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Abstract

The biotransformation study of difficult-to-degraolgioid analgesic methadone (MTHD) was
performed by activated sludge culture adapteddb boncentration of methadone (10 mg/L).
The study included determination of eliminationékins of the parent compound, taxonomic
characterization of microbial culture, identificati of biotransformation products (TPs) and
assessment of ecotoxicological effects of biotrammsétion processes. The chemical analyses
were performed by ultra-performance liquid chrorgaaphy/quadrupole-time-of-flight mass
spectrometry, whereas the ecotoxicological assegswes made based on determinations of
toxicity to freshwater algae. Changes of the adhgledge culture during the experiment
were followed using the 16S rRNA gene amplicon seging. Depending on the
experimental conditions, the elimination efficienmymethadone (10 mg/L) varied from 9%
to 93% with the corresponding half-lives from 1#lays and 1.5 days. A significantly faster
elimination (ty» from 1.5 days to 5.8 days) was achieved at comBtabonditions, using
glucose-containing media, as compared to the axpats with MTHD as a single organic
carbon sourcet{, = 11.4 days). Moreover, increased biotransformatite following the
additional supplementation of ammonia, revealed assible importance of nitrogen
availability for the transformation at cometabobtonditions. The elimination of parent
compound was associated with the formation of fediht TPs, two of which were identical
to main human metabolites of MTHD, 2-Ethylidene-dighethyl-3,3-diphenylpyrrolidine
(EDDP) and 2-ethyl-5-methyl-3,3- diphenyl-1-pyrr@i (EMDP). EDDP represented over
90% of the total TP concentration at the end ofeexpent. The biodegradation of MTHD
was associated with a pronounced drop in algalciiyxi confirming a rather positive

ecotoxicological outcome of the achieved biotrarmeftion processes.
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1. Introduction

Methadone is a synthetic opioid with analgesic vagti It is commonly used to treat
addictions to opiates, especially to heroin, ad a&in treatments of moderate to severe pain.
After consumption, MTHD is excreted either in itsginal or metabolized form. The major
excretion products include the parent compoundlfts®-Ethylidene-1,5-dimethyl-3,3-
diphenylpyrrolidine (EDDP; major human metaboligg)d 2-ethyl-5-methyl-3,3- diphenyl-1-
pyrroline (EMDP; minor human metabolite), with largndividual variations in excretion
percentages (e.g. Preston et al., 2003; Kreek,et983; Baselt, 2008). Based on the available
published data, the average EDDP/MTHD ratios imeurand untreated wastewater were
estimated to be 2.06 and 1.97, respectively (Thaiale 2016). Like many other
pharmaceuticals, MTHD is a widely present watertaonnant, whose removal in wastewater
treatment plants (WWTPS) has been reported totherdow (e.g. Boleda et al., 2009; Terzic
et al., 2010). Consequently, it is rather ubigusteontaminant which is frequently detected in
wastewater treatment plant effluents (from sevegdl to several hundred ng/L) (e.g. Berset
et al., 2010, Bijlsma et al., 2012., Boleda et2009; Castiglioni and Zuccato, 2010; Terzic et
al., 2010; Krizman et al., 2016; Cosenza et all80surface waters (from several ng/L to
several tens ng/L) (e.g. Baker and Kasprzyk-Hord2@11; Berset et al., 2010; Castiglioni
and Zuccato, 2010; Mastroianni et al., 2016; Meadetz al., 2014) as well as in tap water
(from < 1 ng/L to several ng/L) (Boleda et al., 20Mendoza et al., 2016). Moreover, it was
shown that WWTPs, receiving substantial inflowsrirpharmaceutical formulation facilities,
can become significant hot-spots with dramaticatyranced opioid concentrations (Phillips
et al., 2010). Consequently, there is a need taaugthe knowledge on the approaches
suitable for the reduction of MTHD environmentalincentrations to mitigate the potential
environmental risks associated with the exposureMidHD. However, it should not be

neglected that both abiotic and biotic removal afegmt compounds may potentially be
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associated with the formation of different transiation products (TPs), some of which
might be characterized by rather high persistened/oa unfavorable ecotoxicological
properties (Escher and Fenner, 2011). Abiotic fangations of MTHD have been studied
by several research groups (e.g. Gonzalez-Marirad. e2015; Hsieh et al., 2018; Postigo et
al., 2011), who reported a prominent EDDP formaegher in water chlorination as well as
in photodegradation experiments. By contrast, thentedge on MTHD biodegradability as
well as its biotransformation products is stillh@t limited. Some of the model in-sewer
stability experiments indicated rather high in-sestability of MTHD (van Nuijs et al., 2012;
Senta et al., 2014), whereas some other studigni(Rat al., 2016; Gao et al., 2017) indicated
rather efficient elimination of MTHD in the risingain sewer and gravity sewer. The latter
studies, however, were focused exclusively on dremqt compounds, while the mechanisms

included in MTHD removal remained unknown.

The aim of the present study was, therefore, tdystiie ability of the activated sludge culture
adapted to high concentration of MTHD (10 mg/L) degrade MTHD under aerobic
conditions. The study included growth of a mixedcmobial culture in the laboratory
conditions in the presence of MTHD, its taxonomi@mmcterization, determination of the
removal kinetics of the parent compound at elevatattentration typical of pharmaceutical
formulation facilities, identification of biotrarmfmation products (TPs) and ecotoxicological

evaluation of the biotransformation.

2. Materials and methods

2.1. Chemicals and reagents
Methadone (MTHD) and 2-Ethylidene-1,5-dimethyl-8ijghenylpyrrolidine (EDDP) as well

as their deuterated analogues (MTHD-d3 and EDDPvd®e purchased from Lipomed
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(Arlesheim, Switzerland), whereas 2-ethyl-5-metBya-diphenyl-1-pyrroline (EMDP) was
obtained from Sigma-Aldrich (Steinheim, GermanyheTpurity of the reference materials
used for confirmatory purposes was98%. Chemicals used for growth media were of
analytical grade purity while those for moleculaalyses were of molecular grade and were
supplied by Sigma-Aldrich (USA) and Kemika (Zagrebroatia). Difco LB agar was
obtained from BD (USA). Ammonium chloride (purity99.5%) was purchased from Gram-
mol (Zagreb, Croatia). Formic acid (LC-MS gradeil ammonium formate (purity 99%)
were purchased from Sigma-Aldrich. All other cheaisaused for biodegradation media were
of analytical grade purity and supplied by Kemikkadgreb, Croatia). LC-MS grade solvents
(acetonitrile and methanol) were products of J. Takdd (Deventer, the Netherlands).
Ultrapure water was produced using an Elix-Millis@stem (Millipore, Bedford, MA, USA).
Solid-phase extraction (SPE) cartridges Oasis H&® r(ig/3 mL) were supplied by Waters
(Milford, MA, USA). The individual stock solution6l0 mg/mL and 1 mg/mL) of MTHD

were prepared in LC-MS grade methanol.

2.2. Selection and preparation of microbial culturesfor preliminary biodegradation

experiments

Four activated sludge cultures (AS-1, AS-2, AS-8 &5-4) were selected for preliminary
experiments of MTHD degradation (Table S3). Thewek AS-1, AS-2 and AS-3 originated
from the aeration tank of the Central wastewateattnent plant of the city of Zagreb and
were previously enriched on three different amir@aty containing compounds:
azithromycin (10 mg/L), tramadol (20 mg/L) and MTH@0 mg/L), respectively. The
cultures AS-1 and AS-2 were previously proven toabke to degrade macrolide antibiotics

(Terzic et al., 2018) and tramadol (unpublishedaljatespectively. Before being used in
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preliminary MTHD biodegradation experiments, thdtune AS-1 was adapted to high
concentrations of MTHD (10 mg/L) for 9 months, wéas tramadol-degrading culture AS-2
had no prior MTHD adaptation period. The microlgalture AS-4 was collected from the
aeration tank of a small membrane bioreactor usettéatment of hospital wastewaters and
enriched on MTHD (10 mg/L) for 10 months.

For both adaptations and enrichments, all activabtedge cultures were grown in phosphate-
buffer minimal salts medium pH 7.3 (MSM) (Petric &k, 2007) with details on its
composition provided in the Supplementary mateiafferent combinations and ratios of
organic carbon (glucose) and nitrogen @8H source were used during growth experiments
with the aim to test ability of sludge culturesgtmw on MTHD used as a sole organic carbon
or nitrogen source or to grow cometabolically andluded: (i) addition of glucose (500
mg/L), (ii) addition of NHCI (100 mg/L), (iii) addition of glucose and NEI (C/N=10:1)
and (iv) addition of glucose and NEI (C/N=18:1) in the MSM. During both adaptatiordan
enrichment growth activated sludge cultures wereryev-10 days transferred (10% of the
culture) into fresh MSM supplemented with MTHD (&@®/L) and flasks were shaken on a
rotary shaker (180 rpm, 3D). MTHD, dissolved in methanol, was added into gnflasks,
evaporated under sterile hood after which MSM amgbkments were added to the flasks.
Only those cultures showing turbidity, i.e. changestheir optical density (OD) during

growth, were selected for further preliminary MTHBgradation experiments.

2.3. Methadone biodegradation experiments and culture growth

2.3.1. Inoculum and media preparation for biodegradation experiments

Inoculum for all biodegradation experiments wasppred by growing activated sludge
cultures in MSM supplemented with MTHD (10 mg/L)HRCI (100 mg/L) and glucose (500

mg/L) for 3 days on a rotary shaker (180 rpnf G0 Cultures were pelleted by centrifugation
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(8944 g) for 5 min and cells were resuspended eshfrMSM. In the preliminary MTHD
biodegradation experiments, the inoculum was pezpat the final concentration of 5 g/L
(wet weight) and for the main MTHD biodegradatioqperiments, the final concentration of

inoculum was increased to 10 g/L (wet weight).

2.3.1.1. Preliminary MTHD biodegradation experiments

Inoculum prepared as indicated above was addecEimémmeyer flasks containing 30 mL of
MSM, supplemented with MTHD (10 mg/L), glucose (addas C source) and NEI (added
as N source). Preliminary experiments included factivated sludge cultures (Table S3).
Abiotic control experiments (without the additiohlmacterial cells) were performed as well.
Cultures prepared in this way were incubated fodds on a rotary shaker (180 rpm, 30°C).
Culture samples and controls (1 ml) were colleeteday 0 and day 13, centrifuged (8944 g,
5 min), and recovered supernatant was used foinpnelry analyses in order to gather

information necessary for the optimization of thaimexperiments.

2.3.1.2. MTHD biodegradation experiments with selected AS-2 culture

Based on the results of the preliminary experimetite most active culture AS-2 was
selected for all further MTHD biodegradation expeents, which were conducted in 45 ml of
the MSM, supplemented with MTHD (10 mg/L) and i (100 mg/L).

In order to determine the relative importance ahetabolic conditions, the experiments were
performed in two ways: i) with (w/) and ii) witho@iv/o) addition of glucose (500 mg/L).
These biodegradation experiments were performedpticate.

In order to test the importance of nitrogen avaliigh an additional separate biodegradation

experiment was carried out at cometabolic condstigglucose-containing media), in two
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inoculated Erlenmeyer flasks. On th&! 2lay of this experiment, one of the flasks was
subjected to an additional N-supplementation (1@0Lnef NH,CI).

All biodegradation experiments included abiotic ttols performed in uninoculated flasks.
During 14-day biodegradation experiments conducteda rotary shaker (180 rpm, 30°C),
samples were collected with the following dynami@$:for chemical analyses and OD
measurements (1 mL) at days O; 1; 2; 3; 4; 6; 71B;and 14; (ii) for molecular-based
analyses (1 mL) at days 0; 3; 4 and 7 (iii) fortegaological analyses (5 mL) at days 0 and
14. For chemical and ecotoxicological analyses sgiant was collected after centrifugation
(8944 g), whereas the pellet obtained after cemafion was stored at -ZD and
subsequently used for DNA extractions.

Changes in biomass concentration during MTHD bicaéation experiments were followed
by measuring changes in OD, which was determinedtsgphotometrically at 600 nnm 1

mL aliquots .

2.4. DNA extraction, 16S rRNA amplicon sequencing and analysis

Total genomic DNA was extracted from the bacteridtures collected at days 0 and 4 after
beginning of the biodegradation experiment by udllugleospin Microbial DNA extraction
kit (Macherey-Nagel, Germany) following manufactureastructions. Details on the
extraction are given as a Supplementary material.

Extracted DNA samples were sent for 16S rRNA liprpreparation and lllumina MiSeq
sequencing to MR DNA (www.mrdnalab.com, Shallowaiex, USA). 16S rRNA gene V4
variable region was amplified in the samples byggrimers 515/806 with barcode on the
forward primer in a single-step 30 cycle PCR uding HotStarTaq Plus Master Mix Kit

(Qiagen, USA) with PCR program included in the Sapentary material. Multiple samples
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were pooled together (e.g., 100 samples), purifisithg calibrated Ampure XP beads and
used to prepare illumina DNA library.

Sequencing was performed on a MiSeq platform fahowthe manufacturer’s guidelines
(MR DNA; www.mrdnalab.com, Shallowater, TX, USA) carthe obtained data were
processed using a proprietary analysis pipeline (MRA, Shallowater, TX, USA). OTUs
were taxonomically classified using BLASTn agairsstdatabase derived from RDPII;
http://rdp.cme.msu.edu) and NCBI (www.ncbi.nim.gtv). All sequence data are currently
being deposited in the National Centre for Biotetbgy Information Sequence Read

Archives (SRA).

2.5. Kineticsanalysis
The degradation kinetics was modelled for the-farster kinetics as follows:

c(t) =core™

wherecy is the initial concentration of MTHD at time zewdf) is the concentration of the
MTHD at timet, k is the degradation rate constant)(@ndt is the degradation period in
days. Degradation rate constants were estimate@ebfprming a nonlinear least squares
regression analysis. Goodness of fit was assesseg the fitting value?.

The biodegradation half-lifd(,) was calculated using a following equation:

t1= In 2k

2.6 Analyses of methadone and its transformation products

Before LC-MS analyses the collected samples (1mddeveentrifuged (8944 g) and diluted 5
times in 50 mM ammonium formate. The analysis wasfgomed using ultrahigh-

performance liquid chromatography (UPLC) coupled qoadrupole-time-of-flight mass

spectrometry (QTOFMS). UPLC separation was performging a Waters Acquity UPLC

system (Waters Corp., Milford, MA, USA) equippedthva binary solvent delivery system

10
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and autosampler. The chromatographic separatiopgoged a column (50 mm x 2.1 mm)
filled with a 1.7 um BEH & stationary phase (Waters Corp., Milford, MA, USBjnary
gradients at a flow rate of 0.4 mL/min were appliedthe elution. In the positive ionization
(P) mode the eluents A and B were 0.1% HCOOH inewand 0.1% HCOOH in
acetonitrile, respectively. The eluents used inrtegative ionization (NI) mode consisted of
(A) water and (B) acetonitrile. The analyses inhbgblarity modes were performed by
applying the following gradient: the elution startat 5% B and after a 1 min of isocratic
hold, the percentage of B was linearly increasesDés in 8 min.

The mass spectrometry was performed on a QTOF Branstrument (Waters Micromass,
Manchester, UK) using an orthogonal Z-spray-elegray interface. Nitrogen was used as a
drying gas and nebulizing gas, whereas argon wasl @as a collision gas in MS-MS
experiments. The desolvation gas flow was set @ /@ at a temperature of 300°C. The
cone gas flow was adjusted to 25 L/h, and the sotemperature to 120°C. The capillary
voltages in the Pl and NI mode were 3500 V and 3@00espectively, whereas the cone
voltage in both modes was set to 30 V. The MS desiee collected betweem/z 50 andnm/z
1000, applying a collision energy of 4 eV.

All spectra were recorded using the extended dyoamamge (DRE) option to correct for
possible peak saturations, and the data were tatlés the centroid mode with a scan time of
0.08 s and an interscan time of 0.02 s. To ens@damum accuracy and reproducibility of
the system, all acquisitions were performed usmgndependent reference spray via the lock
spray interface. Leucine enkephaline was appliesl r@$erence mass both in Pl and NI mode.
Targeted MS2 experiments were performed in ordeddntify MTHD TPs.

The data were processed using the MassLynx softimacgporated in the instrument. The
guantification of the parent compounds was perfarrbg using the external calibration

curves. The reference standards used for the gtinaditand quantitative LC-MS analyses
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were prepared in 50 mM ammonium formate in the eatration range of 0.02 - 2.5 pug/mL.
The analytical quality assurance data are givedupplementary Material (Table S1 and S2).
The instrument performance was checked by runniradjity check (QC) analyses after every
10-12 injections. When reference standards were aw#ilable (MTHD TP 324), a
semiquantitative estimates were performed by assynhie same molar response of the TP

and the parent compound.

2.7. Chronic toxicity

2.7.1. Sample preparation

To eliminate the salts contained in the medium usedbiodegradation studies, the samples
for the evaluation of algal toxicity were previopglercolated through Oasis HLB columns.
The sample (5 mL) was percolated through the etitrac cartridges previously
preconditioned with 3 mL of methanol, ultrapure evaand spring water. After the sample
enrichment, the residual salts were washed out fiteencartridge with 3 mL of ultrapure
water and discarded, while the adsorbed analytes wekited with 2 mL of methanol by
applying a gravity flow. The methanol was evapataend the dry residue was re-dissolved
in 0.5 mL of the ISO/FDIS 8692 culture medium. Treeovery and precision of the applied

sample preparation procedure were 69% and 6.9%ectsgely.

2.7.2. Chronic toxicity evaluation

Chronic toxicity of samples was evaluated using fleshwater green algd@esmodesmus
subspicatus (86.81 SAG) grown in ISO/FDIS 8692 culture mediwas,described in detail in
ISO (2004). The test was conducted in 96 micropieltes as described previously (Blaise et
al., 1986; Smital et al.,, 2011) with slight mod#ions (for details see Supplementary

Material). The average specific growth rate waswdated and subsequently used to calculate

12
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the inhibition, and then fitted to a three-parametgmoid dose-response equation. The

dose-response curve 05®,0; was included as a reference standard in all exygerts.

3. Resaultsand discussion

3.1. Selection of microbial culture for methadone biodegradation experiments

Four activated sludge cultures (Table S3) wereimnedrily tested for their capability to
degrade elevated concentrations of MTHD (10 mgflgeaobic conditions. The experiments
were performed by applying 2 different carbon tyagien ratios (C:N = 10 and C:N = 18).
Only 1 out of 4 tested sludge cultures exhibitepatality to partially degrade MTHD (Fig.
S1). The main criterium for the assessment of digi@n capability of the tested sludge
cultures was loss of MTHD with concurrent formatmintransformation products. The active
microbial culture AS-2 removed 33% of MTHD in 13ydawhereas the concentrations of
MTHD remained virtually unchanged in the experinseperformed with the remaining 3
microbial cultures (AS-1, AS-3, AS-4). Slightly regtye removal figures obtained for some
of these cultures, probably can be attributed tapevation losses (about 6%) through the
cotton plug. Regarding different C:N ratios, thghast MTHD removal (33%) was obtained
at C:N ratio of 10. Consequently, all further bigoedation experiments were performed with
the culture AS-2 in the medium having C:N ratio I@0. It should be stressed that the
enrichment procedure was essential for the suadessigradation of MTHD, since the
original activated sludge from WWTP of the cityZdgreb was found to be virtually inactive.
The experiments indicated that the enrichment od&ive microbial culture was rather time
consuming and it is possible that a prolonged (Fibiths) enrichment of microbial cultures

AS-3 or AS-4 would also eventually result in thefility to degrade/transform methadone.
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3.2. Biodegradation of methadone by selected sludge culture

3.2.1. Biodegradation of methadone in the media with and without additional organic

carbon source

The sludge culture AS-2 (see Table S3) selectdlennitial biodegradation experiment was
adapted to MTHD (10 mg/L) over a period of approxiely 4 months before being used in
study of biodegradation efficiency and removal kitgee of MTHD. The experiment was
performed in MSM containing NACI (100 mg/L) in the presence (500 mg/L; cometaboli
conditions) and in the absence of glucose. The MTElDoval curves as well as the abiotic
control curves are presented in Fig. 1. At comdiaboonditions (glucose-containing
biodegradation medium), the enriched microbial weltAS-2 exhibited improved MTHD
removal efficiency of 70% in 14 days, whereasciacentration in the abiotic control was
rather stabile. Based on th&g value of 230 L/kg, determined for the activateddgle in
WWTP of the city of Zagreb, and the residual com@ion of MTHD in the final medium
(2.4 mg/L), the removal of MTHD by adsorption wastimated at 11 %. Moreover, the
possible impact of photo-transformation (Postigalet 2011) was excluded by performing
the experiments in the dark. Consequently, the MTreidoval determined under cometabolic
conditions was primarily attributed to biotransf@tion processes (82% of the total). This
conclusion was additionally supported by the contamh formation of TPs. The removal
efficiency achieved in the medium containing MTHE € 10 mg/L) as a sole external
organic C source, was much lower (9% in 14 days).

The removal curves of MTHD (Fig. 1) were fitted lwvihe first-order kinetic model (Table 1).
The removal kinetics of MTHD was much faster at etabolic conditiongty, = 4.1 days)
then when MTHD was used as a sole organic carborcedy,, = 11.4 days). This probably
can be related to a higher initial biomass growthieved in the presence of glucose as an

additional labile carbon source.
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3.2.2. Impact of additional nitrogen supplementation on biomass growth and methadone

biodegradation

A possible role of nitrogen (N) defficiency in tdecrease of MTHD degradation rate, which
was observed after the second day of the biodetipadaxperiment performed at cometabolic
conditions (see Fig. 1A), was investigated in adittahal separate experiment, by comparing
the degradation kinetics and biomass growth acHievith and without additional nitrogen
supplementation. MTHD removal curves as well asnaiss growth (presented as changes of
optical density) determined in this experiment @resented in Fig. 2. As before, no
pronounced changes were observed in the abiotitatdhroughout the experiment, whereas
the microbial culture AS-2 confirmed the ability lmver MTHD concentration, without and
with additional N-supplementation. However, mucstéa MTHD removal kinetics (Table 1)
and higher removal efficiency (Fig. 2) was obtaimedhe flask receiving the additional N-
supplementationt{, = 1.5 days; 93% removal efficiency) than in thesklawithout the
additional N-supplementatiori;4 = 5.8 days; 63% removal efficiency). The additiohgl
supplementation on thé®day of the experiment was associated with an it biomass
growth on following day (Fig. 2B), whereas the bassa concentration in the flask without
additional N-supplementation remained rather stafter the 2 day of the experiment. This
indicated that a fast N-depletion during the fivgd days of the experiments was probably the
reason of the incomplete MTHD elimination in thepexments without additional N-

supplementation.

3.2.3. Taxonomic characterization of the microbial culture AS-2 capable of MTHD

biodegradation
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Phylogenetic structure of the adapted sludge alA®B-2 and changes in its community
composition occurring during MTHD biodegradatiorpesment were determined based on
the amplicon sequencing of the V4 variable regibthe 16SrRNA gene marker. Sequencing
depth was shown to be around 30 000 reads per sarbping sufficient for adequate
description of AS-2 culture community. Rarefacticnrve shown to reach asymptote,
confirming that the read depth was sufficient, gitleese taxonomic classifiers.

Analyzed samples included culture collected at Dayepresenting inoculum AS-2 culture,
and culture collected at Day 4, representing tinmentpwith highest observed MTHD
transformation activity (experiment performed immatabolic conditions with the additional
N supplementation). Sequencing results, presemtettha Fig. 3, provided high-resolution
analysis of AS-2microbial community composition, up to the taxonorevel of bacterial
species. Both species richness estimates (Chamg)sitly indices (Shannon and Simpson)
(Table S4) and taxonomic identification indicatézaieges in both diversity and structure of
the adapted sludge culture AS-2 during the biodtgran experiment. Culture AS-2
analyzed at Day 0 had lower Chaol, Shannon andsdimygalues when compared to the one
taken at Day 4 (694.125 vs. 1027.018; 3.59 vs.; D288 vs. 0.848), indicating an increase
in the diversity within the community 4 days aftdwe beginning of the biodegradation
experiment. At this time point purple nonsulfur tem@ Rhodoplanes and two
Bacteroidetes/Chlorobi group memberd;lavobacterium and Pedobacter, being characterized
as proficient biopolymer-degrading chemoorganotsppivere shown to appear as new
community members, however, were represented in fawnbers (1% of the total
community). All three bacterial genera are commoislylated from the activated sludge
(Liang et al., 2010; Liu et al., 2018, Zhang et 2017). At highest taxonomic level of phyla
(Fig. 3A) inoculum culture at Day 0 was charactedizoy the dominance dfirmicutes

(representing cca. 50% of the total community), posed solely by the members of class
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Bacilli, and followed by different members Bfoteobacteria (30%) andBacter oidetes (20%)
phylum. At the Day 4, switch in the community walsserved with the enrichment of
Gammaproteobacteria, Betaproteobacteria and Actinobacteria representing more than 40%
of the total bacterial community.

Taxonomic affiliations obtained at the level of gem (Fig. 3B, Table S5) gave more clear
indications on the changes observed at the higixenbmy level. Inoculum culture AS-2 was
dominated by several members of Bagillus genera with majority of sequences identified as
B. megaterium andB. flexus. Their presence in the adapted sludge culturdbeaaxplained by
their stability (spore formation), easily prepavatiand antagonistic effects on pathogens
(Hong et al., 2005) which lead to the wide use ifflecent Bacillus species in wastewater
facility inoculums. At day 4, when high MTHD trawesimation activity was achieved,
Bacillus members were outcompeted Mycobacterium (Actinobacteria), Methylobacillus
(Betaproteobacteria), Enterobacter and Pseudomonas (Gammaproteobacteria) species.
Mycobacterium pulveris, Methylobacillus flagellatus and Pseudomonas (P. plecoglossicida,

P. putida, P. sp.), lowly represented within the inoculum culture gav2%), at Day 4
triplicated in their abundance. Even though theas Ibeen no research into methadone effect
on microorganisms, enrichment with the observed ufaions combined with
ecotoxicological assessment data, could indicaterance of these species to MTHD
metabolite EDDP found in high concentration at thige point. This, in combination with the
low abundance of these populations in the expetimstrowing low MTHD biodegradation
activity (data not shown), further implied their gsthle role in the biotransformation of
MTHD. With no information available on biodegraastiof MTHD, and with results only
based on the DNA analysis, it is difficult to defiAS-2 community member responsible for
the observed MTHD transformation. However, bactesteains identified a$seudomonas

andMethylobacillus are known to degrade an array of different envirental pollutants (e.g.
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Lister at al., 1999; Mardal et al., 201Pseudomonas with vast metabolic versatility are those
species most often studied for their bioremediatcapabilities (Kahlon et al., 2016).
Different Methylobacillus strains were identified as degraders of differeabhtaminants,
including the amine-moiety containing pesticidebcduran (Hanson and Hanson., 1996,
Topp et al., 1993). However, to our knowlediykethyl obacillus or Pseudomonas strains have
not previously been linked to MTHD biodegradati®mce this experiment included likewise
additional N supply, growth of specific bacteriatogps could be likewise linked to
nitrification. No presence of autotrophic nitrifseNitrosomonas, Nitrospira, Nitrobacter)
indicated that oxidation of ammonium during the exmpent was probably conducted by
heterotrophs, such a®seudomonas sp., previously found to conduct heterotrophic
nitrification in laboratory-scale aerobic experinge(Cydzik-Kwiatkowska et al., 2015). Role
in the N cycling could be likewise correlated t@ Bacillus strains, known to possess good
nitrogen removal properties (Rout et al., 2017)su®s implied the importance of further
studies on the possible inhibitory effects of MTHIDd its metabolites on microbially-
mediated biogeochemical processes. At the endjditian to their possible ecological roles,
presence oEnterobacter hormaechei and Mycobacterium pulveris, indicated that clinically
and environmentally relevant bacterial strains areviving in the treated municipal

wastewater (Amha et al., 2017).

3.2.4. Biotransformation products of methadone

Microbial elimination of MTHD was associated witthet formation of 3 different
transformation products (TPs). Figures S2 and SthenSupplementary Material show the
corresponding total ion chromatograms of the bioalégtion media at the beginning and at
the end of MTHD biodegradation acquired in the Rdl & mode. All 3 identified MTHD

TPs were detected in Pl mode (Table 2, Fig. S4 $fdvhereas no additional TPs were
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detected in the NI mode. The full list of identdielPs as well as their retention time,
elemental composition, theoretical/’z values, mass errors and chemical structures are
presented in Table 2. The structural identificatbtdthe detected TPs was performed based on
the elucidation of the chromatographic and accurass-spectrometric data as well as MS2
experiments, and when possible, by confirmatiom wéference standards. The identification
confidence reported in Table 2 followed the fivedkesystem proposed by Schymanski et al.
(2014). The identification of 2 out of 3 identifiedTHD TPs (EDDP and EMDP) was
achieved at the confidence level 1 (confirmatiothweference materials) whereas confidence
level 2b (probable structure by diagnostic evidends, MS2, experimental data) was
assigned to the proposed structure of MTHD TP 324 comparison of the MS2 spectra of
MTHD TPs, which were identified as EDDP and EMDRhwithe corresponding MS2 spectra
of reference materials is given in SupplementaryeMal (Fig. S6 and S7). EDDP is a MTHD
TP formed by N-demethylation and cyclization, wizer&MDP formation includes additional
N-demethylation of EDDP. To the best of our knowjegthis is the first evidence that EDDP
and EMDP, which are well-known human metabolitesMFHD, are also products of
microbial transformations. This finding is, however a good agreement with a report by
Gulde et al. (2016), who pointed out that microlsial mammalian transformation reactions
of a number of different amine-containing contamisawere fairly similar, suggesting that
predicted as well as experimental transformatiota deom the mammalian metabolism of
pharmaceuticals can be used for suspect screempgaches targeted at TPs in the
environment. These findings are in contrast with skudies of in-sewer stability of MTHD
(Ramin et al., 2016, Gao et al., 2017), which iathd the lack of the EDDP net formation
associated with the observed MTHD loss. In additerEDDP and EMDP, a minor novel
product (MTHD TP 324) was also detected in the raizgformation experiments. The

production of the MTHD TP 324 (see Table 2), in€ldda transformation which must have
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occurred at a dimethylamino group, as indicatetVil®2 spectra presented in Fig. S8. This TP
is most probably formed by-C-oxidation to formamide (Gulde et al., 2016). T”iernative
mechanism, which would include N-demethylation aandsequent N-formylation, seems to
be less likely due to the tendency of N-demethgl&dHD to be stabilized by cyclization to
EDDP. For the same reason, the alternative isod@icformed by N-acetylation of doubly
N-demethylated MTHD, does not seem very likely. Pneposed TP structure containing an
amide-group is additionally supported with the pree of the sodium adducts in the MS
spectra of MTHD TP 324 (Fig. Wz 346.1783). Finally, the proposed structure is goad
agreement with the transformation mechanisms iratiw the biotransformation of amine-
containing micropollutants in activated sludge @uét al., 2016).

The most prominent MTHD TP throughout the biodegtesh experiment was EDDP, whose
formation was tightly related to MTHD removal (Fi§). In fact, EDDP represented 82-92%
of the overall MTHD TP concentration throughout teriment, whereas the prevalence of
the remaining two MTHD TPs was much lower. Furthemn rather constant summed-up
molar concentration of MTHD and its TPs throughdbe performed biodegradation

experiment indicated rather high stability of tbenied TPs, primarily EDDP.

3.2.5. Toxicity evaluation

All performed biodegradation experiments were assed with the formation of stable TPs
and none of them achieved complete (> 99%) elinonabf MTHD. Therefore, the
biodegradation media at the end of the individuatlegradation experiments, performed at
different experimental conditions, contained vdeaproportions of the parent compound
(MTHD) and individual TPs, which was reflected dre textent of algal growth inhibition in
these experiments. The removal of the parent congpbevas associated with a decrease Iin

algal toxicity. Moreover, rather good correlatiorf € 0.8895) was obtained between the
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residual MTHD concentrations and the rate of atgalvth (Fig. 5), indicating lower toxicity
of MTHD biotransformation products as compared tdHD itself. This result is fully
supported by E§g values determined in this study, which confirmeghbr toxicity of MTHD
(ECso = 5.42 mg/L) as compared to EDDP @& 10.9 mg/L) and EMDP (Ef = 15.5
mg/L). Consequently, the results obtained in thisdg confirmed a rather positive
ecotoxicological outcome of the biotransformatiogngesses. Similar outcome was reported
by Postigo et al. (2011), who assessed photochéméggadation of MTHD using Vibrio
fischery bioassay. Furthermore, several previoudias, carried out with several other amine-
moiety containing xenobiotics, indicated that tfan®mation on that site might result in a
reduction of toxicity (Lange et al.,, 2006; Rusch at, 2015; Terzic et al., 2018).
Nevertheless, it should be noted that the ecottogocal evaluation in our study was
performed based on one selected endpoint, so waataexclude the possibility that a rather
different outcome might have been obtained usingesother endpoints. For example, the
preliminary ecotoxicological assessment performdith WS EPA TEST software predicted
16 times higher EDDP than MTHD toxicity for Daphmaagna (Gonzalez-Marino et al.,
2015). Although these findings were not experiminteonfirmed, they, together with a
rather high persistence of the formed TPs (see #ig.warrant further ecotoxicological

assessment.

4. Conclusions

One of the most important strategies for the radoctof the exposure to emerging
contaminants via the aquatic route is their bioddgtion. However, for contaminants like
MTHD, which are not easy-to-degrade, this goal banreached only by using enriched
microbial cultures at appropriate experimental d¢omas. MTHD biotransformation is

markedly enhanced in the presence of additionalremabile organic carbon source
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(cometabolic conditions), whereas the degradataie at cometabolic conditions strongly
depends on nitrogen availability. Microbial degraoia of MTHD is associated with a
formation of rather persistent TPs, two of which atentical to its human metabolites, EDDP
and EMDP. This confirms that microbial and mamnmmalimansformations of amine-
containing pharmaceuticals might be similar, whdn be of use in suspect screening
approaches of environmental samples (Gulde e2@L6). The effect-driven evaluation of the
biotransformation process, based on toxicity tca@lgndicated a significant reduction of
toxic effects, however the formation of stable T®Rarrants further ecotoxicological

assessment.
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Table 1. Methadone (MTHD) biodegradation kinetic parameters achieved by using adapted sludge
culture AS-2 by applying different experimental conditions. (w/o glucose - media containing MTHD as a
single organic carbon source; w/ glucose — media containing glucose; w/ additional N supplementation -
additional N supplementation on the 2™ day of the experiment.

k (day™) t1/, (days) r Kinetic model
w/o glucose 0.061 11.4 0.8621 1% order kinetics
w/glucose 0169 41 0.9414 1% order kinetics _
w/o additional N supplementation 0.119 5.8 0.974 1% order kinetics

w/ additional N supplementation 0.450 1.5 0.9338 1* order kinetics




Table 2. Chromatographic and mass spectrometric characteristics of methadone (MTHD) and its transformation products identified in
biodegradation experiments performed with adapted sludge culture AS-2.

Elemental Level of
Compound RT (min) composition m/z theoretical Error (mDa) Structure . "
(M+H]" confidence
I
0] NS
MTHD 6.33 C,1HsNO 310.2171 -0.3 NA
_______________________________________________________________________________________________________________________________ R A
N
MTHD TP 278 —
EDDP 5.67 CyoHuaN 278.1909 +0.1 1
N
/
MTHD TP 264
EMDP 5.79 CigHN 264.1752 +1.5 1
HsC
MTHD TP 324 8.19 Cy1H6NO, 324.1964 -1.3 HaC | 2b

*according to Schymanski et al., 2014; EDDP = 2-Ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine ; EMDP = and 2-ethyl-5-methyl-3,3- diphenyl-1-
pyrroline; RT — retention time; NA — not applicable
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Fig. 1. Biodegradation kinetics of methadone (MTHD; ¢, = 10 mg/L) in model experiments performed by
adapted sludge culture AS-2 in glucose-containing media (cometabolic conditions) (A) and in media
containing MTHD as a sole organic carbon source (B).
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Fig. 2. Impact of additional nitrogen supplementation on biodegradation kinetics of methadone (MTHD;
¢ = 10 mg/L) by adapted sludge culture AS-2 in glucose-containing media (cometabolic conditions) (A)
and on biomass concentration measured as optical density (B).
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Fig. 3. Changes in the structure within the adapted sludge culture AS-2 during MTHD biodegradation
experiment (at Day 0. and 4" Day) grown in glucose-containing media (cometabolically) as revealed
by high throughput amplicon sequencing of the 16SrRNA gene marker represented at the higher
level of bacterial phyla/classes (A) and at the level of major genera (with > 1% relative sequence

contribution) (B)
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Fig. 4. Removal of methadone (MTHD), formation of transformation products (EDDP, EMDP,
MTHD TP 324) and summed-up concentration of MTHD and its TPs (MTHD + MTHD TPs) in
biodegradation experiment performed by adapted sludge culture AS-2 in glucose containing
media (cometabolic conditions). EDDP = 2-Ethylidene-1,5-dimethyl-3,3-diphenyl pyrrolidine;
EMDP = 2-ethyl-5-methyl-3,3- diphenyl-1-pyrroline.
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Fig. 5. Ecotoxicological evaluation of biotransformation of methadone (MTHD) as reflected by
corresponding changes in algal toxicity. Test organism: Desmodesmus subspicatus (86.81 SAG).



Highlights

» Methadone degrading microbial culture was enriched from municipal activated sludge

* Three mgjor transformation products were identified and quantified by UPLC/QTOF-MS
» Two transformation products were identical to human metabolites, EDDP and EMDP

» Thechangesin the enriched culture were followed using 16S rRNA gene sequencing

» Biotransformation of methadone reduced toxicity to algae



