and is not expected to be
cytotoxic or pathogenic under normal conditions, it is an opportunistic pathogen; therefore,
its use in environmental bioaugmentation would require strict biosafety measures. In
this study, it was employed as a laboratory model to investigate DCF biodegradation
capacity. Similarly, the 165 rRNA gene sequence of strain CSWD.2 exhibited 99.92%
identity with Pseudomonas sp. from the NCBI GenBank “nt” sequence database (Table 1).
It is noteworthy that although the CSWD.2 sequence showed a high level of sequence
identity (99.68%) with Pseudomonas syringae sequences, species-level identification cannot
be conclusively established based solely on the 16S rRNA marker. The bacterial strains
CSWD.1 and CSWD.2, along with the consortium “MC” were selected to continue with
subsequent studies.

Table 1. Phylogenetic affiliations of bacteria isolated from activated sludge based on their 165 rRNA
gene sequences.

Phylogenetic
( Accessissl:;lumber) Afﬁllatl(;r;ﬁ:;:z; Related Similarity (%) Phylum/Class, Family, Genus
(Accession Number)
CSWD.1 Pseudomonas aeruginosa 100 Gammaproteobacteria / Pseudomonadales,
(PX459929) (NR_113599.1) Pseudomonadaceae, Pseudomonas
CSWD.2 Pseudomonas sp. 99.92 Gammaproteobacteria / Pseudomonadales,
(PX660167) (PX40994.1) ’ Pseudomonadaceae, Pseudomonas

3.2. Diclofenac-Induced Inhibition of Bacterial Growth

DCEF is well known for its anti-inflammatory properties; however, several studies have
also reported that it may display antibacterial effects [27,29]. This potential activity has been
supported by evidence showing its capacity to inhibit microbial growth, as demonstrated by
reported ICsg values and growth reduction assays across different microorganisms [71-73].
In this work, the ICsy was calculated to evaluate how increasing concentrations of DCF
(10, 100, 500, 1000, 3000, and 5000 mg L~1) influenced the bacterial strains and consortium
tested (P. aeruginosa CSWD.1, Pseudomonas sp. CSWD.2, and MC, respectively). The
experimental design compared ODg after 24 h of incubation in the presence of DCF.
The 24 h incubation period was selected based on the growth kinetics of the bacterial
strains, as growth curve analyses (Supplementary Material, Figure S1) showed that strains
CSWD.1 and CSWD.2 reached the stationary phase after approximately 15 h, ensuring
stabilized growth before endpoint determination (24 h). Figure 2 shows bacterial viability
(%) as a function of the logarithm of DCF concentration. Polynomial regression curves
were obtained for each strain, as these equations provided a good fit to the experimental
data, as indicated in Table 2, where the R? value was greater than 0.92 in all cases. This
type of nonlinear fitting has previously been reported in studies addressing multidrug
resistance [74]. Overall, the results indicate a high level of DCF tolerance among the isolates.
The highest ICsg value was observed for CSWD.1, followed by CSWD.2, with values of
7600 and 1100 mg L1, respectively (Table 2). These values are considerably higher than
the environmental concentrations reported in surface and wastewater, which typically
range from ng L~ 1to ug L~1[18,75]. The results reveal that the CSWD.1 strain shows 100%
resistance to DCF at concentrations up to approximately 500 mg L~! of the drug (Figure 2).
This resilience of P. aeruginosa was previously described by Klockgether et al. [76], who
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reported that this bacterium possesses enhanced genome-encoding capacity and that its
metabolic versatility enables it to adapt to environmental changes and to utilize a wide
range of nutrients. Conversely, CSWD.2 exhibits greater sensitivity to DCF when compared
to CSWD.1. However, these results suggest that this strain can tolerate high concentrations
of DCF (more than 80% resistance at 100 mg L~! DCF) and may, therefore, have strong
potential for its biodegradation.
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Figure 2. Graphical representation of the best-fitting polynomial curves for microbial viability as
a function of the logarithm of DCF concentration (log [DCF]) for the two bacterial isolates and
consortium. Error bars indicate standard deviation from three replicates.

Table 2. Inhibitory concentrations (ICsg) of DCF for specific degrading bacteria and the consortium.

Microorganisms ICs0 (mg L—1) R2
Pseudomonas aeruginosa CSWD.1 7600 0.922
Pseudomonas sp. CSWD.2 1100 0.938
Consortium (MC) 25,118 0.943

Several authors have investigated the resistance of different bacterial species to DCF,
reporting variable results depending on the species. According to published data, Es-
cherichia coli C600 and Staphylococcus aureus 6571 exhibited tolerance to DCF in the range
of 50-100 mg L~ [73]; Enterococcus faecalis, approximately 50 mg L~ [67]; Mycobacterium
spp., between 10 and 25 mg L~! [72]; and several Rhodococcus species showed a microbial
inhibition concentration above 200 mg L1 [29], among others. These values, however,
are lower than those detected in our study, as our strains can tolerate concentrations of
up to 100 mg L~!. Consistent with our findings, Zur et al. [27] reported that species such
as Enterobacter cloacae KB1, Klebsiella huaxiensis KB7, Klebsiella aerogenes KB18, and Serratia
proteamaculans KB19 exhibited high tolerance to DCF, with ICsq values exceeding 5 g L1,
even higher than that observed in our work for Pseudomonas sp. CSWD.2, but similar to the
ICs5¢ value obtained for P. aeruginosa CSWD.1 (Table 2).

To our knowledge, only a recent study has reported a value of minimal inhibitory
concentration (MIC) of 5120 mg L~ for P. aeruginosa clinical strains exposed to DCF [77],
which is a high value in line with our result (7600 mg L~!) and further supports the high
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resistance of this species to DCF; as far as we know, no ICs data for DCF has been reported
for Pseudomonas species.

In the case of the consortium (MC), the ICsy value was considerably higher, reaching
25,518 mg L~! (Table 2). The high ICsj obtained for MC reflects the overall low sensitivity of
the microbial consortium to DCF, compared with the effects observed in the isolated strains.
Although the ICsq values for individual strains were also relatively high (ranging from
7600 to 1100 mg L~1), they were still lower than that of the consortium (25,518 mg L~1).
This result may be attributed to the DCF biodegradation capacity of bacterial consortia,
particularly those enriched with degrading strains, where microorganisms act synergisti-
cally, potentially mitigating toxicity and reducing the ecotoxicological burden of the drug
in contaminated environments [37,78]. Only one study has investigated the resistance of
microbial consortia to DCF. Symsaris et al. [79] examined the sensitivity of two microbial
communities, one derived from a mesophilic wastewater treatment plant sludge-based in-
oculum and the other from a thermophilic manure-based inoculum, through metagenomic
analyses. The reported ICs values were 546 mg L~! and 481 mg L~! for the mesophilic
and thermophilic consortia, respectively. However, the consortium analyzed in the present
study exhibited a markedly higher ICs (25,518 mg L~!) than that previously reported. This
substantial difference suggests that the studied consortium displays a significantly greater
tolerance to DCF, possibly related to its specific microbial composition derived from the en-
richment process using DCF from which it was generated, the presence of DCF-degrading
strains, and the nature of its predominant metabolic processes, which metabolic pathways
primarily govern the consortium’s activity and tolerance toward DCF [78,80].

3.3. Diclofenac Biodegradation in Solution

This study presents the biodegradation performance of the two bacterial strains pre-
viously identified as P. aeruginosa CSWD.1 and Pseudomonas sp. CSWD.2, as well as the
consortium “MC”, all of which demonstrated notable degradation capacity. Based on the
results obtained from the enrichment culture (Section 3.1), co-metabolism with glucose
was found to enhance DCF degradation significantly. Therefore, in our study, a glucose
concentration of 3 g L~! was supplemented to the 10 mg L~! DCF solution. The con-
centration used for the biodegradation studies in the present work is higher than those
found in WWTPs and other environmental matrices, to ensure measurable biodegradation
and assess the capabilities of microorganisms under controlled conditions. Other authors
followed similar approaches [28,29,33,44]. The degradation curves obtained are shown in
Figure 3, and the corresponding kinetic parameters are given in Table 3.

Table 3. Kinetic parameters calculated from DCF dissipation curves in solution under different conditions.

Treatment Model kq * ky * DTs¢ **  Extent of Dissipation  Calculated Scaled R2
Kinetic (Days—1) (Days—1) (Days) (%) D sl Error
P. aeruginosa
CSWD.1 HS 1.05 0.002 57.5 45.5 0.2 0.5 0.992
Pseudomonas sp.
CSWD.2 SFO 0.33 - 2.3 100 10.9 39 0.984
Consortium MC SFO 1.75 - 0.3 100 8.5 1.8 0.995

* Degradation rate constants. ** Time to decline to half the initial concentration of DCF. *** After 28 days. **** x?

calculated values < x? corresponding tabulated value (p < 0.05).
In addition to monitoring DCF concentration, some metabolites and transformation

products of DCF were also analyzed: 4’-OH-DCEF, 5-OH-DCE, 1-O-acylglucuronide di-
clofenac, 4,5-dihydroxydiclofenac, TP339 (nitration), TP323 (nitrosation), and
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5-hydroxydiclofenac lactam, detecting the presence of only 4-OH-DCEF, 5-OH-DCF, and
TP339 in our samples (Figure 4).
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DCF remaining in solution (%o)
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Figure 3. Biodegradation curves of 10 mg L1 of diclofenac (DCF) in solution under different
treatments. Abiotic control (), CSWD.1 strain (¢), CSWD.2 strain (A), and consortium MC (¢). Solid
lines show model fitting to the experimental results (symbols). Error bars indicate standard deviation
from the replicates.

When the DCF biodegradation assay was conducted using strain CSWD.1, a significant
degree of biotransformation was observed in the first 24 h, with 40% degraded, although
the degradation slowed considerably from this point on. The curve of residual DCF con-
centration fitted a biphasic first-order sequential model (HS). The model-based calculations
indicated approximately up to 45.5% degradation after 28 days and a DT5( value of around
57.5 days. During the initial stage of the assay, DCF biodegradation occurred rapidly,
with a rate constant (K;) of 1.05 day~!. After this period, the degradation rate slowed
down, yielding a second-rate constant (K) of 0.002 day~!. The slowdown observed in
the biodegradation process could be attributed to the damage caused by DCF itself and
by its metabolites and /or transformation products to the microorganisms responsible for
degradation. Studies have demonstrated that DCF can induce changes in microbial growth
by compromising cell membrane integrity, modifying enzymatic functions, and triggering
oxidative stress through the production of reactive oxygen species (ROS), which in turn
can damage essential cellular constituents such as lipids, proteins, and nucleic acids [18].
Ivshina et al. [29] observed morphological changes and impaired growth in Rhodococcus
ruber IEGM 346 when exposed to high concentrations of DCF (50 mg L~!). In another study,
exposure of Pseudomonas moreii KB4 to DCF (1-3 mg L~!) affected cellular physiology by
decreasing the zeta potential and increasing the cell wall hydrophobicity [27]. In addition,
Matejczyk et al. [67] observed a reduction in the viability test of E. coli in the presence of
4’-OH-DCF and 5-OH-DCF, the main DCF metabolites.

In the presence of P. aeruginosa CSWD.1, the analysis of metabolites formed during the
biodegradation process revealed a continuous increase in the concentration of 4’-OH-DCF
throughout the 28-day incubation period (Figure 4). This compound, identified as the main
human metabolite of DCF and also detected in wastewater [81], has been described as
one of the major bottlenecks in DCF degradation. Although 4’-OH-DCF is transformed
more rapidly than the parent compound, its formation from DCF through hydroxylation
constitutes the rate-limiting step in the overall degradation pathway [13,26]. Conversely,
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5-OH-DCF was detected within the first 12 h at concentrations higher (16 ug L) than
those of 4-OH-DCF (2 pg L™!). This trend persisted until day 14, after which 4-OH-DCF
became predominant (24 pg L~! after 28 days), indicating that CYP450 monooxygenase
played a key role in the initial step of DCF degradation, as it is responsible for the hydroxy-
lation of DCF to form 4’-OH-DCF and 5-OH-DCF [82]. This pattern may be explained by
the fact that, initially, hydroxylation of the aromatic ring generates both metabolites, but
5-OH-DCF displays greater chemical reactivity [83]. As a result, it is more susceptible to
further oxidation reactions, such as the formation of benzoquinone imine, a highly reactive
intermediate that rapidly undergoes additional oxidation or conjugation, thereby reducing
its concentration in the system. In contrast, 4-OH-DCF is a more stable metabolite and can
accumulate during the intermediate phase of biodegradation, as its transformation into final
products proceeds more slowly [65]. In addition, only after 28 days was TP339, a nitrated
transformation product (Table S3), detected (Figure 4). According to current literature,
information regarding the nitroso and nitro derivatives of DCF remains scarce. The first
evidence of these metabolites in WWTPs was reported by Osorio et al. [68], who demon-
strated that DCF can undergo biotransformation into nitroso and nitro derivatives under
biological conditions in laboratory-scale bioreactors inoculated with WWTP mixed liquor.
Likewise, Chiron et al. [84] observed the formation of nitrogen-containing derivatives,
N-nitroso-DCF (NO-DCF) and 5-nitro-DCF (NO,-DCF), in soil under anoxic conditions.
More recently, Osorio et al. [85] identified uncommon microbial nitration and nitrosation
TPs of DCF-related compounds in bioreactors containing WWTP mixed liquor. These
findings are consistent with our results, and TP339 was tentatively identified as NO,-DCF
based on MRM transitions, with identification supported by characteristic fragment ions
and retention time matching, consistent with previously reported data (Table S3).

In the case of Pseudomonas sp. CSWD.2, the biodegradation results were highly
significant; the biodegradation curve fitted a single first-order kinetic model (SFO), with
50% DCF removal achieved in just 2 days, 90% in 5 days, and complete removal after
21 days (Figure 3). The formation of the metabolites 4’-OH-DCF and 5-OH-DCF fluctuated
throughout the biodegradation process. Specifically, 5-OH-DCF disappeared after 7 days of
incubation, while 4-OH-DCF persisted, reaching a concentration of 2 ug L~! at the end of
the experiment (Figure 4). In contrast, TP339 was detected from day 5 onward (1554 peak
area units) and remained detectable at the end of the 28-day treatment period (1162 peak
area units).

The ability of individual bacterial strains to degrade DCF has been previously demon-
strated; however, fewer than twenty isolates have been reported as DCF degraders over
the past decade [18]. Notable examples of bacterial strains that use DCF as a sole car-
bon and energy source were summarized in Section 1. Following an exhaustive review,
Badawy et al. [18] concluded that, from a phylogenetic diversity perspective, fourteen bac-
terial genera have been identified as DCF degraders, among which Pseudomonas, Klebsiella,
and Enterobacter accounted for the largest proportions of isolates (12.5% each). On the
other hand, studies indicate that microbial consortia frequently outperform single bac-
terial isolates in degrading complex pollutants, including pharmaceuticals, due to their
metabolic synergy, enzymatic complementarity, and greater stability under variable envi-
ronmental conditions [86-88]. Cooperative metabolic interactions, such as cross-feeding
and co-metabolism, enable consortia to degrade contaminants that individual strains cannot
remove, while also enhancing their adaptability and efficiency in the simultaneous removal
of multiple compounds [25,89]. Moreover, since bacteria grow more rapidly and fungi
produce more potent enzymes, fungal-bacterial consortia tend to outperform monocultures
in their ability to degrade resistant contaminants [90].
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Figure 4. DCF metabolites and transformation products in solution during the biodegradation of
DCEF in the presence of strains CSWD.1 and CSWD.2, and consortium MC. Vertical bars represent
standard deviations.

In our study, the experimental biodegradation data obtained for the consortium
isolated from the glucose-enriched culture (MC) were fitted to the SFO kinetic models
described by FOCUS [48]. A 66% reduction in the initial DCF concentration (10 mg L1
was observed after 12 h of incubation (Figure 3), and complete biodegradation was achieved
within 5 days, with a DT5 value of only 0.3 days (Table 3). In contrast to isolates, the
metabolite 5-OH-DCF has not been detected during the biodegradation process (Figure 4).
The formation of the metabolite 4-OH-DCF fluctuated throughout the biodegradation
process (Figure 4). After 0.5 days, its concentration was the highest (73.8 pug L) and began
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to decrease, but remained at a concentration of 29 ug L~! after 28 days. On the other hand,
TP339 was detected from day 0.5 (11,072 peak area units) and remained detectable at the
end of the 28-day treatment period (11,531 peak area units). It is worth highlighting that
the TP339 peak area is much higher than in the presence of isolated bacteria.

Focusing on studies addressing DCF degradation through microbial consortia, a
bacterial consortium composed of Enterobacter hormaechei D15 and Enterobacter cloacae D16
achieved 98% removal of DCF (initial concentration 10 mg L~!) and produced metabolites
such as 4’-OH-DCF and nitro derivatives, with low ecotoxicity of the final products [37].
Similarly, a consortium comprising Bacillus thuringiensis B1 and Pseudomonas moorei KB4
demonstrated high efficiency in DCF degradation in sequential reactors, showing resistance
to toxic compounds commonly found in wastewater and the ability to operate across a
wide range of pH and temperature conditions [38]. In another study, artificial consortia
composed of native bacterial and fungal strains from activated sludge achieved over 80%
DCF degradation (30 mg L~!), mainly through hydroxylation reactions, while also reducing
the ecotoxicity of the treated solutions [87]. Murshid and Dhakshinamoorthy [36] achieved
89% biodegradation of DCF at 150 mg L~! within 120 h using a consortium composed of
Alcaligenes faecalis, Staphylococcus aureus, Staphylococcus haemolyticus, and Proteus mirabilis.

There was no evidence of abiotic DCF dissipation in solution in the abiotic control
(Figure 3), indicating that its degradation was exclusively driven by microbial activity. This
finding aligns with previous reports highlighting the key role of microorganisms in the
breakdown of emerging pollutants. In this context, microbial biodegradation is widely
recognized as an effective, sustainable, eco-friendly, and cost-efficient strategy for their re-
moval [45,91]. Some studies have demonstrated the chemical mineralization of DCF [92,93].
However, according to Wojcieszyniska et al. [1], only a few bacterial isolates have been
able to achieve complete mineralization of DCF, due to the challenges associated with
degrading the intermediate transformation products formed during its biodegradation. For
instance, Mohamed et al. [82] proposed degradation pathways for Pseudomonas aeruginosa
S1, Achromobacter sp. S11, and Achromobacter piechaudii S18, demonstrating the formation
of metabolites following aromatic ring cleavage and CO, production, which is indicative
of mineralization. In another study, exposure of Klebsiella sp. KSC to 70 mg L~! of DCF
resulted in the mineralization of DCF after 72 h, despite the continued presence of a wide
range of metabolites [33].

The presence of such intermediates in the solutions after the DCF degradation pro-
cess is extensively demonstrated. For this reason, ecotoxicity bioassays were performed
on the post-biodegradation solutions to verify if the presence of biotransformation prod-
ucts or metabolites generated during the process could generate higher toxicity than the
parent contaminant.

3.4. Ecotoxicity Studies in Diclofenac-Contaminated Aqueous Samples

The non-inoculated DCF solutions (10 mg L~!) and the supernatant samples col-
lected at the end of the biodegradation process (after 28 days) in the presence of CSWD.1,
CSWD.2 strains, and consortium MC were used to perform ecotoxicity assays in triplicate
(Table 4), and their relation to the presence of DCF metabolites produced throughout the
biodegradation process was evaluated (Figure 4).

The initial DCF concentration was categorized as presenting acute toxicity (1 < TU < 10)
according to the criteria established by Persoone et al. [52], with a calculated TU value of 6.6
and an ECsg of 15.2%. Similar toxicity levels for DCF were reported by Aissaoui et al. [37],
who used the same initial concentration (10 mg L~!) and obtained an ECs; of 13.8%. In
other studies, Ferrari et al. [94] reported an ECsj of 11.45 mg L~!. These results confirm
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that A. fischeri is highly sensitive to DCF, supporting the notion that this pharmaceutical
compound poses a toxic threat when released into aquatic environments.

Table 4. Acute toxicity test towards V. fischeri in solution polluted with 10 mg L~! of DCF and
3 g L~ of glucose in the presence of P. aeruginosa CSWD.1, Pseudomonas sp. CSWD.2, and microbial
consortium MC.

Treatment Time (Days) TU * ECsg (%) ** Toxicity ***
Abiotic control 0 6.6 0.2 152+ 0.4 Acute toxicity
P. aeruginosa CSWD.1 28 209 £35 48+12 High acute toxicity
Pseudomonas sp. CSWD.2 28 10.5£0.3 9.5+0.1 High acute toxicity
Consortium MC 28 143+ 1.7 7.0+03 High acute toxicity

* TU: toxic units. ** The EC50 indicates the concentration (% v/v) required to induce a toxic effect in 50% of A.
fischeri. *** According to Persoone et al. [52].

When bioaugmentation was performed using the CSWD.1, CSWD.2 strains, and MC,
an increase in toxicity was detected, as reflected by higher TU values (Table 4). After 28 days
of incubation, the samples exhibited high acute toxicity (TU values of 20.9, 10.5, and 14.3,
and ECs of 4.8%, 9.5%, and 7.0% for CSWD.1, CSWD.2 strains, and MC, respectively),
suggesting the formation of intermediate metabolites with toxic properties during the
biodegradation process. The degradation of DCF involves several key biochemical reactions,
including hydroxylation, dehydroxylation, decarboxylation, and dechlorination. These
processes lead to the formation of major metabolites such as 4’-OH-DCF, 5-OH-DCE, 3'-
hydroxydiclofenac, 4,5-dihydroxydiclofenac, and quinone imine [28,34].

In our study, the analytical determination of several metabolites was carried out,
including 4-OH-DCF and 5-OH-DCE and a tentative identification of 1-O-acylglucuronide
diclofenac, 4,5-dihydroxydiclofenac, 5-hydroxydiclofenac lactam, TP339 (nitration transfor-
mation product), and TP323 (nitrosation transformation product) was performed. However,
only 4-OH-DCEF, 5-OH-DCEF, and TP339 (nitration transformation product) were detected
in the samples as previously commented. In the case of P. aeruginosa CSWD.1, 4’-OH-DCF
exhibited its maximum concentration (24 pg L~') at the end of the biodegradation process
(Figure 4), and also in the case of Pseudomonas sp. CSWD.2, 4-OH-DCF continued to
be present at the end of biodegradation (2 ug L~! after 28 days). Regarding metabolite
analysis of MC, the metabolite 5-OH-DCF was not detected, but 4-OH-DCF was de-
tected throughout the entire biodegradation process, remaining after 28 days of incubation
(29 ug L) (Figure 4). Summarizing, at the end of the biodegradation process (28 days),
4’-OH-DCF was detected in all cultures inoculated with the different microorganisms.
The results obtained here suggest that the degradation process under our experimental
conditions was dominated by oxidative reactions, leading to the formation of hydroxylated
compounds, such as 4’-OH-DCF. These oxidative pathways could account for the increase
in toxicity observed in the bioassays [26]. Matejczyk et al. [67] reported a toxic synergistic
effect between DCF and its hydroxylated metabolites, supporting the hypothesis that these
intermediate compounds may be more harmful than DCF itself.

Several studies have pointed out the toxicity of DCF using the Microtox system [37,94-96].
However, few studies have been conducted that evaluated the toxicity of DCF together
with its metabolites. Pdpai et al. [32] demonstrated that Stenotrophomonas humi strain DIC_5
was able to produce metabolites that increased toxicity compared with the initial value
during the DCF biodegradation process, although the specific metabolites responsible were
not identified. Grandclément et al. [97] reported that the observed ecotoxicity after 30 min
of DCF (ECsp = 23 mg L~1) was lower than 4’-OH-DCF (ECs = 19 mg L~1). In another
study, toxicity assessments of DCF and its metabolites were conducted using acute and
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chronic toxicity data for fish (96 h), Daphnia (48 h), and green algae (96 h). The results
showed that the ecotoxicity of the parent compound DCF was generally equivalent to or
higher than that of its identified metabolites, except for 4'-OH-DCF and 5-OH-DCEF, which
exhibited slightly higher toxicity [98].

In addition, a nitro derivative of DCF (NO,-DCF/TP339) was identified in the
biodegradation samples, but without an absolute concentration. In the case of CSWD.1,
it was detected only after 28 days (2374 area units). However, for CSWD.2 strain TP339
appears at 5 days, and the peak area fluctuates along with the biodegradation, continuing at
28 days (1162 area units). In the MC, its signal began to increase after 0.5 days of incubation
(11,072 area units), maintaining a similar peak area after 28 days (11,531 area units), which is
approximately tenfold higher than in the case of CSWD.1 and CSWD.2 strains. Information
has been reported in the literature about the toxicity of nitrated transformation products
of DCF is scarce. Osorio et al. [68] reported that NO-DCF did not exhibit acute toxicity
in Microtox assays using V. fischeri, both in wastewater and receiving surface waters; the
ECsg value for DCF was 22.9 mg L~!, whereas NO-DCF displayed higher ECs, values
(>100 mg L~ 1), indicating lower toxicity than its parent compound. In contrast, NO,-DCF
was found to be slightly more toxic to V. fischeri (ECsp = 11.7 mg L™1).

Based on the previously reviewed literature, it can be concluded that in the case of
CSWD.2, the bacterial strain that achieved the lowest TU values (10.5), the observed toxicity
could be attributed to the tentative presence of the metabolites 4’-OH-DCF and NO,-DCF,
which were detected at lower signals than in CSWD.1 and MC. The MC treatment showed
an intermediate TU value (14.3), likely because the concentrations of 4’-OH-DCF and the
peak area of NO,-DCF were higher than those obtained with CSWD.2 inoculation. Finally,
the application of CSWD.1 resulted in the highest TU value (20.9), not only due to the
presence of 4'-OH-DCF and NO,-DCF but also because of the remaining DCF (55% of the
initial concentration), which persisted in solution at 5.5 mg L™!.

Overall, these findings indicate that although highly efficient DCF-degrading strains
are available, it is essential to assess the metabolites produced and their associated toxicity
to accurately determine the effectiveness of the decontamination strategy. Therefore, it is
crucial to continue this work by identifying other microorganisms capable of degrading
the detected compounds and using them in combination with the strains described in
this study.

3.5. Shift in Bacterial and Fungal Communities in the Consortium Based on DNA
Metabarcoding Data

DNA metabarcoding data (16S and ITS2) enabled us to compare the microbial com-
munities (bacteria and fungi) in two MC samples collected at the beginning and the end of
the DCF degradation experiment. After quality filtering and rarefaction, the complete lists
of bacterial (148) and fungal (32) ASVs detected in this study, detailing their abundance,
distribution, taxonomic assignments, and representative DNA sequence, are available as
Supplementary Tables S5 and S6, respectively. Bacterial species richness (observed ASVs)
decreased from 111 to 60 during the degradation experiment (Table 54 and Figure 5b). This
reduction may result from stress induced by organic contaminants, which can damage
microorganisms and limit their overall growth [99]. Moreover, contaminants can exert a
direct stimulatory effect on microbial populations capable of tolerating and/or degrading
them [100]. In the specific case of DCF, previous studies have shown that exposure to
this compound can induce substantial shifts in the structure and composition of bacterial
communities, promoting the proliferation of genera capable of degrading the drug while
reducing overall diversity, particularly under enrichment conditions where DCF serves as
the sole carbon source [69,101]. During the enrichment process, a marked increase in the
relative abundance of certain genera is often observed, whereas other taxa decline, reflect-
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ing possible shifts in community composition and function. This phenomenon aligns with
the selective pressure exerted by DCF, which favors microorganisms possessing specialized
metabolic pathways for degrading aromatic and xenobiotic compounds [102].

(@) Genera>0.1% (b) Numbers of ASVs

100 Before After
i e
751
9 —
g Achromobacter | Legionella
% Bacillus Leifsonia
o
S 5o Burkholderia " Lysinibacillus
g Caedibacter . Microbacterium
% Candidatus_Protochlamydia Mycobacterium
g Chthoniobacter . Ochrobactrum
25 Citrobacter . Pandoraea
Enterobacter . Parachlamydia
Hyphomicrobium Singulisphaera
B se30-kF-cmas others <0.1%
- Klebsiella NA
0 I

Be'fore Af'ter

Figure 5. (a). The most abundant (>0.1%) bacterial genera identified in the study samples (before
and after). Relative abundance data are percentages of rarefied sequences per sample. ASVs without
identification at the genus level were collapsed in the category NA. (b). Venn diagram showing the
overlap between samples, with 23 of 148 (15%) ASVs present in both samples.

However, in contrast to bacterial richness, fungal richness increased from 5 to 29 after
DCF degradation processes (Table 54 and Figure 6b). This observation can be interpreted as
an adaptive response of the initial rare fungal community (a few ASVs with low numbers
of sequences) to the presence of the drug and its metabolites. During the biodegradation
process, the selective pressure exerted by DCF may promote the proliferation of fungal
species that were initially rare or undetectable due to their capability of metabolizing the
compound or resisting its toxic effects [103,104]. The literature indicates that fungi possess
a remarkable ability to tolerate and transform DCF, owing to their metabolic diversity and
the production of oxidative enzymes such as laccases and peroxidases, which facilitate the
degradation of NSAIDs, including DCF [105,106].

Bacterial and fungal communities are shown at genus levels in Figures 5a and 6a,
respectively. Bacterial metabarcoding data revealed a shift in the community composi-
tion throughout the DCF biodegradation process. Initially, the bacterial community was
dominated by the genera Burkholderia (26.9% in relative abundance), Klebsiella (20.1%),
Ochrobactrum (16.8%), and Chthoniobacter (14.1%) (Figure 5a), reflecting a structure typically
observed in consortia previously exposed to aromatic contaminants and pharmaceuticals.
This pattern is consistent with previous enrichment studies involving DCF and other phar-
maceuticals. In this regard, Suleiman et al. [41] reported that Burkholderia and Klebsiella were
among the most abundant genera in batch cultures exposed to various pharmaceuticals,
highlighting their potential role in microbial adaptation to these compounds.
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Figure 6. (a). Fungal genera identified in the study samples (before and after). Relative abundance
data are percentages of rarefied sequences per sample. ASVs without identification at the genus level
were collapsed in the category NA. (b). Venn diagram showing the overlap between samples, with 2
of 32 (6.25%) ASVs present in both samples.

After 28 days of incubation in the presence of DCE, Burkholderia represented 88.9% of
the community, suggesting it became highly abundant under the experimental conditions.
Other genera also increased in relative abundance, although to a lesser extent, such as
Parachlamydia (from 0.7% to 6.6%) and Legionella (from 0.02% to 1.2%). Conversely, the
striking decline of Klebsiella (from 20.1% to 0.6%) may be attributed to its typical prevalence
in sludge and wastewater environments, where it exhibits tolerance to certain pollutants.
However, it could be outcompeted by more specialized taxa under a prolonged exposure
to DCF, as demonstrated by Farkas et al. [107].

The shift in the bacterial community was also reflected by the relatively low overlap
(15%; 23 of 148 ASVs) between samples (before vs. after; Figure 5b).

The clear dominance of Burkholderia suggests that this genus has undergone an increase
in relative abundance during the incubation under the selective pressure exerted by DCF
as the primary substrate. This phenomenon is consistent with reports indicating that
sustained exposure to pharmaceutical compounds promotes the selection of bacterial
genera capable of tolerating and metabolizing such xenobiotics, including Burkholderia,
Pseudomonas, Achromobacter, and Cupriavidus [41,101].

Although no Burkholderia strains have yet been identified as direct degraders of
DCE this genus displays remarkable catabolic versatility toward xenobiotic aromatic
compounds [108,109]. In a comparative genomic analysis of 80 Burkholderia species,
Pérez-Pantoja et al. [108] demonstrated that these bacteria possess nearly all central
ring-cleavage pathways and most peripheral pathways required for aromatic compound
catabolism. Among the most widely distributed ring-cleaving enzymes are protocat-
echuate 3,4-dioxygenase (Pca34), catechol 1,2-dioxygenase (Cat12), and homogentisate
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1,2-dioxygenase (Hge). These three ortho-cleavage pathways, protocatechuate, catechol,
and homogentisate, are among the most prevalent, being detected in at least 60% of the
genomes analyzed, along with the phenylacetyl-CoA (Paa) degradation pathway [108].

The degradative potential of Burkholderia has been demonstrated for a variety of
aromatic compounds, including toluene [110], benzene [111], pentachlorophenol [112], and
polycyclic aromatic hydrocarbons [109]. However, no direct evidence currently supports its
involvement in DCF biodegradation. Nevertheless, its broad metabolic flexibility suggests
that Burkholderia could participate, directly or synergistically, in DCF degradation processes.

Previous studies on DCF biodegradation have identified other bacterial genera capable
of metabolizing this compound, including Labrys, Enterobacter, Stenotrophomonas, Rhizobium,
Pseudomonas, and Sphingopyxis [30,37,69,101]. Burkholderia has been described as a degrader
of other pharmaceuticals, although studies on its pharmacodegradative potential remain
limited. For example, Reis et al. [113] reported the presence of a penicillin utilization
operon (put) in Burkholderia strains, which enables the breakdown of penicillin G via 3-
lactamases and amidases, yielding benzylpenicilloic acid and phenylacetic acid. Similarly,
Takenaka et al. [114] demonstrated that Burkholderia sp. strain AK-5 utilizes 4-aminophenol,
the main metabolite of paracetamol, as the sole source of carbon, nitrogen, and energy.
More recently, Wu et al. [115] addressed the issue of carbamazepine pollution, achieving
a removal rate of 73.56% within 72 h through microbial communities that included the
genus Burkholderia.

The rare fungal community before exposure to DCF was represented by the genera
Malassezia (97.6%), Cladosporium (1.4%), and Talaromyces (0.9%). The main ecological niche of
Malassezia is the human skin, where it utilizes lipids as a source of carbon and energy [116].
Recent studies have nevertheless reported its occurrence in other environments, including
aquatic systems, deep-sea sediments, Antarctic soils, and corals [117,118]. In these con-
texts, its abundance is often linked to human-derived contamination. The dominance of
Malassezia in this microbial consortium from wastewater sludge may thus reflect the input
of human biological material. Since this genus is primarily associated with hospitals [119]
and the human skin microbiota [116], its transfer to WWTPs is plausible.

Regarding Cladosporium and Talaromyces, which were minor constituents of the initial
community, both are among the most frequently detected fungi in WWTPs, together with
Aspergillus, Fusarium, Penicillium, Candida, Trichoderma, Saccharomyces, and Acremonium [120].
The genus Talaromyces dominated the community after complete DCF degradation (80.1%),
followed by Aspergillus (15.1%) and a member of the Debaryomycetaceae family (4.8%). Its
abundance at the end of the experiment may reflect the possible involvement of this genus
in DCF transformation.

Similar to bacteria, the fungal community showed a pronounced shift with a low
overlap (6.2%; only 2 of 32 ASVs) between samples (before vs. after; Figure 6b). In
agreement with the results obtained in this study, the genus Talaromyces has been previously
reported as a DCF degrader in a single study. Conejo-Saucedo et al. [121] observed that,
along with Mycosphaerella, Cuniculitrema, and Filobasidium, Talaromyces was one of the most
abundant genera in various samples of sewage sludge. Additionally, three Talaromyces
species were isolated and evaluated in DCF biodegradation assays in solution at an initial
concentration of 32 mg L, where only two were able to consume DCF. Talaromyces gossypii
consumed approximately 85% and Talaromyces verruculosus 37% of the initial concentration
after 70 h.

In the case of Aspergillus, the second most abundant genus in the MC at the end of the
degradation process, this genus has been widely reported as an efficient degrader of DCF.
For instance, Aspergillus niger degraded 37% of an initial DCF concentration of 2000 mg L~!
after 60 days of incubation [122]. The same species achieved a 98% DCF removal after 14

https:/ /doi.org/10.3390/jox16010024


https://doi.org/10.3390/jox16010024

J. Xenobiot. 2026, 16, 24

24 of 32

days at a lower initial concentration (1 mg L~1) [123]. Similarly, A. niger degraded 74% of an
initial concentration of 5 mg L~! under experimental conditions of pH 3 and the presence
of NaCl [124]. Aracagok et al. [125] also reported complete degradation of 50 mg L1 of
DCEF by A. niger after 48 h of incubation. Other Aspergillus species have also demonstrated
substantial DCF removal capacity. For example, A. luchuensis completely (>99.9%) removed
DCEF from a synthetic wastewater medium within 10 days of incubation [126]. Likewise, A.
tabacinus, A. terreus, and A. cejpii achieved 76%, 49.7%, and 4.6% degradation, respectively,
of an initial DCF concentration of 32 mg L1 after 72 h [121].

The family Debaryomycetaceae, the third most abundant group in our study, comprises
several genera of ascomycetous yeasts. According to phylogenetic and taxonomic analyses,
the genera recognized within this family include Debaryomyces, Meyerozyma, Lodderomyces,
Spathaspora, and Hemisphaericaspora [127]. To date, there is no scientific evidence directly
linking these genera to the biodegradation of DCF. However, some members of the family
have demonstrated the ability to degrade other persistent organic pollutants. For instance,
Debaryomyces hansenii removed approximately 70% of an initial concentration of 100 mg L1
of benzo(a)pyrene, a highly toxic and mutagenic polycyclic aromatic hydrocarbon, after
3 days of incubation [128]. Similarly, Meyerozyma caribbica exhibited a biodegradation effi-
ciency of 77.5% toward lindane (hexachlorocyclohexane) at a concentration of 750 mg L1
within 10 days [129].

Overall, the DNA metabarcoding analysis revealed a clear shift in specific bacterial and
fungal taxa in response to DCF exposure. While bacterial richness decreased, the dominance
of genera such as Burkholderia suggests potential functional roles in the transformation
of aromatic xenobiotics. Conversely, the fungal community showed increased richness,
with Talaromyces, Aspergillus, and members of the Debaryomycetaceae family emerging as the
most abundant taxa at the end of the experiment. These results suggest that fungi could be
involved in the degradation of DCF. Overall, the findings point to a potential interaction
between bacterial and fungal populations under xenobiotic stress.

4. Conclusions

From the enrichment cultures carried out with activated sludge in the presence of DCFE,
two bacterial strains, P. aeruginosa CSWD.1 and Pseudomonas sp. CSWD.2, and a microbial
consortium (MC) able to degrade DCF were obtained. Strain CSWD.1 achieved a biodegra-
dation extent of 45.5% after 28 days; however, as it is an opportunistic pathogen, its use is
restricted to laboratory studies and requires biosafety-aware considerations, precluding its
direct environmental application. In contrast, strain CSWD.2 and the MC exhibited much
higher degradation potential, achieving complete removal of an initial concentration of
10 mg L~! DCF after 21 days and 5 days, respectively. Metabolite analysis revealed the
formation of 4’-OH-DCEF, 5-OH-DCEF, and NO,-DCF during the biodegradation process. To
assess the feasibility of the biodegradation strategy, ecotoxicity was evaluated using the
Microtox test at the beginning and at the end of the bioremediation process. The initial DCF
concentration exhibited acute toxicity (TU = 6.6). At the end of the degradation process
in the presence of the different DCF-degrading microorganisms used, 4-OH-DCF and
putative NO,-DCF were present, and toxicity increased, reaching high acute toxicity levels
(TU = 20.9 for CSWD.1, TU = 10.5 for CSWD.2, and TU = 14.3 for MC). These results
highlight the necessity of integrating toxicological assessments with pollutant removal
studies. The observed toxicity was attributed to both identified (4’-OH-DCF and putative
NO,-DCF) and possible unidentified metabolites, emphasizing the importance of evaluat-
ing metabolite formation and toxicity. Consequently, isolating additional microorganisms
capable of degrading 4’-OH-DCF and NO,-DCF is crucial to enhance bioremediation when
used in combination with the strains described in this study.
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The microbial community structure of the MC shifted markedly following DCF degra-
dation. The relative abundance of the genus Burkholderia increased substantially, suggesting
its potential involvement in DCF transformation. Parachlamydia and Legionella also in-
creased, though to a lesser extent. Fungal diversity also expanded after complete DCF
biodegradation, with Talaromyces emerging as the dominant genus, followed by Aspergillus
and a member of the Debaryomycetaceae. These results suggest that both bacterial and fungal
members of the consortium may be involved in DCF degradation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jox16010024 /s1, Figure S1: Growth curve in LB medium of P.
aeruginosa CSWD.1 and Pseudomonas sp. CSWD.2; Table S1: Optimized MRM parameters of the
QgqQ-MS determination of diclofenac and its metabolites; Table S2: QqQ-MS parameters applied to
the identification of diclofenac metabolites/transformation products; Table S3: Structure of studied
compounds, extracted from Osorio et al. [50]; Table S4: Metadata of samples analyzed by DNA
metabarcoding including their description, accession numbers in the ENA project PRJEB98466,
number of reads, as well as the alpha diversity data; Table S5: Complete list of bacterial amplicon
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The following abbreviations are used in this manuscript:

DCF Diclofenac

MC Microbial consortium
4-OH-DCF  4’-Hydroxy-diclofenac
5-OH-DCF  5-Hydroxy-diclofenac
NO,-DCF 5-Nitro-diclofenac

NSAIDs Non-steroidal anti-inflammatory drugs
WWTPs Wastewater treatment plants

ITS Internal transcribed spacer

MSM Mineral salt medium

LB Luria—-Bertani
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HPLC High-performance liquid chromatography

ODS Octadecylsilane

NCBI National Center for Biotechnology Information
1Csp half-maximal inhibitory concentration

OD Optical density

LC-MS/MS  Liquid chromatography tandem mass spectrometry
ESI Electrospray ionization

QqQ Triple-quadrupole mass

MRM Multiple reaction monitoring

TP Transformation product

ECsq Concentration (% v/v) causing toxic effects on 50% of the bacterial population
TU Toxic units

ENA European nucleotide archive

ASV Amplicon sequence variants

SFO Simple first-order model

HS Hockey-stick model

BLAST Basic local alignment search tool

References

1.  Wojcieszyniska, D.; Lagoda, K.; Guzik, U. Diclofenac biodegradation by microorganisms and with immobilised systems—A
review. Catalysts 2023, 13, 412. [CrossRef]

2. Chu, A; Murdock, J. Ibuprofen, Naproxen, and More: The 8 Most Common NSAIDs. 2024. Available online:
https:/ /www.goodrx.com/classes/nsaids/nsaid-list (accessed on 1 January 2026).

3.  PharmGKB. Available online: https:/ /www.pharmgkb.org/chemical /PA449293 (accessed on 1 January 2026).

4 Benites-Meza, ].K.; Pinedo-Castillo, L.; Cabanillas-Lazo, M.; Boyd-Gamarra, M.A.; Herrera-Afiazco, P.; Mougenot, B.; Benites-
Zapata, V.A. Self-medication with NSAIDs and purchase of branded and over-the-counter medicines: Analysis of a national
survey in Peru. J. Public Health Res. 2025, 14, 22799036251319154. [CrossRef]

5. Acuna, V.; Ginebreda, A.; Mor, J.R.; Petrovic, M.; Sabater, S.; Sumpter, J.; Barceld, D. Balancing 15the health benefits and
environmental risks of pharmaceuticals: Diclofenac as an example. Environ. Int. 2015, 85, 327-333. [CrossRef]

6. Chaturvedi, P.; Shukla, P; Giri, B.S.; Chowdhary, P.; Chandra, R.; Gupta, P.; Pandey, A. Prevalence and hazardous impact of
pharmaceutical and personal care products and antibiotics in environment: A review on emerging contaminants. Environ. Res.
2021, 194, 110664. [CrossRef]

7. Aguilar-Romero, I.; Lara-Moreno, A.; Madrid, E; Villaverde, J.; Alonso, E.; Santos, J.L.; Morillo, E. Removal of Ibuprofen from
Contaminated Water by Bioaugmentation with Novel Bacterial Strains Isolated from Sewage Sludge. Microorganisms 2025,
13,1927. [CrossRef]

8. Vargas-Ordofiez, A.; Aguilar-Romero, I.; Villaverde, J.; Madrid, F; Morillo, E. Isolation of novel bacterial strains Pseudomonas
extremaustralis CSW01 and Stutzerimonas stutzeri CSW02 from sewage sludge for paracetamol biodegradation. Microorganisms
2023, 11, 196. [CrossRef]

9.  Buakaew, T,; Ratanatamskul, C. Unveiling the influence of microaeration and sludge recirculation on enhancement of pharmaceu-
tical removal and microbial community change of the novel anaerobic baffled biofilm—Membrane bioreactor in treating building
wastewater. Sci. Total Environ. 2024, 927, 172420. [CrossRef] [PubMed]

10. Ivanovid, L.; Mackul'ak, T.; Grabic, R.; Golovko, O.; Koba, O.; Stanova, A.V.; Szabova, P.; Grencikova, A.; Bodik, I. Pharmaceuticals
and illicit drugs—A new threat to the application of sewage sludge in agriculture. Sci. Total Environ. 2018, 634, 606-615. [CrossRef]
[PubMed]

11. Szopinska, M.; Potapowicz, J.; Jankowska, K.; Luczkiewicz, A.; Svahn, O.; Bjorklund, E.; Nannou, C.; Lambropoulou, D.
Pharmaceuticals and other contaminants of emerging concern in Admiralty Bay as a result of untreated wastewater discharge:
Status and possible environmental consequences. Sci. Total Environ. 2022, 835, 155400. [CrossRef] [PubMed]

12.  Vieno, N; Sillanpad, M. Fate of diclofenac in municipal wastewater treatment plant—A review. Environ. Int. 2014, 69, 28-39.
[CrossRef]

13.  Bouju, H.; Nastold, P; Beck, B.; Hollender, J.; Corvini, P.; Wintgens, T. Elucidation of biotransformation of diclofenac and
4’hydroxydiclofenac during biological wastewater treatment. J. Hazard. Mater. 2016, 301, 443-452. [CrossRef]

14. Ebele, A.].; Abdallah, M.A.-E.; Harrad, S. Pharmaceuticals and personal care products (PPCPs) in the freshwater aquatic

environment. Emerg. Contam. 2017, 3, 1-16. [CrossRef]

https:/ /doi.org/10.3390/jox16010024


https://doi.org/10.3390/catal13020412
https://www.goodrx.com/classes/nsaids/nsaid-list
https://www.pharmgkb.org/chemical/PA449293
https://doi.org/10.1177/22799036251319154
https://doi.org/10.1016/j.envint.2015.09.023
https://doi.org/10.1016/j.envres.2020.110664
https://doi.org/10.3390/microorganisms13081927
https://doi.org/10.3390/microorganisms11010196
https://doi.org/10.1016/j.scitotenv.2024.172420
https://www.ncbi.nlm.nih.gov/pubmed/38614333
https://doi.org/10.1016/j.scitotenv.2018.04.001
https://www.ncbi.nlm.nih.gov/pubmed/29635203
https://doi.org/10.1016/j.scitotenv.2022.155400
https://www.ncbi.nlm.nih.gov/pubmed/35469867
https://doi.org/10.1016/j.envint.2014.03.021
https://doi.org/10.1016/j.jhazmat.2015.08.054
https://doi.org/10.1016/j.emcon.2016.12.004
https://doi.org/10.3390/jox16010024

J. Xenobiot. 2026, 16, 24 27 of 32

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Biel-Maeso, M.; Corada-Fernandez, C.; Lara-Martin, P.A. Monitoring the occurrence of pharmaceuticals in soil irrigated with
reclaimed wastewater. Environ. Pollut. 2018, 235, 312-321. [CrossRef]

Ali, AM.; Sydnes, LK.; Alarif, WM.; Al-Lihaibi, S.S.; Aly, M.M.; Aanrud, S.G.; Kallenborn, R. Diclofenac and two of its
photooxidation products in the marine environment: Their toxicology and occurrence in Red Sea coastal waters. Environ. Chem.
Ecotoxicol. 2019, 1, 19-25. [CrossRef]

Dolu, T.; Nas, B. Dissemination of nonsteroidal anti-inflammatory drugs (NSAIDs) and metabolites from wastewater treatment
plant to soils and agricultural crops via real-scale different agronomic practices. Environ. Res. 2023, 227, 115731. [CrossRef]
Badawy, A.S.; Xu, Y.; Ren, H.; Lu, Z. Diclofenac (DCF) as an emerging pollutant: Occurrence, ecotoxicity, and biodegradation
strategies. Ecotoxicol. Environ. Saf. 2025, 302, 118618. [CrossRef]

Kimura, K.; Hara, H.; Watanabe, Y. Removal of pharmaceutical compounds by submerged membrane bioreactors (MBRs).
Desalination 2005, 178, 135-140. [CrossRef]

Martinez-Alcal4, I.; Guillén-Navarro, ].M.; Lahora, A. Occurrence and fate of pharmaceuticals in a wastewater treatment plant
from southeast of Spain and risk assessment. J. Environ. Manag. 2021, 279, 111565. [CrossRef] [PubMed]

Kruglova, A.; Ahlgren, P.; Korhonen, N.; Rantanen, P.; Mikola, A.; Vahala, R. Biodegradation of ibuprofen, diclofenac and
carbamazepine in nitrifying activated sludge under 12 °C temperature conditions. Sci. Total Environ. 2014, 499, 394-401.
[CrossRef]

Blair, B.; Nikolaus, A.; Hedman, C.; Klaper, R.; Grund], T. Evaluating the degradation, sorption, and negative mass balances of
pharmaceuticals and personalcare products during wastewater treatment. Chemosphere 2015, 134, 395-401. [CrossRef] [PubMed]
Azubuike, C.C.; Chikere, C.B.; Okpokwasili, G.C. Bioremediation techniques—classification based on site of application: Principles,
advantages, limitations and prospects. World ]. Microbiol. Biotechnol. 2016, 32, 180. [CrossRef]

Aissaoui, S.; Ouled-Haddar, H.; Sifour, M.; Harrouche, K.; Sghaier, H. Metabolic and co-metabolic transformation of diclofenac by
Enterobacter hormachei D15 isolated from activated sludge. Curr. Microbiol. 2016, 74, 381-388. [CrossRef]

Carlier, ].D.; Lara-Moreno, A.; Igbodo, B.; Costa, M.C. Studies on the bioaugmentation of Mycolicibacterium aubagnense HPB1.1
in aerobic granular sludge from a WWTP: Adaptability of native prokaryotes and enhancement of paracetamol intermediate
metabolites biodegradation. Environ. Technol. Innov. 2025, 38, 104073. [CrossRef]

Zur, J.; Piriski, A.; Wojcieszyniska, D.; Smutek, W.; Guzik, U. Diclofenac Degradation-Enzymes, Genetic Background and Cellular
Alterations Triggered in Diclofenac-Metabolizing Strain Pseudomonas moorei KB4. Int. ]. Mol. Sci. 2020, 21, 6786. [CrossRef]
[PubMed]

Zur, J.; Marchlewicz, A.; Piriski, A.; Guzik, U,; Wojcieszyriska, D. Degradation of diclofenac by new bacterial strains and its
influence on the physiological status of cells. |. Hazard. Mater. 2021, 403, 124000. [CrossRef] [PubMed]

Poddar, K.; Sarkar, D.; Bhoi, R.; Sarkar, A. Biotransformation of diclofenac by isolated super-degrader Pseudomonas sp. DCo4:
Postulated pathways, and attenuated ecotoxicological effects. Environ. Pollut. 2024, 344, 123388. [CrossRef] [PubMed]

Ivshina, I.B.; Tyumina, E.A.; Kuzmina, M.V.; Vikhareva, E.V. Features of diclofenac biodegradation by Rhodococcus ruber IEGM
346. Sci. Rep. 2019, 9, 1-13. [CrossRef]

Moreira, L.S.; Bessa, V.S.; Murgolo, S.; Piccirillo, C.; Mascolo, G.; Castro, PM.L. Biodegradation of diclofenac by the bacterial strain
Labrys portucalensis F11. Ecotoxicol. Environ. Saf. 2018, 152, 104-113. [CrossRef]

Domaradzka, D.; Guzik, U.; Hupert-Kocurek, K.; Wojcieszynska, D. Toxicity of diclofenac and its biotransformation by Raoultella
sp. DD4. Pol. ]. Environ. Stud. 2016, 25, 2211-2216. [CrossRef]

Péapai, M.; Benedek, T.; Soros, C.; Hahn, J.; Csenki, Z.; Bock, I.; Téncsics, A.; Kriszt, B. Biotransformation of diclofenac by
Stenotrophomonas humi strain DIC_5 and toxicological examination of the resulting metabolites. Appl. Microbiol. Biotechnol. 2024,
108, 485. [CrossRef]

Stylianou, K.; Hapeshi, E.; Vasquez, M.1,; Fatta-Kassinos, D.; Vyrides, I. Diclofenac Biodegradation by Newly Isolated Klebsiella sp.
KSC: Microbial Intermediates and Ecotoxicological Assessment. J. Environ. Chem. Eng. 2018, 6, 3242-3248. [CrossRef]

Chhaya, R.T.; Bag, R. Insight into the Diclofenac and Carbamazepine Removal by Bacillus subtilis BMT4i Immobilized on
Different Activated Carbons: A Comparative Removal Study by Activated Carbon, Bacterial Cell, and Its Composite. Int. ].
Environ. Res. 2025, 19, 28. [CrossRef]

Marchlewicz, A.; Guzik, U.; Hupert-Kocurek, K.; Nowak, A.; Wilczyriska, S.; Wojcieszyriska, D. Toxicity and biodegradation of
ibuprofen by Bacillus thuringiensis BL(2015b). Environ. Sci. Pollut. Res. 2017, 24, 7572-7584. [CrossRef]

Murshid, S.; Dhakshinamoorthy, G.P. Biodegradation of sodium diclofenac and mefenamic acid: Kinetic studies, identification of
metabolites and analysis of enzyme activity. Int. Biodeterior. Biodegrad. 2019, 144, 104756. [CrossRef]

Aissaoui, S.; Fagnani, E.; Pérez, S.; Ouled-Haddar, H.; Sifour, M. Removal of diclofenac by a local bacterial consortium: UHPLC-
ESI-MS/MS analysis of metabolites and ecotoxicity assessment. Braz. J. Microbiol. 2021, 52, 749-759. [CrossRef]

https:/ /doi.org/10.3390/jox16010024


https://doi.org/10.1016/j.envpol.2017.12.085
https://doi.org/10.1016/j.enceco.2019.06.002
https://doi.org/10.1016/j.envres.2023.115731
https://doi.org/10.1016/j.ecoenv.2025.118618
https://doi.org/10.1016/j.desal.2004.11.033
https://doi.org/10.1016/j.jenvman.2020.111565
https://www.ncbi.nlm.nih.gov/pubmed/33160743
https://doi.org/10.1016/j.scitotenv.2014.08.069
https://doi.org/10.1016/j.chemosphere.2015.04.078
https://www.ncbi.nlm.nih.gov/pubmed/25985097
https://doi.org/10.1007/s11274-016-2137-x
https://doi.org/10.1007/s00284-016-1190-x
https://doi.org/10.1016/j.eti.2025.104073
https://doi.org/10.3390/ijms21186786
https://www.ncbi.nlm.nih.gov/pubmed/32947916
https://doi.org/10.1016/j.jhazmat.2020.124000
https://www.ncbi.nlm.nih.gov/pubmed/33265034
https://doi.org/10.1016/j.envpol.2024.123388
https://www.ncbi.nlm.nih.gov/pubmed/38242311
https://doi.org/10.1038/s41598-019-45732-9
https://doi.org/10.1016/j.ecoenv.2018.01.040
https://doi.org/10.15244/pjoes/62681
https://doi.org/10.1007/s00253-024-13320-1
https://doi.org/10.1016/j.jece.2018.04.052
https://doi.org/10.1007/s41742-024-00687-2
https://doi.org/10.1007/s11356-017-8372-3
https://doi.org/10.1016/j.ibiod.2019.104756
https://doi.org/10.1007/s42770-021-00464-9
https://doi.org/10.3390/jox16010024

J. Xenobiot. 2026, 16, 24 28 of 32

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Marchlewicz, A.; Guzik, U.; Hupert-Kocurek, K.; Wojcieszyriska, D. Evaluation of the Defined Bacterial Consortium Efficacy in
the Biodegradation of NSAIDs. Molecules 2023, 28, 2185. [CrossRef]

Yan, K.; Zhou, J.; Feng, C.; Wang, S.; Haegeman, B.; Zhang, W.; Chen, ].; Zhao, S.; Zhou, |.; Xu, J.; et al. Abundant fungi dominate
the complexity of microbial networks in soil of contaminated site: High-precision community analysis by full-length sequencing.
Sci. Total Environ. 2023, 861, 160563. [CrossRef]

Mejia, M.P; Rojas, C.A.; Curd, E.; Renshaw, M.A.; Edalati, K.; Shih, B.; Vincent, N.; Lin, M.; Nguyen, P.H.; Wayne, R.; et al. Soil
Microbial Community Composition and Tolerance to Contaminants in an Urban Brownfield Site. Microb. Ecol. 2023, 85, 998-1012.
[CrossRef]

Suleiman, M.; Demaria, F.; Zimmardi, C.; Kolvenbach, B.A.; Corvini, PF. Analyzing microbial communities and their biodegrada-
tion of multiple pharmaceuticals in membrane bioreactors. Appl. Microbiol. Biotechnol. 2023, 107, 5545-5554. [CrossRef]
Demaria, F; Blattner, R.; Puorger, C.; Kolvenbach, B.; Cretoiu, M.S.; Hettich, T.; Corvini, P; Lipps, G.; Suleiman, M. Thermophilic
compost bacteria as a promising approach for removal of diclofenac and related pharmaceuticals from wastewater. Water Res.
2025, 288, 124629. [CrossRef] [PubMed]

Pereira, AM.P.T,; Silva, L.J.G.; Meisel, L.M.; Lino, C.M.; Pena, A. Environmental seasonal occurrence, removal and risk assessment.
Environ. Res. 2015, 136, 108-119. [CrossRef]

Bessa, V.S.; Moreira, 1.S.; Tiritan, M.E.; Castro, PM.L. Enrichment of bacterial strains for the biodegradation of diclofenac and
carbamazepine from activated sludge. Int. Biodeterior. Biodegrad. 2017, 120, 135-142. [CrossRef]

Lara-Moreno, A.; Costa, M.C.; Vargas-Villagomez, A.; Carlier, ].D. New bacterial strains for ibuprofen biodegradation: Drug
removal, transformation, and potential catabolic genes. Environ. Microbiol. Rep. 2024, 16, €13320. [CrossRef]

Lane, D.J. 165/23S rRNA Sequencing. In Nucleic Acid Techniques in Bacterial Systematics; John Wiley & Sons: Chichester, UK, 1991;
pp. 115-175.

Gavira-O'Neill, C.E.; Gonzédlez-Martos, R.; Martinez-Ruiz, A. Assessment of Cell Viability in Drug Therapy: ICsg and Other New
Time-Independent Indices for Evaluating Chemotherapy Efficacy. Pharmaceutics 2024, 17, 247. [CrossRef]

FOCUS. Guidance Document on Estimating Persistence and Degradation Kinetics from Environmental Fate Studies on
Pesticides in EU Registration. Report of the FOCUS Work Group on Degradation Kinetics. EC Documents Reference
Sanco /10058 /2005 Version 2.0. 2006. Available online: https:/ /esdac.jrc.ec.europa.eu/public_path/projects_data/focus/dk/
docs/finalreportFOCDegKinetics.pdf (accessed on 15 October 2025).

Dorado, P.; Berecz, R.; Céceres, M.C.; Llerena, A. Analysis of diclofenac and its metabolites by high-performance liquid
chromatography: Relevance of CYP2C9 genotypes in diclofenac urinary metabolic ratios. J. Chromatogr. B 2003, 789, 437-442.
[CrossRef] [PubMed]

Osorio, V.; Imbert-Bouchard, M.; Zonja, B.; Abad, J.L.; Pérez, S.; Barcel6, D. Simultaneous determination of diclofenac, its human
metabolites and microbial nitration/nitrosation transformation products in wastewaters by liquid chromatography/quadrupole-
linear ion trap mass spectrometry. . Chromatogr. A 2014, 1347, 63-71. [CrossRef] [PubMed]

Lara-Moreno, A.; Vargas-Ordénez, A.; Villaverde, J.; Madrid, F; Carlier, ].D.; Santos, J.L.; Alonso, E.; Morillo, E. Bacterial
bioaugmentation for paracetamol removal from water and sewage sludge: Genomic approaches to elucidate biodegradation
pathway. J. Hazard. Mater. 2024, 480, 136128. [CrossRef]

Persoone, G.; Marsalek, B.; Blinova, I.; Torokne, A.; Zarina, D.; Manusadzianas, L.; Nalecz-Jawecki, G.; Tofan, L.; Stepanova,
N.; Tothova, L.; et al. A practical and user-friendly toxicity classification system with microbiotests for natural waters and
wastewaters. Environ. Toxicol. 2003, 18, 395-402. [CrossRef] [PubMed]

Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glockner, F.O. Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, el. [CrossRef]
Toju, H.; Tanabe, A.S.; Yamamoto, S.; Sato, H. High-coverage ITS primers for the DNA-based identification of ascomycetes and
basidiomycetes in environmental samples. PLoS ONE 2012, 7, e40863. [CrossRef]

Bolyen, E.; Rideout, ].R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852-857. Erratum in Nat. Biotechnol. 2019, 37, 1091. https://doi.org/10.1038 /s41587-019-0252-6. [CrossRef] [PubMed]
Callahan, B.J].; McMurdie, PJ.; Rosen, M.].; Han, A.W.; Johnson, A.]J.; Holmes, S.P. DADAZ2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581-583. [CrossRef]

Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, ]J.; Schweer, T.; Yarza, P,; Peplies, J.; Glockner, EO. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590-D596. [CrossRef] [PubMed]
Abarenkov, K,; Zirk, A.; Piirmann, T.; Péhonen, R.; Ivanov, E; Nilsson, R.H.; Kéljalg, U. UNITE QIIME Release for Fungi; Version
19.02.2025; UNITE Community: Uppsala, Sweden, 2025. [CrossRef]

https:/ /doi.org/10.3390/jox16010024


https://doi.org/10.3390/molecules28052185
https://doi.org/10.1016/j.scitotenv.2022.160563
https://doi.org/10.1007/s00248-022-02061-1
https://doi.org/10.1007/s00253-023-12677-z
https://doi.org/10.1016/j.watres.2025.124629
https://www.ncbi.nlm.nih.gov/pubmed/40997719
https://doi.org/10.1016/j.envres.2014.09.041
https://doi.org/10.1016/j.ibiod.2017.02.008
https://doi.org/10.1111/1758-2229.13320
https://doi.org/10.3390/pharmaceutics17020247
https://esdac.jrc.ec.europa.eu/public_path/projects_data/focus/dk/docs/finalreportFOCDegKinetics.pdf
https://esdac.jrc.ec.europa.eu/public_path/projects_data/focus/dk/docs/finalreportFOCDegKinetics.pdf
https://doi.org/10.1016/S1570-0232(03)00137-5
https://www.ncbi.nlm.nih.gov/pubmed/12742136
https://doi.org/10.1016/j.chroma.2014.04.058
https://www.ncbi.nlm.nih.gov/pubmed/24835592
https://doi.org/10.1016/j.jhazmat.2024.136128
https://doi.org/10.1002/tox.10141
https://www.ncbi.nlm.nih.gov/pubmed/14608609
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1371/journal.pone.0040863
https://doi.org/10.1038/s41587-019-0252-6
https://doi.org/10.1038/s41587-019-0209-9
https://www.ncbi.nlm.nih.gov/pubmed/31341288
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.15156/BIO/3301241
https://doi.org/10.3390/jox16010024

J. Xenobiot. 2026, 16, 24 29 of 32

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2018. Available online: https://cran.r-project.org/doc/manuals/r-release/fullrefman.pdf (accessed on 12 December 2025).
Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; McGowan, L.D.; Frangois, R.; Grolemund, G.; Hayes, A.; Henry, L.; Hester, | ;
et al. Welcome to the tidyverse. |. Open Source Softw. 2019, 4, 1686. [CrossRef]

Oksanen, ].; Simpson, G.L.; Blanchet, EG.; Kindt, R.; Legendre, P.; Minchin, PR.; O’Hara, R.B.; Solymos, P.; Stevens, M.H.H.;
Szoecs, E.; et al. Vegan: Community Ecology Package; R Package Version 2.5-6. 2019. Available online: https://CRAN.R-
project.org/package=vegan (accessed on 22 October 2025).

Chen, H.; Boutros, P.C. VennDiagram: A package for the generation of highly-customizable Venn and Euler diagrams in R. BMC
Bioinform. 2011, 12, 35. [CrossRef]

Gozdereliler, E.; Boon, N.; Aamand, J.; De Roy, K.; Granitsiotis, M.S.; Albrechtsen, H.J.; Serensen, S.R. Comparing metabolic
functionalities, community structures, and dynamics of herbicide-degrading communities cultivated with different substrate
concentrations. Appl. Environ. Microbiol. 2013, 79, 367-375. [CrossRef]

Zheng, X,; Li, ].; Ouyang, Y.; Wu, G.; He, X.; Wang, D.; Zhang, X.X. Ecological linkages between top-down designed benzothiazole-
degrading consortia and selection strength: From performance to community structure and functional genes. Water Res. 2024,
267,122491. [CrossRef]

Groning, J.; Held, C.; Garten, C.; Claussnitzer, U.; Kaschabek, S.R.; Schloémann, M. Transformation of diclofenac by the indigenous
microflora of river sediments and identification of a major intermediate. Chemosphere 2007, 69, 509-516. [CrossRef]

Tang, W. The metabolism of diclofenac-enzymology and toxicology perspectives. Curr. Drug Metab. 2003, 4, 319-329. [CrossRef]
Matejczyk, M.; Ofman, P.; Dabrowska, K.; Swistocka, R.; Lewandowsk, W. Evaluation of the biological impact of the mixtures of
diclofenac with its biodegradation metabolites 4’-hydroxydiclofenac and 5-hydroxydiclofenac on Escherichia coli. DCF synergistic
effect with caffeic acid. Arch. Environ. Protect. 2020, 46, 1-22. [CrossRef]

Osorio, V.; Sanchis, J.; Abad, J.L.; Ginebreda, A.; Farré, M.; Pérez, S.; Barceld, D. Investigating the formation and toxicity of
nitrogen transformation products of diclofenac and sulfamethoxazole in wastewater treatment plants. J. Hazard. Mater. 2016, 309,
157-164. [CrossRef] [PubMed]

Péapai, M.; Benedek, T.; Tancsics, A.; Bornemann, T.L.V.; Plewka, ].; Probst, A.J.M.; Hussein, D.; Maréti, G.; Menashe, O.; Kriszt,
B. Selective enrichment, identification, and isolation of diclofenac, ibuprofen, and carbamazepine degrading bacteria from a
groundwater biofilm. Environ. Sci. Pollut. Res. Int. 2023, 30, 44518-44535. [CrossRef]

Larcher, S.; Yargeau, V. The effect of ozone on the biodegradation of 17x-ethinylestradiol and sulfamethoxazole by mixed bacterial
cultures. Appl. Microbiol. Biotechnol. 2013, 97, 2201-2210. [CrossRef]

Salem-Milani, A.; Balaei-Gajan, E.; Rahimi, S.; Moosavi, Z.; Abdollahi, A.; Zakeri-Milani, P.; Bolourian, M. Antibacterial Effect of
Diclofenac Sodium on Enterococcus faecalis. J. Dent. 2013, 10, 16-22.

Dutta, N.K,; Dastidar, S.G.; Kumar, A.; Mazumdar, K.; Ray, R.; Chakrabarty, A.N. Antimycobacterial activity of the antiinflamma-
tory agent diclofenac sodium, and its synergism with streptomycin. Braz. ]. Microbiol. 2004, 35, 316-323. [CrossRef]

Dastidar, S.G.; Ganguly, K.; Chaudhuri, K.; Chakrabarty, A.N. The anti-bacterial action of diclofenac shown by inhibition of DNA
synthesis. Int. J. Antimicrob. Agents 2000, 14, 249-251. [CrossRef] [PubMed]

Itzhari, D.; Nzeh, J.; Ronen, Z. Resistance and Biodegradation of Triclosan and Propylparaben by Isolated Bacteria from Greywater.
J. Xenobiot. 2025, 15, 56. [CrossRef]

Sathishkumar, P.; Meena, R.A.A.; Palanisami, T.; Ashokkumar, V.; Palvannan, T.; Gu, F.L. Occurrence, interactive effects and
ecological risk of diclofenac in environmental compartments and biota—A review. Sci. Total Environ. 2020, 698, 134057. [CrossRef]
Klockgether, J.; Cramer, N.; Wiehlmann, L.; Davenport, C.E; Tummler, B. Pseudomonas aeruginosa genomic structure and diversity.
Front. Microbiol. 2011, 2, 150. [CrossRef]

Dadkhah, F.; Moniri, F.; Zamani, H.; Hadavi, M. Anti-virulence effects of Diclofenac sodium in combination with gentamicin
on Pseudomonas aeruginosa: Attenuation of quorum sensing related traits and efflux pump systems. Braz. ]. Microbiol. 2025, 56,
1069-1081. [CrossRef]

Mikeskova, H.; Novotny, C.; Svobodova, K. Interspecific interactions in mixed microbial cultures in a biodegradation perspective.
Appl. Microbiol. Biotechnol. 2012, 95, 861-870. [CrossRef]

Symsaris, E.C.; Fotidis, I.A.; Stasinakis, A.S.; Angelidaki, I. Effects of triclosan, diclofenac, and nonylphenol on mesophilic and
thermophilic methanogenic activity and on the methanogenic communities. J. Hazard. Mater. 2015, 291, 45-51. [CrossRef]
[PubMed]

Yu, ].S.L.; Correia-Melo, C.; Zorrilla, F; Herrera-Dominguez, L.; Wu, M.Y.; Hartl, J.; Campbell, K.; Blasche, S.; Kreidl, M.; Egger,
A.S,; et al. Microbial communities form rich extracellular metabolomes that foster metabolic interactions and promote drug
tolerance. Nat. Microbiol. 2022, 7, 542-555. [CrossRef] [PubMed]

Perez, S.; Barcelo, D. First evidence for occurence of hydroxylated human metabolites of diclofenac and aceclofenac in wastewater
using QqLIT-MS and QqTOF-MS. Anal. Chem. 2008, 80, 8135-8145. [CrossRef]

https:/ /doi.org/10.3390/jox16010024


https://cran.r-project.org/doc/manuals/r-release/fullrefman.pdf
https://doi.org/10.21105/joss.01686
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1186/1471-2105-12-35
https://doi.org/10.1128/AEM.02536-12
https://doi.org/10.1016/j.watres.2024.122491
https://doi.org/10.1016/j.chemosphere.2007.03.037
https://doi.org/10.2174/1389200033489398
https://doi.org/10.24425/aep.2020.135760
https://doi.org/10.1016/j.jhazmat.2016.02.013
https://www.ncbi.nlm.nih.gov/pubmed/26894288
https://doi.org/10.1007/s11356-022-24975-6
https://doi.org/10.1007/s00253-012-4054-8
https://doi.org/10.1590/S1517-83822004000300009
https://doi.org/10.1016/S0924-8579(99)00159-4
https://www.ncbi.nlm.nih.gov/pubmed/10773497
https://doi.org/10.3390/jox15020056
https://doi.org/10.1016/j.scitotenv.2019.134057
https://doi.org/10.3389/fmicb.2011.00150
https://doi.org/10.1007/s42770-025-01631-y
https://doi.org/10.1007/s00253-012-4234-6
https://doi.org/10.1016/j.jhazmat.2015.03.002
https://www.ncbi.nlm.nih.gov/pubmed/25768988
https://doi.org/10.1038/s41564-022-01072-5
https://www.ncbi.nlm.nih.gov/pubmed/35314781
https://doi.org/10.1021/ac801167w
https://doi.org/10.3390/jox16010024

J. Xenobiot. 2026, 16, 24 30 of 32

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Mohamed, M.S.M.; Asair, A.A.; Fetyan, N.A.H.; Elnagdy, S.M. Complete biodegradation of diclofenac by new bacterial strains:
Postulated pathways and degrading enzymes. Microorganisms 2023, 11, 1445. [CrossRef]

Madsen, K.G.; Skonberg, C.; Jurva, U.; Cornett, C.; Hansen, S.H.; Johansen, T.N.; Olsen, ]. Bioactivation of diclofenac in vitro and
in vivo: Correlation to electrochemical studies. Chem. Res. Toxicol. 2008, 21, 1107-1119. [CrossRef] [PubMed]

Chiron, A.; Duwig, C. Biotic nitrosation of diclofenac in a soil aquifer system (Katari watershed, Bolivia). Sci. Total Environ. 2016,
565, 473-480. [CrossRef]

Osorio, V.; Cruz-Alcalde, A.; Pérez, S. Nitrosation and nitration of diclofenac and structurally related nonsteroidal anti-
inflammatory drugs (NSAIDs) in nitrifying activated sludge. Sci. Total Environ. 2022, 807, 150533. [CrossRef]

Klim, M.; Zmijowska, A.; Cycon, M. Enhanced remediation of soil contaminated with selected non-steroidal anti-inflammatory
drugs by the bioaugmentation with newly isolated strain Serratia marcescens MC-2/23. ]. Environ. Sci. 2026, 160, 231-240.
[CrossRef]

Angeles-de Paz, G.; Ledezma-Villanueva, A.; Robledo-Mahoén, T.; Pozo, C.; Calvo, C.; Aranda, E.; Purswani, ]. Assembled mixed
co-cultures for emerging pollutant removal using native microorganisms from sewage sludge. Chemosphere 2023, 313, 137472.
[CrossRef]

Aguilar-Romero, I.; Madrid, E; Villaverde, J.; Morillo, E. Ibuprofen-enhanced biodegradation in solution and sewage sludge by
a mineralizing microbial consortium. Shift in associated bacterial communities. |. Hazard. Mat. 2024, 464, 132970. [CrossRef]
[PubMed]

Cao, Z.; Yan, W.; Ding, M.; Yuan, Y. Construction of microbial consortia for microbial degradation of complex compounds. Front.
Bioeng. Biotechnol. 2022, 10, 1051233. [CrossRef]

Cheng, Z,; Li, C; Kennes, C.; Ye, J.; Chen, D.; Zhang, S.; Chen, J.; Yu, J. Improved biodegradation potential of chlorobenzene by a
mixed fungal-bacterial consortium. Int. Biodeterior. Biodegrad. 2017, 123, 276-285. [CrossRef]

Lara-Moreno, A.; El-Sayed, F.; Cox, C.J.; Costa, M.C. Batch studies on the biodegradation of paracetamol and 1,4-hydroquinone
by novel bacterial strains isolated from extreme environmental samples and the identification of candidate catabolic genes. Appl.
Water. Sci. 2024, 14, 198. [CrossRef]

Alkhuraiji, T.S. Advanced oxidation process based on water radiolysis to degrade and mineralize diclofenac in aqueous solutions.
Sci. Total Environ. 2019, 688, 708-717. [CrossRef]

Guo, H.; Xu, Z.; Wang, D.; Chen, S.; Qiao, D.; Wan, D.; Xu, H.; Yan, W,; Jin, X. Evaluation of diclofenac degradation effect
in “active” and “non-active” anodes: A new consideration about mineralization inclination. Chemosphere 2022, 286, 131580.
[CrossRef] [PubMed]

Ferrari, B.; Paxeus, N.; Lo Giudice, R.; Pollio, A.; Garric, J. Ecotoxicological impact of pharmaceuticals found in treated waste
waters: Study of carbamazepine, clofibric acid, and diclofenac. Ecotoxicol. Environ. Saf. 2003, 55, 359-370. [CrossRef] [PubMed]
Ra, ].S.; Oh, S.Y; Lee, B.C.; Kim, S.D. The effect of suspended particles coated by humic acid on the toxicity of pharmaceuticals
estrogens and phenolic compounds. Environ. Int. 2008, 34, 184-192. [CrossRef]

Di Nica, V,; Villa, S.; Finizio, A. Toxicity of individual pharmaceuticals and their mixtures to Aliivibrio fischeri: Experimental
results for single compounds and considerations of their mechanisms of action and potential acute effects on aquatic organisms.
Environ. Toxicol. Chem. 2017, 36, 807-814. [CrossRef]

Grandclément, C.; Piram, A.; Petit, M.E.; Seyssiecq, I.; Laffont-Schwob, I.; Vanot, G.; Tiliacos, N.; Roche, N.; Doumeng, P. Biological
removal and fate assessment of diclofenac using Bacillus subtilis and Brevibacillus laterosporus strains and ecotoxicological effects of
diclofenac and 4’-Hydroxy-diclofenac. J. Chem. 2020, 1-12. [CrossRef]

Kolakovic, S.; Salgado, R.; Freitas, E.B.; Bronze, M.R.; Sekulic, M.T.; Carvalho, G.; Reis, M.A.M.; Oehmen, A. Diclofenac
biotransformation in the enhanced biological phosphorus removal process. Sci. Total Environ. 2022, 806, 151232. [CrossRef]
[PubMed]

Alexander, M. Biodegradation and Bioremediation, 2nd ed.; Academic Press: San Diego, CA, USA, 1999; ISBN 978-0-12-049861-1.
Galitskaya, P; Biktasheva, L.; Blagodatsky, S.; Selivanovskaya, S. Response of bacterial and fungal communities to high petroleum
pollution in different soils. Sci. Rep. 2021, 11, 164. [CrossRef]

Kraigher, B.; Mandic-Mulec, I. Influence of Diclofenac on Activated Sludge Bacterial Communities in Fed-Batch Reactors. Food
Technol. Biotechnol. 2020, 58, 402-410. [CrossRef]

Thelusmond, J.R.; Kawka, E.; Strathmann, T.J.; Cupples, A.M. Diclofenac, carbamazepine and triclocarban biodegradation
in agricultural soils and the microorganisms and metabolic pathways affected. Sci. Total Environ. 2018, 640-641, 1393-1410.
[CrossRef]

Zhao, X.; Chen, Z.; Wang, X,; Li, ].; Shen, J.; Xu, H. Remediation of pharmaceuticals and personal care products using an aerobic
granular sludge sequencing bioreactor and microbial community profiling using Solexa sequencing technology analysis. Biores.
Technol. 2015, 179, 104-112. [CrossRef]

https:/ /doi.org/10.3390/jox16010024


https://doi.org/10.3390/microorganisms11061445
https://doi.org/10.1021/tx700419d
https://www.ncbi.nlm.nih.gov/pubmed/18419141
https://doi.org/10.1016/j.scitotenv.2016.05.048
https://doi.org/10.1016/j.scitotenv.2021.150533
https://doi.org/10.1016/j.jes.2025.04.009
https://doi.org/10.1016/j.chemosphere.2022.137472
https://doi.org/10.1016/j.jhazmat.2023.132970
https://www.ncbi.nlm.nih.gov/pubmed/37976863
https://doi.org/10.3389/fbioe.2022.1051233
https://doi.org/10.1016/j.ibiod.2017.07.008
https://doi.org/10.1007/s13201-024-02264-6
https://doi.org/10.1016/j.scitotenv.2019.06.164
https://doi.org/10.1016/j.chemosphere.2021.131580
https://www.ncbi.nlm.nih.gov/pubmed/34280831
https://doi.org/10.1016/S0147-6513(02)00082-9
https://www.ncbi.nlm.nih.gov/pubmed/12798771
https://doi.org/10.1016/j.envint.2007.08.001
https://doi.org/10.1002/etc.3568
https://doi.org/10.1155/2020/9789420
https://doi.org/10.1016/j.scitotenv.2021.151232
https://www.ncbi.nlm.nih.gov/pubmed/34715209
https://doi.org/10.1038/s41598-020-80631-4
https://doi.org/10.17113/ftb.58.04.20.6424
https://doi.org/10.1016/j.scitotenv.2018.05.403
https://doi.org/10.1016/j.biortech.2014.12.002
https://doi.org/10.3390/jox16010024

J. Xenobiot. 2026, 16, 24 31 of 32

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Ledezma-Villanueva, A.; Robledo-Mahon, T.; Gémez-Silvan, C.; Angeles-De Paz, G.; Pozo, C.; Manzanera, M.; Calvo, C.; Aranda,
E. High-Throughput Microbial Community Analyses to Establish a Natural Fungal and Bacterial Consortium from Sewage
Sludge Enriched with Three Pharmaceutical Compounds. J. Fungi 2022, 8, 668. [CrossRef]

Zhang, Y.; Geissen, S.-U. In vitro degradation of carbamazepine and diclofenac by crude lignin peroxidase. J. Hazard. Mater. 2010,
176, 1089-1092. [CrossRef]

Torres-Farradd, G.; Thijs, S.; Rineau, F.; Guerra, G.; Vangronsveld, ]. White Rot Fungi as Tools for the Bioremediation of Xenobiotics:
A Review. J. Fungi 2024, 10, 167. [CrossRef] [PubMed]

Farkas, R.; Mireisz, T.; Toumi, M.; Abbaszade, G.; Sztrdda, N.; Téth, E. The Impact of Anti-Inflammatory Drugs on the Prokaryotic
Community Composition and Selected Bacterial Strains Based on Microcosm Experiments. Microorganisms 2023, 11, 1447.
[CrossRef] [PubMed]

Pérez-Pantoja, D.; Donoso, R.; Agull6, L.; Cérdova, M.; Seeger, M.; Pieper, D.H.; Gonzalez, B. Genomic analysis of the potential
for aromatic compounds biodegradation in Burkholderiales. Environ. Microbiol. 2012, 14, 1091-1117. [CrossRef]

Morya, R.; Salvachda, D.; Thakur, LS. An Untapped but Promising Bacterial Genus for the Conversion of Aromatic Compounds.
Trends Biotechnol. 2020, 38, 963-975. [CrossRef]

Sun, W.; Xie, S.; Luo, C.; Cupples, A.M. Direct link between toluene degradation in contaminated-site micro cosms and a
Polaromonas strain. Appl. Environ. Microbiol. 2010, 76, 956-959. [CrossRef] [PubMed]

Xie, S.; Sun, W.; Luo, C.; Cupples, A.M. Novel aerobic benzene degrading microorganisms identified in three soils by stable
isotope probing. Biodegradation 2011, 22, 71-81. [CrossRef]

Mahmood, S.; Paton, G.L; Prosser, ].I. Cultivation-independent in situ molecular analysis of bacteria involved in degradation of
pentachlorophenol in soil. Environ. Microbiol. 2005, 7, 1349-1360. [CrossRef] [PubMed]

Reis, A.C.; Kolvenbach, B.A.; Nunes, O.C.; Corvini, PEX. Biodegradation of antibiotics: The new resistance determinants—Part IL.
New Biotechnol. 2020, 54, 13-27. [CrossRef]

Takenaka, S.; Okugawa, S.; Kadowaki, M.; Murakami, S.; Aoki, K. The Metabolic Pathway of 4-Aminophenol in Burkholderia
sp. Strain AK-5 Differs from That of Aniline and Aniline with C-4 Substituents. Appl. Environ. Microbiol. 2003, 69, 5410-5413.
[CrossRef]

Wu, Y,; Sun, Q.; Zhou, Z.; Wang, Z.; Fu, H. Efficient degradation of carbamazepine and metagenomic investigations of anodic
biofilm in microbial fuel cells. J. Environ. Manag. 2024, 370, 122743. [CrossRef]

Wu, G.; Zhao, H.; Li, C.; Rajapakse, M.P.; Wong, W.C.; Xu, J.; Saunders, C.W.; Reeder, N.L.; Reilman, R.A.; Scheynius, A.; et al.
Genus-Wide Comparative Genomics of Malassezia Delineates Its Phylogeny, Physiology, and Niche Adaptation on Human Skin.
PLoS Genet. 2015, 11, e1005614. [CrossRef]

Theelen, B.; Cafarchia, C.; Gaitanis, G.; Bassukas, I.D.; Boekhout, T.; Dawson, T.L. Malassezia ecology, pathophysiology, and
treatment. Med. Mycol. 2018, 56, 10-25. [CrossRef] [PubMed]

Rahimlou, S.; Amend, A.S.; James, T.Y. Malassezia in environmental studies is derived from human inputs. mBio 2025, 16,
e0114225. [CrossRef] [PubMed]

Ianiri, G.; LeibundGut-Landmann, S.; Dawson, T.L. Malassezia: A commensal, pathogen, and mutualist of human and animal
skin. Annu. Rev. Microbiol. 2022, 76, 757-782. [CrossRef]

Buratti, S.; Girometta, C.E.; Baiguera, R.M.; Barucco, B.; Bernardi, M.; De Girolamo, G.; Malgaretti, M.; Oliva, D.; Picco, A.M.;
Savino, E. Fungal Diversity in Two Wastewater Treatment Plants in North Italy. Microorganisms 2022, 10, 1096. [CrossRef]
Conejo-Saucedo, U.; Ledezma-Villanueva, A.; Angeles de Paz, G.; Herrero-Cervera, M.; Calvo, C.; Aranda, E. Evaluation of
the Potential of Sewage Sludge Mycobiome to Degrade High Diclofenac and Bisphenol-A Concentrations. Toxics 2021, 9, 115.
[CrossRef]

Sana, A. Biodegradation of paracetamol by native fungal species inhabiting wastewater of a pharmaceutical factory in sana’a,
Yemen. Univ. |. Pharm. Res. 2018, 2, 35-41. [CrossRef]

Kasonga, TK.; Coetzee, M.A.A ; Kamika, I.; Momba, M.N.B. Assessing the Fungal Simultaneous Removal Efficiency of Carba-
mazepine, Diclofenac and Ibuprofen in Aquatic Environment. Front. Microbiol. 2021, 12, 755972. [CrossRef]

Blanco-Orta, M.E.; Garcia-de la Cruz, R.F.; Paz-Maldonado, L.M.T.; Pedraza-Gonzélez, D.A.; Morales-Avila, M.M.; Balderas-
Hernéndez, V.E.; Gonzalez-Ortega, O.; Pérez-Martinez, A.S. Assessing three industrially produced fungi for the bioremediation
of diclofenac. J. Environ. Sci. Health Part A 2023, 58, 661-670. [CrossRef] [PubMed]

Aracagok, D.; Goker, H.; Cihangir, N. Biodegradation of diclofenac with fungal strains. Arch. Environ. Protect. 2018, 44, 55-62.
[CrossRef]

Dalecka, B.; Oskarsson, C.; Juhna, T.; Kuttava Rajarao, G. Isolation of Fungal Strains from Municipal Wastewater for the Removal
of Pharmaceutical Substances. Water 2020, 12, 524. [CrossRef]

Hui, F; Ren, Y.; Chen, L.; Li, Y;; Zhang, L.; Niu, Q. Molecular phylogenetic analysis reveals the new genus Hemisphaericaspora of
the family Debaryomycetaceae. PLoS ONE 2014, 9, €103737. [CrossRef]

https:/ /doi.org/10.3390/jox16010024


https://doi.org/10.3390/jof8070668
https://doi.org/10.1016/j.jhazmat.2009.10.133
https://doi.org/10.3390/jof10030167
https://www.ncbi.nlm.nih.gov/pubmed/38535176
https://doi.org/10.3390/microorganisms11061447
https://www.ncbi.nlm.nih.gov/pubmed/37374949
https://doi.org/10.1111/j.1462-2920.2011.02613.x
https://doi.org/10.1016/j.tibtech.2020.02.008
https://doi.org/10.1128/AEM.01364-09
https://www.ncbi.nlm.nih.gov/pubmed/20008173
https://doi.org/10.1007/s10532-010-9377-5
https://doi.org/10.1111/j.1462-2920.2005.00822.x
https://www.ncbi.nlm.nih.gov/pubmed/16104858
https://doi.org/10.1016/j.nbt.2019.08.003
https://doi.org/10.1128/AEM.69.9.5410-5413.2003
https://doi.org/10.1016/j.jenvman.2024.122743
https://doi.org/10.1371/journal.pgen.1005614
https://doi.org/10.1093/mmy/myx134
https://www.ncbi.nlm.nih.gov/pubmed/29538738
https://doi.org/10.1128/mbio.01142-25
https://www.ncbi.nlm.nih.gov/pubmed/40387408
https://doi.org/10.1146/annurev-micro-040820-010114
https://doi.org/10.3390/microorganisms10061096
https://doi.org/10.3390/toxics9060115
https://doi.org/10.22270/ujpr.v2i6.R7
https://doi.org/10.3389/fmicb.2021.755972
https://doi.org/10.1080/10934529.2023.2206353
https://www.ncbi.nlm.nih.gov/pubmed/37128145
https://doi.org/10.24425/118181
https://doi.org/10.3390/w12020524
https://doi.org/10.1371/journal.pone.0103737
https://doi.org/10.3390/jox16010024

J. Xenobiot. 2026, 16, 24 32 of 32

128. Padilla-Garfias, F.; Poot-Herndndez, A.C.; Araiza-Villanueva, M.; Calahorra, M.; Sdnchez, N.S.; Pefia, A. Transcriptomic profiling
of Debaryomyces hansenii reveals detoxification and stress responses to benzo(a)pyrene exposure. Appl. Environ. Microbiol. 2025,
91, e0155725. [CrossRef]

129. Roy, A.; Dubey, P; Srivastava, A.; Kaur, 1; Shrivastava, A.; Vajpayee, P.; Srivastava, S.; Srivastava, PK. Exploring the potential
of Meyerozyma caribbica and its combined application with bacteria for lindane bioremediation. Chemosphere 2024, 361, 142413.
[CrossRef] [PubMed]

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/10.3390/jox16010024


https://doi.org/10.1128/aem.01557-25
https://doi.org/10.1016/j.chemosphere.2024.142413
https://www.ncbi.nlm.nih.gov/pubmed/38795920
https://doi.org/10.3390/jox16010024

	Introduction 
	Materials and Methods 
	Material 
	Methods 
	Enrichment and Isolation of DCF-Degrading Consortium and DCF-Degrading Strains 
	Molecular Identification of Bacterial Isolates 
	Inhibitory Concentration of DCF for Bacterial Growth 
	DCF Biodegradation Test in Solution 
	Analytical Methods 
	Ecotoxicity Bioassays 
	Characterization of Microbial Consortium by DNA Metabarcoding 
	Statistical Analysis 


	Results and Discussion 
	Enrichment and Isolation of the DCF-Degrading Microbial Consortium and Bacterial Strains 
	Diclofenac-Induced Inhibition of Bacterial Growth 
	Diclofenac Biodegradation in Solution 
	Ecotoxicity Studies in Diclofenac-Contaminated Aqueous Samples 
	Shift in Bacterial and Fungal Communities in the Consortium Based on DNA Metabarcoding Data 

	Conclusions 
	References

