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ABSTRACT: The widely used anticonvulsant pharmaceutical
carbamazepine is recalcitrant in many environmental niches
and thus poses a challenge in wastewater treatment. We
followed the decomposition of carbamazepine by the white-rot
fungus Pleurotus ostreatus in liquid culture compared to solid-
state fermentation on lignocellulosic substrate where different
enzymatic systems are active. Carbamazepine metabolites were
identified using liquid chromatography—high-resolution mass
spectrometry (LC-Q-TOF-MS). In liquid culture, carbamaze-
pine was only transformed to 10,11-epoxy carbamazepine and
10,11-dihydroxy carbamazepine as a dead-end product. During
solid-state fermentation, carbamazepine metabolism resulted in

a0
D /go
HaN
Carbamazepine

the generation of an additional 22 transformation products, some of which are toxic. Under solid-state-fermentation conditions,
10,11-epoxy carbamazepine was further metabolized via acridine and 10,11-dihydroxy carbamazepine pathways. The latter was
further metabolized via five subpathways. When '“C-carbonyl-labeled carbamazepine was used as the substrate, '*C-CO, release
amounted to 17.4% of the initial radioactivity after 63 days of incubation. The proposed pathways were validated using
metabolites (10,11-epoxy carbamazepine, 10,11-dihydroxy carbamazepine, and acridine) as primary substrates and following their
fate at different time points. This work highlights the effect of growth conditions on the transformation pathways of xenobiotics.
A Dbetter understanding of the fate of pollutants during bioremediation treatments is important for establishment of such

technologies.

B INTRODUCTION

White-rot fungi are capable of degrading lignin, a complex
natural macromolecule, via unique extracellular, nonspecific
oxidative systems participating in the enzymatic “combustion”
of wood, using molecular oxygen as the terminal electron
acceptor.”” The major enzymes involved in lignin degradation
are lignin peroxidase, manganese peroxidase, versatile perox-
idase, and laccase.’ Because of their unique features, the
ligninolytic enzymes can also react with xenobiotics; they have
been shown to facilitate the degradation and transformation of
organic pollutants such as polycyclic aromatic hydrocarbons,
azo-dyes, pesticides, and pharmaceuticals.” These compounds
can be transformed by white-rot fungi via either cometabolism
or catabolism.’

Dissipation of the recalcitrant pharmaceutical compound
carbamazepine (CBZ) by fungi of different taxonomic groups
has been reported.°”'" However, only a few studies have
identified the transformation products (TPs), and none of them
have suggested transformation pathways. Pure liquid cultures of
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Cunnighamella elegans and Umbelopsis ramanniana have been
shown to transform up to ~40% of added CBZ (237 mg L™")
to 2-hydroxy carbamazepine (2-OH-CBZ), 3-OH-CBZ, and
10,11-epoxy carbamazepine (EP-CBZ).'' Pure liquid cultures
of Trametes versicolor have been reported to remove 80% of the
added CBZ (10 mg L") during a Fenton-like reaction, and
hydroxylated CBZ species were identified."” Jelic et al.'’
demonstrated the formation of EP-CBZ, 10,11-dihydroxy
carbamazepine (trans-diOH-CBZ), acridine, and acridone by
T. versicolor grown in an air-pulsed fluidized-bed bioreactor.
Several other studies have demonstrated dissipation of CBZ by
crude or pure lignin-modifying enzymes.'*”'® In a previous
study, we have shown that the white-rot fungus Pleurotus
ostreatus can transform CBZ at environmentally relevant
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concentrations (1 ug L™") and that two families of enzymes are
involved in the process: manganese peroxidase in a Mn**-
dependent or -independent manner and cytochrome P-450. In
this system, EP-CBZ was the main metabolite formed, and it
accumulated in the medium during the incubation period."”
Cytochrome P-450 was also shown to be involved in the
transformation of CBZ by other fungi” and in the oxidation of
other aromatic pollutants such as polycyclic aromatic hydro-
carbons.”

The ligninolytic system of P. ostreatus consists of manganese
peroxidases and laccases. The former exhibit a typical
peroxidase catalytic cycle with Mn?* as the substrate. They
can oxidize phenolic structures to phenoxy radicals, which then
undergo a variety of reactions including polymer cleavage.'® In
contrast, versatile peroxidases can also oxidize nonphenolic
substrates in the absence of Mn*" ions.'”*" Laccases catalyze
the one-electron oxidation of phenolic, aromatic amines and
other electron-rich substrates, also resulting in the formation of
phenoxy radicals.”" The ligninolytic enzymes of P. ostreatus are
also expressed and active when the fungus is grown in synthetic
medium, but when P. ostreatus is grown on natural
lignocellulosic substrate under solid-state fermentation, the
fungal physiology and enzymatic profile are tuned toward lignin
degradation.”” Thus, we hypothesized that growing the
fungus under these conditions would facilitate degradation of
the recalcitrant pharmaceutical CBZ that exhibits a chemical
structure similar to that of lignin subunits. As a universal
detoxification mechanism, one or more of the cytochrome P-
450 gene family members are expressed and active regardless of
the growth medium type. It is expected that EP-CBZ will be
formed under these conditions as a result of both cytochrome
P-450 and MnP/VP activities. However, as the oxidation of
CBZ and metabolites by the ligninolytic system might be
nonspecific, additional TPs produced downstream could
resemble those of abiotic oxidizing agents.”*”** In this study,
we elucidated the transformation pathways of CBZ by P.
ostreatus grown in rich liquid medium and during solid-state
fermentation on cotton stalks.

B EXPERIMENTAL SECTION

Chemicals. Carbamazepine (CBZ; SH-dibenzo[b,f]azepine-
S-carboxamide, 98%), 10,11-epoxy carbamazepine (EP-CBZ;
1a,10b-dihydro-6H-dibenzo(b,f)oxireno[d]azepine-6-carboxa-
mide, > 98%) and acridine (dibenzo[b,e]pyridine, 97%) were
purchased from Sigma-Aldrich (Rehovot, Israel). rac trans-
10,11-Dihydro-10,11-dihydroxy carbamazepine (trans-diOH-
CBZ, SH-dibenz[bf]azepine-S-carboxamide, 10,11-dihydro-
10,11-dihydroxy-, (10R,11R)-rel-, > 97%) was purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). D,-"*C-labeled
CBZ and D,-"3C-labeled EP-CBZ (Toronto Research Chem-
icals, Ontario, Canada) were used as internal standards for LC—
MS analysis. '*C-carbonyl-labeled CBZ (20 mCi mmol™’,
radiochemical and chemical purity >99%; see Figure S1 for '*C-
labeling position) was purchased from American Radiolabeled
Chemicals (St. Louis, MO, USA).

Fungal Strains and Culture Conditions. P. ostreatus
strain PC9 (Spanish Type Culture Collection accession number
CECT20311), which is a monokaryotic derivative of the
dikaryon commercial strain Florida NO0O01 (Spanish Type
Culture Collection accession number CECT20600),”" was
used throughout this study. Cultures were grown and
maintained in 9 cm diameter Petri dishes containing glucose
peptone (GP) medium (20 g L™ glucose, S g L™" peptone, 2 g

L' yeast extract, 1 g L™ K,HPO,, and 0.5 g L' MgSO,-
7H,0) solidified with 1.5% (w/v) agar.

Liquid cultures were incubated at 28 °C in the dark in
stationary 250 mL Erlenmeyer flasks containing 50 mL of GP
medium and closed with paper stoppers. The inoculum for the
liquid cultures consisted of two disks (S mm in diameter) of
mycelium collected from a colony that was freshly grown in
solid culture. Liquid cultures of P. ostreatus were incubated for
10 days; then, the medium was decanted and replaced with
fresh medium containing 37 nmol mL™" (8.8 mg L™') CBZ, 42
nmol mL™" (10.8 mg L™") EP-CBZ, or 39.2 nmol mL ™" (10.6
mg L") trans-diOH-CBZ per flask for an additional 25 days.
Two types of controls were used: inoculated cultures without
substrate and uninoculated flasks containing the substrate. Each
treatment was performed in three replicates. The media were
sampled twice a week to quantify residual CBZ and its
metabolites.

Solid-state fermentation was conducted in 100 mL
Erlenmeyer flasks using cotton stalks as the substrate. The
cotton stalks were obtained from a cotton field after defoliation
and harvest; the stalks were ground to <5 mm size using a
Wiley mill. Cotton stalks (2 g) were weighed into the
Erlenmeyer flasks, moisturized with 4 mL of ultrapure water,
and autoclaved for 60 min. Samples were then incubated at 28
°C in the dark for 24 h and autoclaved again for 20 min.
Aqueous solutions of CBZ, EP-CBZ, or trans-diOH-CBZ were
freshly prepared and filtered through a sterile 0.2 ym Teflon
filter, and 4 mL aliquots were added separately to the cotton
stalks to a final concentration of 110 nmol g™' (0.025 mg g™")
CBZ, 100 nmol ¢! (0.02 mg g~') EP-CBZ, 95 nmol g~ (0.015
mg g~') trans-diOH-CBZ, or 85 nmol g~' (0.015 mg g™')
acridine per flask. The inoculum was one disk (5 mm diameter)
of mycelium obtained from the edge of a young colony grown
on solid GP medium. Cultures were incubated at 28 °C in the
dark for 60 days. Two types of controls were used: inoculated
without substrate and uninoculated with substrate. Each
treatment was performed in three replicates.

'*C-CBZ mineralization during solid-state fermentation was
performed according to Salame et al.* using biometric flasks. A
spiking solution of "*C-CBZ was prepared by mixing 6.25 uL of
the labeled CBZ with 4 mL of aqueous solution of nonlabeled
CBZ (12.5 mg L") and added to each of four replicates
containing 2 g of cotton stalks. Final radioactivity was 0.625
uCi in each flask. *CO, evolved in each flask was trapped in
NaOH every 3—4 days for 63 days.

Extraction Procedure and Sample Preparation. Glu-
cose peptone medium samples were filtered through a 0.2 um
Teflon filter, and 100 pL of the filtered sample was diluted with
880 uL of ultrapure water. Then, 10 uL of each internal
standard solution (D,-'3C-labeled CBZ and D,-'*C-labeled EP-
CBZ; 2 mg L™') was added to the vials. For cotton stalk
samples, three flasks of each treatment were harvested once a
week and stored at —80 °C. All samples were lyophilized and
weighed in 50 mL conical tubes. Then, 30 mL of MeOH was
added to each tube. Samples were sonicated using an ultrasonic
probe (20 kH), agitated for 30 min (200 rpm), and centrifuged
(~4000 g, 15 min). Supernatants were filtered through a 0.2-
um Teflon filter and stored at —80 °C until analysis.

For quantitative analysis of CBZ, EP-CBZ, and trans-diOH-
CBZ in the cotton stalk extracts, 250 uL of sample was diluted
with 750 pL of ultrapure water, and an internal standard
solution was added as described above. For qualitative analysis
(identification of unknown metabolites), 3 mL of the extract
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Name Exact Predicted Structure Primary Identification*
mass (Da) formula substrate
CBZ 237.1028 Ci15sH12N20 O O Standard
O)\M"Q
o
10,11-Epoxy
carbamazepine 253.0983 CisHi2N20; O . O CBZ Standard
(EP-CBZ)
o7l\NH2
HO ;OH
trans-10,11-Dihydroxy ‘
carbamazepine 2930910 CisHiaNo0s (W O Ef?-lé%sz Standard
(trans-diOH-CBZ) A
07 ONH,
HO OH
cs1011-Dibydroxy 5930010 cismiz0s (W L) cBz Standard
carbamazepine N EP-CBZ
(cis-diOH-CBZ) -
TP 251 251.0821 Ci5H10N202 \ N O CBZ Proposed
=
0—CHs
10-Methoxy- =
carbamazepine 267.1132 Ci6H14N202 \ O CBZ Proposed
(10-methoxy-CBZ) !
HZN/J§0
< CBZ
9-Acridine- = EP-CBZ Proposed
caboxaldehyde 2401025  CisHisNO, \N O i
~ CBZ
Acridine O O EP-CBZ Standard
180.0815 CisHoN N Acridine
9-Hydroxy (9-OH) it
LY. .
acridine 1960764  CiHsNO \ O Acridine  roposed
N
o
CBZ
Acridone 196.0762 CLHINO | O EP-CBZ  Standard
N Acridine
HO o}
9-Acridine carboxylic CBZ
acid 224.0712 C14HoNO? O i O EP-CBZ Standard
N Acridine
Hydroxyl (OH) 9- HO -0
. 3 . . OH .
acridine ca'rboxyllc acid 240.0661 C14HoNOs _ EP CBZ Proposed
(four isomers) O o @] Acridine
N
CH
|
O (0}
OH
TP 254 254.0821 CisH11NOs EP-CBZ Proposed
| 0 Acridine
ﬂ
J\ CBZzZ
O N
TP 281 281.094 Ci6H12N203 Q diOH- Proposed
Fo—o CBZ
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Table 1. continued

Name Exact Predicted Structure Primary Identification*
mass (Da) formula substrate
o
1-2-Benzaldehyde)- j\)b CBZ
(1H,3H)-quinazoline-2,4- 267.0771 C15H10N203 07N EP-CBZ Proposed
one oF diOH-
(BQD) CBZ
[o}
TP 297 297.0875 Ci6H12N204 00)\):?© diOH- Proposed
)\© CBZ
HaC—0'
o
1-Q2-Benzoic acid)- ﬁf&@ CBZ
(1H,3H)-quinazoline-2,4- 283.0725 Ci5H10N204 07 N EP-CBZ Ozone sample
one diOH-
(BaQD) CBZ
CBZ
TP 267 267.0771 C15H10N203 diOH- Proposed
CBZ
CBZ
TP 272 272.0932 Ci15sH13NOg4 diOH- Proposed
CBZ
HaC,
HO o
CBZ
TP 286 286.1085 Ci6H1sNOs \ EP-CBZ Proposed
O N O diOH-
o)\oH CBZ
HO
10-Hydroxy diOH-
carbamazepine (10-OH  255.1124 C15H14N202 \ O Proposed
N CBZ
CBZ) )\
07 NH,
o]
C1sHoNO
208.0760 CBZ
TP 208 (o 224.071) C14H11N ot Proposed

CBZ

“TPs were identified as (1) “Standard” (identified by comparison of retention time and product ion spectra with synthesized compounds), (2)
“Proposed” (tentatlve assignments based on interpretation of product ion spectra), or (3) “Ozone sample” (on the basis of comparison with CBZ

ozone treatment)

was dried under a gentle N, stream, reconstituted in 400 yL of
MeOH, and vortexed rigorously. Then, 100 yL of sample was
mixed with 100 uL of ultrapure water and centrifuged (10 000
g, 10 min). The supernatant was moved to a clean vial prior to
LC—MS analysis.

Analytical Procedures. Quantification of CBZ, EP-CBZ,
and trans-diOH-CBZ used as primary substrates was conducted
by LC—MS using the Agilent 1200 Rapid Resolution LC
system (Agilent Technologies Inc., Santa Clara, CA) and an
Acclaim C18 RSLC column (Dionex, Sunnyvale, CA; 2.1 X 150
mm?, particle size 2.2 ym). Separation conditions are detailed
in Table S1. The LC system was coupled with an Agilent 6410
triple quad mass selective detector equipped with an electro-
spray ionization ion source. The mass spectrometer was
operated in positive ionization mode. Ion source parameters
were as follows: capillary voltage, 4000 V; drying gas (nitrogen,
99%) temperature and flow, 350 °C and 10 L min”},
respectively; nebulizer pressure, 35 psi; and nitrogen

(99.999%) collision gas. The LC—MS system was controlled
and data were analyzed using MassHunter software (Agilent
Technologies Inc.). Quantitative analysis was performed in
multiple reaction monitoring (MRM) mode with isotopically
labeled analogues as internal standards, and the MRM
parameters are listed in Table S2.

Qualitative analysis of additional TPs formed during solid-
state fermentation on cotton stalks was performed on a Waters
ACQUITY UPLC system connected to a Synapt G2S equipped
with an electrospray ionization source (Waters Corp., Milford,
CT, USA). Negative and positive modes were used to elucidate
the compounds by MarkerLynx and UniFi, as described by
Seiwert et al.’' Peak areas were calculated by TargetLynx to
produce a temporal trend for each TP. In Table 1, TPs were
identified as (1) “standard” (by comparison of retention time
and product ion spectra with synthesized compounds), (2)
“proposed” (ie. tentative assignments on the basis of
interpretation of product ion spectra), or (3) “ozone sample”
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Figure 1. Dissipation of the primary substrates carbamazepine (CBZ; A and D), 10,11-epoxy carbamazepine (EP-CBZ; B and E), and trans-10,11-
dihydroxy carbamazepine (trans-diOH-CBZ; C and F) by P. ostreatus in GP medium (left) and during solid-state fermentation on cotton stalks
(right). Plotted values are means + SD of three replicates. Mass-balance data are presented by dashed lines and open sympols.

(on the basis of comparison with CBZ ozone treatment).*
Identification of TP 251, cis-diOH-CBZ, 10-methoxy-CBZ, 9-
acridine carboxylic acid, acridine, acridone, 9-acridine carbox-
aldehyde, 1-(2-benzaldehyde)-(1H,3H)-quinazoline-2,4-dione
(BQD), 1-(2-benzoicacid)-(1H,3H)-quinazoline-2,4-dione
(BaQD), TP 267, TP 286, TP 281, and TP 272 was based
on a comparison with data generated by electrochemical
oxidation as detailed elsewhere.”’! Distinguishing between cis
and trans isomers was according to retention time (3.80 and
5.47 min, respectively). Identification of 9-OH acridine, OH-9-
acridine carboxylic acid (a—d), 10-OH-CBZ, TP 297, TP 254,
and TP 208 (Table 1) is detailed in the Table S3.

B RESULTS AND DISCUSSION
Degradation of CBZ: Substrate Effects. When P.

ostreatus was cultivated in liquid GP medium, 99% dissipation
of CBZ was observed (Figure 1A). After 7 days, CBZ was
transformed to EP-CBZ (78%) and diOH-CBZ (13.5%), which
were the only metabolites formed under these conditions.
Because no other TPs were identified in this experimental
setup, we suggest that about 10% of the added CBZ was sorbed
to the fungal biomass, as observed previously.”'” When EP-
CBZ was applied as the primary substrate (Figure 1B), ~50%
of it dissipated, ~35% was transformed to diOH-CBZ, and the
mass balance was 87%. This may suggest that either EP-CBZ is
transformed by additional pathways or its degradation rate is

slower than that of diOH-CBZ. Both assumptions were ruled
out because no other metabolites were identified in this system.
As suggested for CBZ, it is likely that 13% of the added EP-
CBZ was sorbed to the fungal biomass. When diOH-CBZ was
introduced as the primary substrate (Figure 1C), its level was
stable, and no TPs were detected. It was concluded that in rich
liquid medium, P. ostreatus cannot metabolize diOH-CBZ,
making it a dead-end product. In uninoculated GP medium
controls, concentrations of CBZ, EP-CBZ, and diOH-CBZ
were constant during the entire incubation period, demonstrat-
ing that in the inoculated cultures removal of CBZ and EP-CBZ
was biological and occurred solely by P. ostreatus.

Our hypothesis was that during solid-state fermentation
using natural lignocellulosic substrate (i.e, cotton stalks) P.
ostreatus physiology and its enzymatic profile would be tuned
toward lignin degradation.””*’ This might affect the trans-
formation pathway and lead to the formation of additional
metabolites. Indeed, when CBZ was introduced as the primary
substrate on cotton stalks, major differences in its fate as
compared to that in liquid medium were observed (Figure 1D).
EP-CBZ accumulated to a lower level, and diOH-CBZ
comprised less than 1% of the initial CBZ amount.
Furthermore, in contrast to the liquid medium, mass-balance
analysis revealed that the sum of CBZ and it TPs decreases
during the incubation period constituting only 50% of the initial
CBZ amount after 60 days of incubation (Figure 1D).
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Figure 2. Proposed pathways for CBZ metabolism by P. ostreatus during solid-state fermentation on cotton stalks. Transformation products are
marked with numbers as detailed in Table 1; reactions are marked with letters (A—V).

Differences between the two media were also observed when
EP-CBZ was used as the primary substrate (Figure 1E): 90% of
the added EP-CBZ dissipated, and diOH-CBZ did not
accumulate. This suggested that other degradation products
besides diOH-CBZ had been formed. Under solid-state
conditions, diOH-CBZ as the primary substrate exhibited
significant dissipation (Figure 1F). These results suggest that
under these conditions the complex enzymatic systems
produced by the fungus are capable of further transforming
this metabolite unlike the dead-end scenario observed for the
GP medium. In uninoculated cotton stalk controls, concen-
trations of CBZ, EP-CBZ and diOH-CBZ were constant
throughout the incubation period.

Proposed Pathway for Transformation of CBZ during
Solid-State Fermentation. A total of 24 TPs were tentatively
identified when CBZ was metabolized by P. ostreatus during
solid-state fermentation (Table 1 and Figure 2). A combination
of electrochemical oxidation and LC—HRMS proved to be very
useful in detecting and identifying many of these TPs.”' To
better understand the transformation pathways, the main CBZ
metabolites were used separately as primary substrates, and the
TPs were analyzed at several time points during incubation.
This approach enabled us to cluster the TPs into the proposed

subpathways and to detect TPs that were below detection levels
when CBZ was the primary substrate.

CBZ transformation by P. ostreatus during solid-state
fermentation on cotton stalks could be divided into three
subpathways. The main pathway was oxidation of CBZ to the
reactive and pharmacologically active EP-CBZ** (Figure 2,
reaction A), by either cytochrome P-450 or manganese
peroxidase or both, as has been shown to occur in liquid
culture."” Then, further hydrolysis of EP-CBZ to diOH-CBZ
occurred (Figure 2, reaction B). This reaction is known to be
catalyzed by epoxide hydrolase in human and rat liver.”
Because epoxide hydrolase genes are found in the P. ostreatus
genome (JGI genome database of P. ostreatus PC9 v1.0),>* we
suggest that these gene products catalyze the hydrolysis of EP-
CBZ in P. ostreatus as well. EP-CBZ was also metabolized via
the acridine pathway (Figure 2, reactions E—K), and diOH-
CBZ was further transformed to a variety of compounds
(Figure 2, reactions L—V). CBZ was metabolized via two
additional pathways (Figure 2, reactions C and D): Reaction C
(methoxylation of CBZ) formed 10-methoxy-CBZ. Methox-
ylation and methylation reactions are well-known to occur
during lignin degradation by whlte rot fungi, along with
demethoxylation and demethylation."” Similar reactions are
active during the degradation of chlorinated aromatic

12356 DOI: 10.1021/acs.est.5b02222
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Figure 3. Peak area trends of carbamazepine as primary substrate and transformation products identified during its dissipation by P. ostreatus grown

on cotton stalks. Plotted values are means + SD of three replicates.

compounds by Phanerochaete chrysosporium.”® However, it was
suspected that methylation might be due to the use of methanol
in the extraction. Upon repeated extraction with acetonitrile,
TP 286 was still observed, showing that P. ostreatus was indeed
able to methylate the TPs. The peak area of 10-methoxy-CBZ
showed a decreasing trend, which might indicate further
transformation or demethoxylation redirecting the reaction
toward the parent compound. Reaction D (Figure 2) led to the
formation of TP 251 (proposed structure; Table 1 and Figure
2). This compound can be formed via monohydroxylation of
CBZ to 2-OH-CBZ and subsequent formation of iminoqui-
none, followed by internal cyclization of the carbamoyl group
with the carbon in position 6. However, these intermediate
products were not detected in any of the samples. This might

be due to their rapid transformation to TP 251. Transformation
of CBZ to 2-OH-CBZ and formation of the reactive metabolite
iminoquinone have been shown to occur in the human liver.*®
TP 251 seems to be quite stable because its peak area showed
an increasing trend during the incubation period (Figure 3).
Two subpathways were derived from EP-CBZ, one leading to
both cis- and trans-diOH-CBZ (Figure 2, reaction B), and the
second leading to a variety of acridine-like TPs (Figure 2,
reaction E). Formation of the uncommon isomer cis-diOH-
CBZ (Table 1) seemed to be minor because its peak area was
smaller than that of trans-diOH-CBZ (Figures 3 and 4). Both
diOH-CBZ isomers were detected when EP-CBZ was applied
as the primary substrate, and they showed a similar increasing
trend followed by a slight decrease at the end of the incubation
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Figure 4. Peak area trends of 10,11-epoxy carbamazepine as primary substrate and transformation products identified during its dissipation by P.
ostreatus grown on cotton stalks. Plotted values are means + SD of three replicates.

(Figure 4). To the best of our knowledge, there is no evidence
for biological cis-hydrolysis of EP-CBZ.

Reaction E (Figure 2) led to the formation of 9-acridine-
carboxaldehyde (Table 1), which is known to be toxic and
reactive. This compound is formed from EP-CBZ by loss of the
carbamoyl moiety accompanied by a contraction of the seven-
membered ring of EP-CBZ into a six-membered ring.37 Indeed,
when 14C-carbonyl-labeled CBZ was used as the substrate, *C-
CO, release amounted to 17.4% of the initial radioactivity after
63 days of incubation. *C-CO, formation rate was maximal
during the third week of incubation; then a slow, yet constant,
C-CO, release was observed until the end of the experiment
(Figure S2). These may represent different reactions in the
transformation pathway (e.g, reaction E and V, Figure 2).
Incubation of *C -CBZ in soil resulted in mineralization of
only 1% of *C-CO, released after 120 days, demonstrating its
extreme stability in natural environments.”® Reaction E (Figure
2) has been shown to occur in the peripheral blood of patients
treated with CBZ.*’ Direct formation of 9-acridine-carbox-
aldehyde from CBZ has also been shown to occur in activated
leukocytes under strong oxidative conditions.”” However, in the
current study, its peak area reached a maximum during the first
week of incubation with EP-CBZ as the substrate but only after
S weeks with CBZ as the substrate (Figures 4 and 3,
respectively). This supports our hypothesis that under solid-
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state fermentation conditions 9-acridine-carboxaldehyde is
formed from EP-CBZ rather than directly from CBZ. This
difference in the timing of formation of a certain TP in
emphasizes the advantages of using metabolites as primary
substrates for elucidating pathways. 9-Acridine-carboxaldehyde
is highly reactive and has been previously reported to bind
covalently to neutrophils.* The next reaction was cleavage of
the aldehyde moiety of 9-acridine-carboxaldehyde, leading to
acridine formation (Figure 2, reaction F,). This was concluded
by the time profile of acridine formation in both the CBZ and
EP-CBZ experiments (Figures 3 and 4, respectively).
Interestingly, 9-acridine-carboxaldehyde was also detected in
samples in which acridine has been added as the primary
substrate, meaning that the opposite reaction is also possible
under these conditions (ie., acridine can undergo addition of
an aldehyde group; Figure 2, reaction F,). This reaction has
never been reported in either biological or chemical systems.
Acridine was further oxidized to 9-OH acridine (Figure 2,
reaction G), which was subsequently transformed to acridone
(Figure 2, reaction H). To verify this pathway, we also applied
acridine as a primary substrate (Figure S3) and found the
presence of 9-OH acridine to increase first, followed by that of
acridone, indicating that 9-OH acridine is an intermediate
between acridine and acridone (Figure S3). Acridine is toxic to
both aquatic and terrestrial organisms,*"** and its oxidation to
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acridone is a well-known biological detoxification process, the
latter being considered nontoxic.” This oxidation occurs by the
enzyme aldehyde oxidase in rat liver cells as well as in mussel
and other aquatic invertebrates.”” Genes encoding such
enzymes have been found in the P. ostreatus genome (JGI
genome database of P. ostreatus PC9 v1.0).”* In both
treatments, when EP-CBZ and acridine were used as the
primary substrates, the acridone peak area showed a decreasing
trend after 2 weeks of incubation, indicating that it is
subsequently transformed (Figures 4 and S1). However, we
were not able to detect any downstream TPs. This is in
agreement with the fact that in a previous report no further TPs
were detected during acridone removal in biological systems.”’
An additional subpathway derived from 9-acridine-carboxalde-
hyde was oxidation, forming the toxic and reactive 9-acridine
carboxylic acid (Figure 2, reaction I). This reaction has been
shown to occur during activated sludge treatment.””
Subsequent hydroxylation of 9-acridine carboxylic acid
formed all four possible isomers of OH-9-acridine carboxylic
acid (Figure 2, reaction J), with the peak areas of all showing a
moderate decrease starting from day 21 (Figures 4 and S3).
Formation of OH-9-acridine carboxylic acid has been reported
during activated sludge treatment and in contact with sand filter
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material;”” however, in none of those treatments were all four
isomers detected. In both treatments in which EP-CBZ and
acridine were applied as a primary substrate, a methylated form
of OH-9-acridine carboxylic acid (TP 254) was detected
(Figure 2, reaction K), also showing a decreasing trend and
suggesting possible further transformation or demethylation
back to OH-9-acridine carboxylic acid.

The proposed pathway of trans-diOH-CBZ transformation
by P. ostreatus under solid-state fermentation conditions could
be divided into five subpathways (Figure 2, reactions L, O, S, U,
and V). The pathway leading to BQM, BQD, and BaQD
(Figure 2, reactions L—N) has been discussed extensively
during ozonation of CBZ**** and upon UV irradiation of EP-
CBZ.** In the case of CBZ, ozone attacks and cleaves the 10—
11 bond, forming 1-(2-benzaldehyde)-4-hydro-(1H,3H)-quina-
zoline-2-one (BQM), which is subsequently oxidized to BQD
that is then oxidized by OH radicals to BaQD. During lignin
degradation by white-rot fungi, free radicals are formed, and the
conditions are highly oxidative.” Thus, we suggest that the
mechanism of the BQD pathway in P. ostreatus is similar with a
few modifications. First, because TPs of the BQD pathway were
all detected in the trans-diOH-CBZ treatment, we conclude
that under these conditions BQD is not formed directly from
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CBZ or EP-CBZ but rather only from trans-diOH-CBZ.
Second, BQM was identified only as a methoxylated derivative
(TP 281, Table 1); thus, we suggest that BQM was formed
from trans-diOH-CBZ and then oxidized to BQD (Figure 2,
reaction M). BQM methoxylation to TP 281 (Figure 2,
reaction Q) can occur either in vivo, in parallel to its oxidation,
or during the extraction procedure with methanol, as already
noted. In samples in which CBZ was the primary substrate, the
peak area of TP 281 showed an increasing trend with a slight
decrease at the end of the incubation (Figure 3). However, in
samples with trans-diOH-CBZ as the primary substrate, it
decreased rapidly, suggesting a further transformation (Figure
5), possibly oxidation to TP 297 (methoxylated BQD; reaction
R, Figure 2). The peak area of BQD showed a decreasing trend
after 14—21 days of incubation with CBZ and EP-CBZ (Figures
3 and 4, respectively), indicating its further oxidation to BaQD
(Figure 2, reaction N). However, in trans-diOH-CBZ samples,
it showed a moderate increase throughout the entire incubation
period (Figure S). This might be explained by a rapid formation
rate when trans-diOH-CBZ is the primary substrate (vs CBZ
and EP-CBZ), which may lead to its accumulation.

Similar to BQM, BQD can be methoxylated to TP 297 either
in vivo or during the extraction procedure. BaQD showed an
increasing trend in all treatments (Figures 3—5), followed by a
slight decrease, most prominently with EP-CBZ as primary
substrate (Figure 4). This suggests further, albeit very slow
transformation. BaQD formed during ozonation has been
shown to be resistant to microbial degradation in a sand filter.”®
An additional pathway leading to BaQD was from trans-diOH-
CBZ via TP 267 (Figure 2, reactions O and P). The latter
formed from trans-diOH-CBZ by 10—11 bond cleavage
followed by intramolecular ring closure and dehydration
(Figure 2, reaction O); TP 267 then underwent an internal
rearrangement followed by oxidation, forming BaQD (Figure 2,
reaction P). This is compatible with the decreasing peak area of
TP 267 at longer incubation times (Figures 3 and $).
Formation of BaQD from TP 267 is also supported by the
CBZ transformation observed during electrochemical oxida-
tion.”!

Reaction S (Figure 2) was hydrolysis of the carbamoyl
moiety of trans-diOH-CBZ to a carboxylic acid group, forming
TP 272. To the best of our knowledge, this reaction has never
been reported. A proposed mechanism might be similar to that
of the transformation of atenolol to atenolol acid by
amidohydrolase produced by bacteria (EAWAG biocatalysis/
biotransformation database).” The methylated form of TP 272
(TP 286) was identified in both CBZ and trans-diOH-CBZ
samples (Figure 2, reaction T).

Reaction U (Figure 2) led to the formation of 10-OH-CBZ,
which was the only product unique to the trans-diOH-CBZ
treatment and was not detected in the control sample. Its peak
area showed a decreasing trend (Figure S) after 2 weeks,
suggesting subsequent transformation.

The fifth pathway (Figure 2, reaction V) led to TP 208,
formed by dehydrogenation of trans-diOH-CBZ followed by
elimination of the carbamoyl group. This compound has been
reported to form from CBZ during oxidation by ferrate via
electrophilic attack on the 10—11 double bond. CBZ-ketol is
then formed by electron transfer from CBZ to the oxidant,
accompanied by hydrolysis of the carbamoyl group.”
Formation of CBZ-ketol has also been described to occur
during activated sludge treatment via dehydrogenation of trans-
diOH-CBZ. However, TP 208 was not identified in the latter

study but rater was proposed as an intermediate to the
formation of 9-acridine carboxaldehyde. Nevertheless, this was
not the case in the current study because we identified 9-
acridine carboxaldehyde only in samples treated with EP-CBZ.
Moreover, the peak area of TP 208 showed an increasing trend
throughout the entire incubation period in both CBZ (Figure
3) and trans-diOH-CBZ (Figure S5) treatments, meaning that
under these conditions it is not further transformed.

This work highlights the effect of growth conditions on the
biotransformation pathways of xenobiotics. Under certain
conditions, a wide array of TPs can form. Hence, using the
major metabolites as primary substrates can be a rational and
feasible approach to elucidate the transformation pathways.

B ENVIRONMENTAL IMPLICATIONS

The widely used anticonvulsant pharmaceutical CBZ exhibits
limited removal efficiency during conventional wastewater
treatment and is recalcitrant to degradation by natural soil
microorganisms.***” CBZ has been shown to be taken up by
crops irrigated with reclaimed wastewater'™*’ and may
negatively affect both humans and the ecosystem.””™> Thus,
this xenobiotic is targeted for advanced chemical and physical
treatments.'®**~* In this paper, we described an alternative,
environmentally friendly, biological treatment for CBZ
degradation. Environmentally relevant CBZ concentrations
were applied using our solid-state fermentation. CBZ was
introduced at concentration of 25 ug g~' cotton stalks, whereas
in biosolids, CBZ concentration was reported in a range of
3.4-258 ug kg_l.54 The higher concentrations used in some of
the experiments enable us to detect and identify TPs. In
addition, the elimination rate of CBZ was similar in both liquid
and solid-state mediums at much lower concentrations (1 and
0.025 ug g™, respectively),17 as noted in Figure S4. In this case,
the applied CBZ concentration is even relevant for its
concentration in reclaimed wastewater.**

The transformation efficiency of CBZ has been shown to be
dependent on environmental conditions, leading to different
metabolic pathways involving different TPs. Growing the
fungus P. ostreatus under solid-state-fermentation conditions
on lignocellulosic substrate in the presence of CBZ enabled the
latter’s further degradation, probably because of the activity of
the ligninolytic system. The degradation of many other
aromatic pollutants, such as polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, dyes, and explosives, has been
attributed to lignin-degrading enzymes." Another white-rot
fungus, T. versicolor, was able to degrade pharmaceutical
compounds in nonsterile sewage sludge’’ and in a fluidized-
bed bioreactor fed with nonsterile urban wastewater.’ The
potential and limitations of using wood-decay fungi for
bioremediation have been discussed over the years.’”*®
Combining these data with those described here suggest the
practical application of white-rot fungi as a valid option for the
treatment of pollutants. However, before applying a new
treatment method, it is important to thoroughly understand the
transformation pathways occurring under different environ-
mental conditions to ensure that new hazardous are not
produced and new potential risks are not evolved.
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HPLC conditions used to separate CBZ, EP-CBZ, and
diOH-CBZ (Table S1), the MRM parameters for
quantification of CBZ, EP-CBZ, and diOH-CBZ (Table
S2), identification of TPs formed during solid-state
fermentation (Table S3), "*C-CBZ labeling (Figure S1),
the accumulation of '*C-CO, formed during degradation
of **C-CBZ by P. ostreatus in solid-state fermentation on
cotton stalks (Figure S2), peak area trends of TPs
identified during the dissipation of acridine (Figure S3),
and removal of CBZ at an environmentally relevant
concentration during growth on cotton stalks (Figure
s4).(PDF)
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