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a b s t r a c t 

In this study, we evaluated the biotransformation mechanisms of lincomycin (LIN) and three fluoro- 

quinolone antibiotics (FQs), ciprofloxacin (CFX), norfloxacin (NFX), and ofloxacin (OFX), which regularly 

enter aquatic environments through human activities, by different ammonia-oxidizing microorganisms 

(AOM). The organisms included a pure culture of the complete ammonia oxidizer (comammox) Nitro- 

spira inopinata , an ammonia oxidizing archaeon (AOA) Nitrososphaera gargensis , and an ammonia-oxidizing 

bacterium (AOB) Nitrosomonas nitrosa Nm90. The removal of these antibiotics by the pure microbial cul- 

tures and the protein-normalized biotransformation rate constants indicated that LIN was significantly 

co-metabolically biotransformed by AOA and comammox, but not by AOB. CFX and NFX were signifi- 

cantly co-metabolized by AOA and AOB, but not by comammox. None of the tested cultures transformed 

OFX effectively. Generally, AOA showed the best biotransformation capability for LIN and FQs, followed 

by comammox and AOB. The transformation products and their related biotransformation mechanisms 

were also elucidated. i) The AOA performed hydroxylation, S-oxidation, and demethylation of LIN, as 

well as nitrosation and cleavage of the piperazine moiety of CFX and NFX; ii) the AOB utilized nitro- 

sation to biotransform CFX and NFX; and iii) the comammox carried out hydroxylation, demethylation, 

and demethylthioation of LIN. Hydroxylamine, an intermediate of ammonia oxidation, chemically reacted 

with LIN and the selected FQs, with removals exceeding 90%. Collectively, these findings provide impor- 

tant fundamental insights into the roles of different ammonia oxidizers and their intermediates on LIN 

and FQ biotransformation in nitrifying environments including wastewater treatment systems. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Antibiotics are widely used to cure human and animal diseases, 

nd are also used as feed additives to promote growth in animals 

 Kümmerer, 2009 ; Sarmah et al., 2006 ). Lincomycin (LIN) and fluo- 
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oquinolones (FQs) are the most widely used groups of antibiotics 

wing to their broad-spectrum activity against diverse bacteria. LIN 

nd FQs have been frequently detected in wastewater treatment 

lants (WWTPs) ( Rodriguez-Mozaz et al., 2015 ; Zhi et al., 2018 ; 

hou et al., 2013 ), rivers ( Danner et al., 2019 ; Gao et al., 2012 ;

ümmerer, 2009 ; Mirzaei et al., 2019 ; Zhou et al., 2011 ), and lakes

 Liu et al., 2018 ; Zhou et al., 2016 ; Zhou et al., 2019b ), with concen-

rations ranging from ng/L to μg/L. Because of their low concentra- 
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ions in the environment, these pharmaceuticals are also referred 

o as micropollutants (MPs). 

The presence of antibiotic MPs in the environment can have 

etrimental effects on ecosystems and human health owing to 

heir recalcitrance. First, LIN and FQs may enhance the spread of 

ntibiotic resistance genes (ARGs) and antibiotic resistance bacte- 

ia (ARBs) ( Bengtsson-Palme and Larsson, 2016 ; Grenni et al., 2018 ; 

lumper et al., 2019 ; Wang et al., 2020 ). Second, the continuous re-

ease of antibiotic MPs such as LIN and FQs into the environment 

an adversely affect the indigenous population of organisms. For 

xample, LIN in the soil affected the denitrification process by in- 

ibiting nitrite reduction ( D’Alessio et al., 2019 ), and it markedly 

ltered bacterial community composition ( Wang et al., 2020 ). The 

resence of ciprofloxacin (CFX) at 0.1 μg/kg wet weight in sed- 

ment samples also affected the bacterial community structure 

 Naslund et al., 2008 ). CFX may further pose a series of adverse

ffects on diverse organisms, including Drosophila melanogaster 

 Liu et al., 2019 ), earthworm Eisenia fetida ( Yang et al., 2020 ),

yanobacteria, and green algae ( Gonzalez-Pleiter et al., 2013 ). 

FQs are recalcitrant to biodegradation in water but are prone 

o adsorb into sediments in aquatic environments or sludge 

n WWTPs ( Rusch et al., 2019 ). Owing to the negative effects 

f FQs and their transformation products (TPs) in the environ- 

ent, the biodegradation of FQs by microorganisms, such as 

ungi and bacteria, has been widely studied ( Brienza et al., 2020 ; 

usch et al., 2019 ). While several microorganisms can biode- 

rade FQs ( Rusch et al., 2018 ; Rusch et al., 2019 ), few studies

ave focused on the biodegradation of FQs in nitrifying condi- 

ions ( Rusch et al., 2019 ). Although LIN can be biodegraded in 

WTPs ( Zhou et al., 2013 ) and biological aerated filter system 

 Chen et al., 2017 ), few studies on LIN-biodegrading microorgan- 

sms or the degradation mechanisms are available. A LIN-degrading 

train was isolated from the LIN mycelial residue, and the gene 

nuB participated in LIN biodegradation based on the analysis of 

egradation products and pathways ( Wang et al., 2018 ) Further- 

ore, co-metabolism technology was employed previously to de- 

rade LIN in wastewater, resulting in the effective degradation of 

IN functional groups ( Li et al., 2016 ). 

Ammonia oxidizers including AOA, AOB, and comammox are 

biquitous in various environments ( Chao et al., 2016 ; Daims et al., 

015 ; Liu et al., 2020 ; Pjevac et al., 2017 ; Prosser and Nicol, 2012 ;

hang et al., 2020 ; Zhao et al., 2020 ). In the nitrifying envi-

onments of WWTPs, AOB represent the majority of ammonia- 

xidizing microorganisms (AOM) ( Mussmann et al., 2011 ); AOA 

nd comammox have also regularly been detected by cultiva- 

ion or molecular tools ( Chao et al., 2016 ; Daims et al., 2015 ;

jevac et al., 2017 ; Sauder et al., 2017). Many MPs can be co-

etabolically biotransformed by AOA, AOB, and comammox strains 

 Han et al., 2019 ; Yu et al., 2018 ; Zhou et al., 2019a ), and the am-

onia monooxygenases (AMOs) of AOM may potentially play an 

mportant role ( Han et al., 2019 ; Yu et al., 2018 ; Zhou et al., 2019a ).

he three phylogenetically distant ammonia oxidizing groups have 

ifferent transformation pathways of ammonia (i.e., comammox 

ompletely oxidizes ammonia to nitrate, whereas AOA and AOB 

nly oxidize ammonia to nitrite) ( Daims et al., 2015 ), enzy- 

atic repertoires ( Caranto and Lancaster, 2017 ; Daims et al., 2015 ;

ajrala et al., 2013 ), and ammonia affinities ( Kits et al., 2017 ). These

mportant differences may result in different metabolic activities 

ransforming MPs ( Han et al., 2019 ; Zhou et al., 2019a ). FQs with

iperazine rings and LIN with an amide moiety can be biode- 

raded by AOM according to previous studies ( Helbling et al., 2010 ; 

elbling et al., 2012 ). To date, there have been no studies on the

iodegradation of FQs and LIN by these three different ammonia 

xidizers. 

The objective of the present study was to evaluate the biotrans- 

ormation mechanisms of LIN and three FQs by three phylogenet- 
2 
cally distant ammonia oxidizers. LIN and three typical FQs, CFX, 

orfloxacin (NFX), and ofloxacin (OFX), were selected for this study 

ased on their frequent detection in WWTPs and aquatic environ- 

ents. Three pure cultures of ammonia oxidizers including N. gar- 

ensis (an AOA strain), N. nitrosa Nm90 (an AOB strain), and N. in- 

pinata (a comammox strain), were used to compare the biotrans- 

ormation abilities of different ammonia oxidizers with different 

haracteristics. Their TPs were identified using LC-HRMS/MS, which 

as used to analyze the proposed MP biotransformation pathways 

f the different ammonia oxidizers. The intermediate products hy- 

roxylamine and nitric oxide of ammonia oxidation were also used 

o evaluate whether it could react abiotically with LIN and FQs. 

. Materials and methods 

.1. Antibiotic selection 

The four antibiotics LIN, CFX, NFX, and OFX were chosen con- 

idering their high frequency of detection in WWTPs and natural 

nvironments ( Danner et al., 2019 ; Kümmerer, 2009 ; Liu et al., 

018 ; Mirzaei et al., 2019 ; Zhou et al., 2016 ; Zhou et al., 2013 ;

hou et al., 2011 ; Zhou et al., 2019b ). Selected MPs were provided

y Dr. Ehrenstorfer GmbH (Augsburg, Germany). Stock solutions of 

arget compounds were prepared in methanol (MeOH) or ethanol 

EtOH) (1 g/L) and stored at -20 °C until use. The physicochemical 

roperties of the target compounds are presented in Table S1 of 

upporting Information (SI). 

.2. Cultivation of nitrifying strains 

The details of the cultivation of the three nitrifying strains 

ave been provided in our previous study ( Zhou et al., 2019a ). Ni- 

rososphaera gargensis , an AOA, was isolated from the outflow of a 

ot spring ( Hatzenpichler et al., 2008 ); Nitrosomonas nitrosa Nm90, 

n AOB strain, was isolated from WWTPs ( Koops et al., 1991 ); Ni- 

rospira inopinata (the only currently available comammox pure 

ulture), was isolated from hot water (56 °C, pH 7.5) raised from 

 1,200 m deep oil exploration well ( Daims et al., 2015 ). A modi-

ed basal medium adjusted to pH 8.0 using 4 M CaCO 3 was used 

n this study. The comammox strain, N. inopinata , and the AOA 

train, N. gargensis were incubated at 42 °C and 46 °C in the dark, 

espectively. The AOB strain isolated, Nitrosomomas nitrosa Nm90, 

as incubated at 80 rpm and 37 °C in the dark. A recently isolated 

OB strain Nitrosomomas nitrosa 18-3D (Han et al., 2021) which 

as 100% 16S rRNA gene similarity with N. nitrosa Nm90 was also 

ested in individual-compound experiment. The two AOB strains 

howed similar MP biotransformation pattern thus we only de- 

cribed results for N. nitrosa Nm90 in the following sections. The 

asal medium was amended with NH 4 Cl (1 mM for comammox, 2 

M for AOA and AOB) once per week as growth substrate. 

.3. Biotransformation experiments 

The target pollutant biotransformation capabilities of the three 

mmonia oxidizers (AOA, AOB, and comammox) were investigated 

sing batch cultures. After incubation, the biomass was collected 

y centrifugation at 8,0 0 0 × g at 10 °C for 30 min, then washed

ith fresh medium to remove nitrite/nitrate, and finally concen- 

rated approximately 2 times. The initial concentrations of total 

rotein in AOA, AOB and comammox treatments are 11.2 ± 1.48 

g/L, 7.8 ± 1.11 mg/L and 15.0 ± 1.98 mg/L, respectively. The stock 

olution of MPs was added into empty sterile bottles first to let 

rganic solvents evaporate before adding culture. 25 mL prepared 

ulture was transferred into 100 mL glass bottles. To avoid the tox- 

city of antibiotics on AOMs, the initial concentration of each com- 

ound in the experiments involving a mixture of antibiotic MPs 
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ere adjusted to 20 μg/L. In the experiments involving a single 

ntibiotic compound for TP analysis, to enhance the instrumental 

ignals of TPs, the initial concentration of each compound was ad- 

usted to 40 μg/L. The bottles were shaken at 80 rpm for ~ 20 min

o re-dissolve the target compounds, and further incubated at the 

ptimal growth temperatures of the corresponding ammonia oxi- 

izers in the dark. 

Liquid samples (~ 0.7 or 0.5 mL) were taken after biomass ad- 

ition at 0 h, 16 h, 24 h, 48 h, 72 h, 96 h, 144 h, 7 d, 10 d, and 14

 for the mixed compound experiments, or every second day over 

 period of 14 days for those of individual compounds. Samples 

ere centrifuged at 80 0 0 × g for 10 min at 4 °C. A 300 μL aliquot

f the supernatant was transferred to a 2 mL- amber glass vial and 

ept at 4 °C until LC-MS/MS analysis. The remaining supernatant 

as stored in 1.5 mL microcentrifuge tubes at 4 °C, which was used 

or measuring ammonia and nitrite/nitrate concentrations. Cell pel- 

ets were stored at -20 °C for measuring the total protein concen- 

rations. 

Abiotic control experiments carried out to investigate the hy- 

rolysis and photodegradation of the parent compounds, and 

heir sorption potential on CaCO 3 precipitates, were set up with 

he basal medium containing either 8 g/L or no CaCO 3 . Heat- 

nactivated biomass controls were set up by inoculating the same 

mount of autoclaved (at 121 °C and 103 kPa for 20 min for two 

ycles) culture. Successful inactivation of heat-inactivated biomass 

sing the same protocol was already tested in our previous exper- 

ments based on no ammonia being used ( Men et al., 2016 ). Am-

onium (2 mM) and nitrite (6 mM) were amended to abiotic and 

eat-inactivated controls to investigate potential abiotic transfor- 

ation of target compounds by nitrite. Biotic controls with active 

icrobial biomass and NH 4 -N only (without target MPs) were also 

et. All treatments were carried out in triplicate. 

.4. Role of hydroxylamine and nitric oxide in antibiotic 

ransformation 

Hydroxylamine (NH 2 OH) and nitric oxide (NO) are ammonia ox- 

dation intermediates by AOA, AOB and comammox. To evaluate 

heir effects on transformation of antibiotics in the cultures of the 

mmonia oxidizers, transformation experiments with MPs after ad- 

ition of NH 2 OH and NO were performed in sterile basal medium 

ith 2 mM ammonia, according to the methodology of our previ- 

us paper ( Yu et al., 2018 ). A mixture of all MPs was added to the

terile medium at an initial concentration of 20 μg/L for each com- 

ound. Then, 10 μM NH 2 OH was added to the medium every 12 h

ver a 168-h incubation period. NONOate (114.3 μM) was added to 

elease NO (~200 μM during the 168-h incubation). Samples were 

ollected at 0, 72, and 168 h for LC-HRMS analysis. 

.5. Analytical method of MPs by LC-HRMS/MS 

For the experiments with mixed compounds, antibiotics were 

nalyzed using a liquid chromatograph coupled to a high- 

esolution quadrupole orbitrap mass spectrometer (LC-HRMS) (Q 

xactive, Thermo Fisher Scientific, Waltham, MA, USA). For LC anal- 

sis, 50 μL of the sample was injected and separated by a C18 

tlantis-T3 column (particle size 3 μm, 3.0 × 150 mm, Waters). 

he mobile phases were nanopure water (A) and acetonitrile (B) 

both amended with 0.1% formic acid) eluted at a flow rate of 

50 μL/min. The gradient elution started at 5% B for 1min, then 

hanged to 100% B in 7 min and maintained for 12 min, and was

nally changed to 5% B in 6 min and maintained for 6 min. The 

ompound detection was completed in full scan mode on HRMS at 

 resolution of 70,0 0 0 at m/z 200 and a scan range of m/z 50 -750

n a ESI ( + )/(-) switching mode. 
3 
For experiments with individual compounds, MPs were ana- 

yzed by Acquity I-class UPLC and Vion IMS QToF MS (Waters, MA, 

SA) using a C18 HSST3 column (particle size 1.7 μm, 2.1 × 100 

m, Waters). The mobile phases were nanopure water (A) and 

cetonitrile (B) (both amended with 0.1% formic acid). The injec- 

ion volume was 5 μL, and the flow rate was 400 μL/min, with 

radient elution (5% B, 0 - 2 min; linear gradient from 5 to 25% B,

 - 5 min; 50% B, 5 - 7 min; 50 - 100% B, 7 - 10 min; 100% B, 10

 12 min; and 95% B, 12 - 15 min); the initial conditions were re-

tored for 3 min to equilibrate the column. The scan range was 50 

 1,0 0 0 m/z, and spectra were acquired in the positive-ion mode. 

.6. Transformation product identification 

Suspect screening was carried out using TraceFinder 4.1 EFS 

oftware (Thermo Scientific, MA, USA). Suspect lists of potential 

Ps for target compounds were used, which considered a number 

f known redox, hydrolysis and conjugation reactions ( Men et al., 

016 ). Suspected TPs with an intensity above a set threshold, > 

0% match with the predicted isotopic patterns, and an increasing 

rend over the time course, were selected for further identification 

 Men et al., 2016 ). 

Non-target screening was further performed to identify poten- 

ial TPs. TP candidates were chosen following the criteria: (1) a 

easonable peak shape and an intensity above noise; (2) presence 

n the antibiotic-added treatments and absence in non-antibiotic 

reatment; (3) a reasonable time-series pattern (i.e., increase, or in- 

rease and subsequent decrease during the experiment); and (4) 

 rational molecular formula originated from the exact mass of 

M + H], [M + NH 4 ], [M + Na] or [M-H 2 O + H] (with < 5 ppm toler-

nce) and isotopic pattern (isotope ratio difference < 10%). Because 

he reference standards for TP candidates were not commercially 

vailable, the peak area of TPs are only used to indicate the forma- 

ion trend but not for quantification. 

.7. Calculation of kinetic parameters for MP biotransformation 

Details of the calculation have been presented in our previous 

tudy ( Zhou et al., 2019a ). Considering that the growth substrate of 

mmonia oxidizers, ammonium, was unlimited, a First-order model 

as used in this study ( Men et al., 2016 ). The protein-normalized 

iotransformation rate constants k bio were corrected for sorption 

nd abiotic processes, and used to quantitatively compare the bio- 

ransformation activities among different treatments in this study. 

oreover, only the time points that presented first-order kinetics 

ccording to the biotransformation curves were used for calcula- 

ion (Figures S1-S3). 

d S c 

dt 
= − f aq ( k bio X + k a ) × S c (1) 

f aq = 

S c 

S ct 
(2) 

 d = 

1 − f aq 

f aq X 

(3) 

here S c is target compound’s aqueous concentration, f aq is the 

issolved fraction of target compound, k bio is the total protein 

oncentration-normalized biotransformation rate constant, X is the 

otal protein concentration, k a is the abiotic transformation rate, 

 ct is target compound’s total concentration, and K d is the sorption 

oefficient. 

.8. Ammonium, nitrite, and nitrate measurements 

Ammonium (NH 4 
+ + NH 3 ) was analyzed using a colorimetric 

ethod ( Kandeler and Gerber, 1988 ). Nitrite concentrations were 
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Fig. 1. Removal of the four MPs through biotransformation by N. gargensis (AOA), N. nitrosa Nm90 (AOB), and N. inopinata (comammox) ( n = 3). Removal (%) was calculated 

by the following equation: removal (%) = [(C 0 -C t )/C 0 ] × 100%; C t and C 0 represent the concentrations of MPs at any sampling time T and the starting of the incubation, 

respectively. A) Removal by the AOA and AOB strains at 144 h, and by the comammox strain at 336 h. B) Removal by the AOA strain at 240 h, by the AOB strain at 504 h, 

and the comammox strain at 336 h. LIN, lincomycin; CFX, ciprofloxacin; NFX, norfloxacin; OFX, ofloxacin. For each compound in Fig. 1 (B), asterisks on the columns indicate 

significant differences compared to the values in abiotic control with autoclaved medium (incubation by 504 h). 
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easured using the sulfanilamide N - (1-naphthyl) ethylenedi- 

mine dihydrochloride (NED) reagent method. Nitrate concentra- 

ions were investigated by being reduced into nitrite by vanadium 

hloride first and measured as NO x ( Miranda et al., 2001 ). 

.9. Total protein measurement 

Total protein concentration was analyzed using a Pierce BCA 

rotein Assay Kit (Thermo Scientific, Regensburg, Germany) accord- 

ng to the manufacturer’s instructions. 

. Results and discussion 

.1. MP biotransformation by AOA, AOB and comammox pure cultures 

First, the sorption of target compounds onto CaCO 3 precipitates 

nd dead cells as well as their abiotic transformation in the basal 

edium was examined. No substantial sorption was detected; less 

han 7.75% ± 1.6% of the added MPs were abiotically degraded dur- 

ng an incubation time of 520 h ( Fig. 1 ). Then, the antibiotic bio-

ransformation abilities of the three ammonia oxidizers, AOA, AOB, 

nd comammox, were evaluated ( Fig. 1 and Figures S1-S3). 

Compared to biotic controls with dead biomass, significant re- 

ovals (end time point, two-tailed t test, p < 0.05) of LIN, CFX, 

nd NFX by the AOA N. gargensis (incubation by 240 h) were ob- 

erved, with removals ranging from 43% ± 8.4% to 61% ± 12%. For 

he AOB strain N. nitrosa Nm90 (incubation by 504 h), relatively 

ow removals of CFX (34% ± 6%) and NFX (30% ± 0.6%) were ob- 

erved. For comammox N. inopinata (incubation by 336 h), only LIN 

as removed (end time point, two-tailed t test, p < 0.05), with the 

emoval of 45% ± 7.7% ( Fig. 1 B). When compared to abiotic con- 

rols with autoclaved fresh medium, LIN, CFX and NFX by the AOA 

. gargensis (incubation by 240 h), CFX and NFX by the AOB N. ni- 

rosa Nm90 (incubation by 504 h), LIN and CFX by the comammox 

. inopinata (incubation by 336 h) were significantly removed (end 

ime point, two-tailed t test, p < 0.05) ( Fig. 1 B). Protein-normalized 

iotransformation rates of LIN, CFX, and NFX by the three different 

roups of ammonia oxidizers were analyzed ( Fig. 2 ). The protein- 

ormalized biotransformation rate constants k bio of LIN, CFX, and 

FX by the AOA strain N. gargensis (median value with 5%, 95% 
4 
ercentile in brackets) were 0.025 (0.016-0.047), 0.0072 (0.005- 

.012), and 0.0 068 (0.0 048-0.011) L • (mg total protein) −1 (d) −1 , re- 

pectively ( Fig. 2 and Table S2). The median k bio value of LIN by 

omammox N. inopinata was 0.0074 L • (mg total protein) −1 • d 

−1 

ith 5%-95% percentile 0.005-0.010 L • (mg total protein) −1 • d 

−1 , 

ence lower than that of AOA. However, the biotransformation of 

FX and NFX by the AOB strain N. nitrosa Nm90 cannot be fitted 

ell with the model, which might be due to the lag phase (very 

ow removals) at the beginning (Fig. S2). The removal and k bio val- 

es suggested that the AOA strain N. gargensis possessed the best 

iotransformation ability of LIN and FQs, followed by comammox 

nd AOB used in this study. These results were consistent with 

hose of the biotransformation of sulfonamides by the same pure 

OA, AOB, and comammox cultures ( Zhou et al., 2019a ). 

MP removals were also compared at the time when the same 

mount of ammonia (~5-6 mM) was oxidized by different ammo- 

ia oxidizers ( Fig. 1 A). After exhausting the same amount of am- 

onia, the AOA strain (144 h) showed the best removals of LIN, 

FX, and NFX, followed by the comammox strain. However, no sig- 

ificant removal ( ≤ 20%) was observed for the target LIN and FQs 

y the AOB strain at 144 h. With the incubation time being ex- 

ended to 504 h, the removals of CFX and NFX by the AOB strain 

radually increased ( Fig. 1 B). 

The different k bio values and biotransformation processes of 

IN and FQs by the AOA, AOB, and comammox strains may have 

een cause by different physiological characteristics of these am- 

onia oxidizers, such as the substrate affinity and cell growth rate 

 Zhou et al., 2019a ). For example, the ammonia affinities of am- 

onia oxidizers generally followed the order of: comammox > 

on-marine AOA > many AOB ( He et al., 2012 ; Kits et al., 2017 ;

artens-Habbena et al., 2009 ). If MP biotransformation by am- 

onia oxidizers is carried out by the AOM, different substrate 

ffinities for ammonia might result in different affinities for tar- 

et MPs ( Zhou et al., 2019a ). The comammox cultures had lower 

itrite/nitrate formation rates than AOA (Table S1), which indi- 

ated a lower growth rate and hence oxidation ability (i.e., oxi- 

ation of ammonia to nitrate). Generally, protein-normalized bio- 

ransformation rates and removals of LIN and FQs by ammonia ox- 

dizers are lower than those of sulfonamides by ammonia oxidiz- 

rs ( Zhou et al., 2019a ), which is probably related to the molecular 

tructures of target MPs. 
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Fig. 2. First-order biotransformation rate constants ( k bio ) of MPs by N. gargensis, N. nitrosa Nm90 and N. inopinata . LIN, lincomycin; CFX, ciprofloxacin; NFX, norfloxacin; OFX, 

ofloxacin. NA indicates non-availability of data because the biotransformation of MPs by the corresponding ammonia oxidizers was not fitted well with the model. 
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.2. Transformation product identification of LIN and FQs 

To identify the TPs of LIN, suspect screening was carried out on 

he biotransformation samples of single compounds by AOA, AOB, 

nd comammox. The information about TPs, including mass spec- 

ra, elemental formula, fragment ion and possible structure, is de- 

cribed in Table 1 , whereas peak areas during treatments and pos- 

ible pathways are presented in Fig. 3 and Fig. 4 . 

In the LIN biotransformation by comammox, three possible LIN 

P candidates were obtained. One plausible LIN TP candidate had 

n exact mass of [M + H] at 423.2154 (designated as “TP423”) and 

 chemical formula of C 18 H 34 O 7 N 2 S 1 ( + O from LIN), but had two

ifferent retention times (1.75 min and 2.8 min, see Table 1 ). 

hese two retention times suggest that there are two isomers 

f TP423 being formed during comammox biotransformation. A 

olecular ion of m/z 423 with two domain fragment ions (m/z 

 126.13 and 359.21) was previously identified in the co-composing 

f LIN mycelia dregs as LIN’s hydroxylation at the methylthio group 

 Calza et al., 2012 ; Ren et al., 2019 ). According to the fragment

ons, TP423 at 1.75 min in this study might have been gener- 

ted from LIN hydroxylation at the methylthio group or S-oxidation 

f LIN ( Spizek and Rezanka, 2017 ) ( Table 1 ), and TP423 at 2.8

in might have been obtained by hydroxylation of the methyl 

roup of the carboxamide moiety ( Table 1 and Fig. 4 A). Raniti- 

ine was also reported to be transformed into ranitidine S-oxide 

y AOA ( Men et al., 2016 ). The second possible TP candidate had

n exact mass of [M-H 2 O + H] at 359.2168 (designated as “TP359”) 

nd a chemical formula of C 17 H 32 O 7 N 2 (-CH 2 S + O from LIN) at

ow abundance. LIN TP359 was generated via demethylthioation 

nd hydroxylation of LIN. The third possible LIN TP candidate 

ad an exact mass of [M + H] at 393.2055 (designated as “TP393”) 

nd a chemical formula of C 17 H 32 O 6 N 2 S 1 (-CH 2 from LIN), which

ight have been generated by demethylation of LIN by AOM. The 

emethylation of LIN was also hypothesized in the co-metabolism 

ystem using a sequencing batch biofilm reactor ( Li et al., 2016 ). 

ased on the fragment ion (112.1119), TP393 had two possible 

tructures: N-demethylation or demethylation in the propylchain 

 Table 1 and Fig. 4 A). 

For AOA, two possible LIN TP candidates were obtained. One 

ossible TP candidates was TP393. Another previously unidentified 

ossible LIN TP candidate had an exact mass of [M + H] at 423.2443

designated as “TP423-3”) and a chemical formula of C 18 H 34 O 7 N 2 S 1 
5 
 + O from LIN). However, TP423-3 had a different retention time 

ith the two TP423 isomers identified in the comammox treat- 

ent, which suggested that TP423-3 might be another isomer of 

P423. Three possible structures of LIN TP423 have been reported 

n a previous study, including propylchain hydroxylation, hydroxy- 

ation of thiomethyl moiety, and hydroxylation of the methyl group 

f the carboxamide moiety ( Calza et al., 2012 ). The AOB pure cul- 

ure used in this study cannot biotransform LIN, so no TPs were 

dentified. Generally, we identified LIN TP423 as hydroxylation, LIN 

P393 as demethylation, and LIN TP359 as demethylthioation and 

ydroxylation ( Fig. 4 A). 

To identify the TPs of CFX, NFX, and OFX, suspect screen- 

ng was carried out on the biotransformation samples of single 

ompounds by AOA, AOB, and comammox ( Table 1 and Fig. 3 ). 

n the AOA treatment of CFX, two possible TP candidates were 

etected. One major CFX TP candidate during the AOA treat- 

ent had an exact mass of [M + H] at 361.1311 (designated as 

TP361”) and a chemical formula of C 17 H 17 O 4 N 4 F 1 (-H + NO from

FX). TP361 might have been generated through nitrosation of 

he piperazine moiety. Another TP candidate had a low abun- 

ance with an exact mass of [M + H] at 263.0827 (designated as 

TP263”) and a chemical formula of C 13 H 11 O 3 N 2 F (-C 4 H 7 N from

FX). TP263 might have originated from the cleavage of the piper- 

zine moiety. In the AOB treatment of CFX, although the removal 

f CFX was less than 20% overall, TP361 was still detected. In 

he comammox treatment of CFX, no potential TP candidates were 

etected. 

In the AOA treatment of NFX, three potential TP candidates 

ere detected. One TP candidate during NFX biotransformation 

y AOA had an exact mass of [M + Na] at 518.1532 (designated as 

TP518”) and a chemical formula of C 22 H 26 O 9 N 3 F ( + C 6 H 8 O 6 from

FX). TP518 might thus be a glucuronide conjugate of NFX. TP518 

as also detected in the comammox and AOB treatment of NFX 

ith a relatively high abundance, even if the removal of NFX in 

he AOB treatment was less than 1%. This phenomenon suggests 

hat TP518 might have a much stronger signal abundance than 

ts parent compound and can be identified as a minor TP. In the 

OA treatment of NFX, another possible TP candidate was detected, 

ith an exact mass of [M + H] at 349.1306 (designated as “TP349”) 

nd a chemical formula of C 16 H 17 O 4 N 4 F (-H + NO from NFX). In

he AOA treatment of NFX, the third possible TP candidate had an 

xact mass of [M + H] at 251.0826 (designated as “TP251”) and a 
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Table 1 

Mass, chemical formula, fragment ion, and structure of the identified transformation products (TPs) in the treatments by ammonia oxidizers, hydroxylamine (NH 2 OH) and 

nitric oxide (NO) 

Compounds 

Exact mass 

( m/z ) Adduct Formula 

Fragmentation 

ions Structure Treatment 

Lincomycin 

(LIN) 

407.2206 H C 18 H 34 O 6 N 2 S 126.1274, 

359.2179 

LIN TP423 423.2154 H C 18 H 34 O 7 N 2 S 126.1272 and 

359.2180 for 

retention time 

(RT) 1.75 min; 

126.1275 for 

RT 2.8 min; 

357.2029 for 

RT 3.13 min. Or 

Comammox, AOA, 

AOA with mixed 

compounds, 

NH 2 OH 

LIN TP359 359.2168 M-H 2 O + H C 17 H 32 O 7 N 2 Comammox 

LIN TP393 393.2055 H C 17 H 32 O 6 N 2 S 112.1119 

Or 

Comammox, AOA, 

NH 2 OH, 

NO 

Ciprofloxacin 

(CFX) 

332.1402 H C 17 H 18 O 3 N 3 F 245.1083, 

288.1505 

( continued on next page ) 

6 
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Table 1 

( continued ) 

Compounds 

Exact mass 

( m/z ) Adduct Formula 

Fragmentation 

ions Structure Treatment 

CFX TP361 361.1311 H C 17 H 17 O 4 N 4 F 257.0725, 

271.0877 

AOA, AOB, AOA 

with mixed 

compounds, 

NH 2 OH, NO 

CFX TP263 263.0827 H C 13 H 11 O 3 N 2 F 204.0327; 

245.0734 

AOA, NH 2 OH 

CFX TP362 362.1347 H C 17 H 19 O 6 N 3 NA AOA with mixed 

compounds 

CFX TP294 294.1248 H C 14 H 16 O 3 N 3 F AOA with mixed 

compounds, 

NH 2 OH 

Norfloxacin 

(NFX) 

320.1405 H C 16 H 18 O 3 N 3 F 205.0769, 

233.1082, 

302.1300 

NFX TP349 349.1306 H C 16 H 17 O 4 N 4 F 245.0719; 

259.0876 

AOA, AOB, AOA 

with mixed 

compounds, 

NH 2 OH, NO 

NFX TP251 251.0825 H C 12 H 11 O 3 N 2 F 233.0722 AOA, NH 2 OH 

NFX TP518 518.1532 Na C 22 H 26 O 9 N 3 F NA Comammox, 

AOA, AOB 

NFX TP350 350.1347 H C 16 H 19 O 6 N 3 NA AOA with mixed 

compounds, 

NH 2 OH, NO 

Ofloxacin 

(OFX) 

362.1506 H C 18 H 20 O 4 N 3 F 261.1032, 

318.1611, 

344.1403 

OFX TP348 348.1347 H C 17 H 18 O 4 N 3 F Comammox, AOA, 

NH 2 OH, NO 

NA: not applicable. 

7 
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Fig. 3. A comparison on biotransformation of LIN (A, B, and C), CFX (D, E, and F), NFX (G, H, and I) and OFX (J, K, and L) by N. gargensis, N. nitrosa Nm90, and N. inopinata , 

respectively. LIN, lincomycin; CFX, ciprofloxacin; NFX, norfloxacin. TP423, HO-LIN or LIN-S oxide; TP393, demethyl-LIN; TP359, demethylthio-LIN; TP361, nitroso-CFX; TP263 

and TP251, likely from the cleavage of piperazine moiety of CFX and NFX, respectively; TP349, nitroso-NFX; TP518, glucuronide-NFX. 
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hemical formula of C 12 H 11 O 3 N 2 F (-C 4 H 7 N from NFX). In the co-

ammox treatment of NFX, only TP518 was detected. 

In the comammox and AOA treatment of OFX, only one pos- 

ible TP candidate was detected, with an exact mass of [M + H] 

t 348.1347 (designated as “TP348”) and a chemical formula of 

 17 H 18 O 4 N 3 F (-CH 2 from OFX). We identified CFX TP361 and NFX

P349 as formed through nitrosation, and OFX TP348 was formed 

ia demethylation ( Fig. 4 ). CFX TP263 and NFX TP251 indicated 

hat the cleavage of the piperazine moiety occurred in the AOA 

reatment ( Fig. 4 ). CFX TP263 was also identified in the CFX 

iodegradation of plant tissues, which was generated in two steps: 

emoving C 2 H 2 at the piperazinyl substituent of CIP via desethy- 
8 
ation, followed by the cleavage of the piperazine ring and loss of 

n NH 2 ( Yan et al., 2020 ). Lower removals and different TPs of OFX

han those of CFX and NFX in the AOM treatments may have re- 

ulted from OFX having a considerably different molecular struc- 

ure compared to CFX and NFX ( Fig. 4 ). 

In general, AOA displayed significant biotransformation for LIN, 

FX and NFX; in WWTPs, MPs are usually presented as a cocktail. 

herefore, we further conducted the biotransformation of mixed 

IN, CFX, and NFX by AOA pure culture to mimic the real envi- 

onments with mixed MPs. Information about TPs including their 

ass spectra, elemental formula, fragment ion, and possible struc- 

ure are presented in Table 1 . One possible LIN TP candidate was 
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Fig. 4. Proposed transformation pathways of LIN (A), CFX (B), NFX (C) and OFX (D) under the treatment of different ammonia oxidizers. 
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btained during LIN biotransformation by AOA, with an exact mass 

f [M + H] at 423.216 (designated as “TP423”) and a chemical for- 

ula of C 18 H 34 O 7 N 2 S ( + O from LIN). Three CFX TP candidates

ere obtained during CFX biotransformation by the AOA strain. 

he major CFX TP candidate during CFX biotransformation by AOA 

ad an exact mass of [M + H] at 361.1307 (designated as “TP361”) 

nd a chemical formula of C 17 H 17 O 4 N 4 F 1 (-H, + NO from CFX). The

ther two potential candidates had a low abundance, and an exact 

ass of [M + H] at 362.1347 (designated “TP362”), and a chemical 

ormula of C 17 H 19 O 6 N 3 (-F, + OH, + O, + O from CFX), or an exact

ass of [M + H] at 294.1248 (designated as “TP294”) and a chemi- 

al formula of C 14 H 16 O 3 N 3 F (-C 3 H 2 from CFX). In heat-inactivated

ontrols, almost no TPs for LIN, CFX, NFX and OFX were found. 

n abiotic controls, LIN TP423, CFX TP361, CFX TP263, CFX TP294, 

FX TP349, NFX TP251, and OFX TP348 were detected at low abun- 

ance. 

We identified that TP361 was formed through a nitrosation re- 

ction; TP362 was formed through a defluorination reaction, hy- 

roxylations on both the aromatic ring and the piperazinyl group; 

nd TP294 was formed through a dealkylation reaction (naph- 

henic base). Two NFX TP candidates (TP349 and TP350) biotrans- 

ormed by AOA were detected, with the exact masses of [M + H] 

t 349.1307 and 350.1347, and formulae of C 16 H 17 O 4 N 4 F (-H, + NO

rom NFX) and C 16 H 19 O 6 N 3 (-F, + OH, + O, + O from NFX). TP349

as a nitrosation reaction product of NFX, and TP350 was gen- 

rated from a defluorination and hydroxylation reactions on both 

romatic ring and the piperazinyl group. However, no CFX TP294 

N-dealkylation), CFX TP362, and NFX TP350 were detected in the 

iotransformation samples of single CFX or NFX by AOA and co- 

ammox. There are two possible reasons for those differences of 

Ps in single and mixed compound experiments. First, low abun- 

ance of TP candidates in single compound experiment were ob- 

ained due to low injection volume (5 μm). Second, the biotrans- 

ormation pattern in mixed MPs condition is different from indi- 

idual MP addition. These results may provide insights in the MPs 

iotransformation pattern in real environments. 

.3. Transformation pathways of LIN and FQs by three AOM 

In general, the biotransformation of LIN and FQs by three AOM 

n this study were generated via three typical processes ( Fig. 4 ): 

i) hydroxylation, S-oxidation, and nitrosation, (ii) demethylation 

r demethylthioation, and (iii) cleavage of the piperazine moi- 

ty. Hydroxylation might have been performed by the AMOs of 

he ammonia oxidizers. AMOs that convert ammonia to hydroxy- 

amine by adding O are not compound specific ( Daims et al., 2015 ;

ooper et al., 1997 ; Kozlowski et al., 2016 ), and they may oxide

he MPs by adding O into amide, aromatic ring, or alkyl groups. 

The autotrophic nitrification process by-product NO reacts with 

 2 
− to form ONOO 

−, which is a strong nitrosating agent responsi- 

le for N-nitrosation reactions ( Brienza et al., 2020 ; Heinrich et al., 

013 ). Nitrite reductases are encoded in the genomes of the three 

mmonia oxidizers in this study, suggesting that NO might also be 

enerated from NO 2 
− by AOA, AOB and comammox. However, co- 

ammox can oxidize NO 2 
− to NO 3 

− ( Daims et al., 2015 ), maintain- 

ng a low NO 2 
− concentration in the comammox culture and then 

ess NO generated from NO 2 
−. This is probably why N-nitroso- 

FX and N-nitroso-NFX were only detected in AOA and AOB cul- 

ures, but not in comammox. Demethylation or demethylthioat- 

on might be catalyzed by methyltransferases or methylthiotrans- 

erases. Methyltransferases are present in the genomes of N. gar- 

ensis (AOA) and N. inopinata (comammox), whereas methylthio- 

ransferases are only found in the genomes of N. gargensis (AOA). 

leavage of the piperazine moiety may have been formed by 

hree steps: deethylation, deamination, and further deethylation. 

eamination might be performed by deaminases encoded in the 
10 
enomes of the three ammonia oxidizers used in the present study. 

he enzymatic pathway of deethylation, such as through specific 

nzymes or methyltransferases should be investigated in future re- 

earch. 

.4. Abiotic transformation of target MPs by NH 2 OH and NO 

Hydroxylamine is an important intermediate in ammonia ox- 

dation by AOA, AOB, and comammox ( Kozlowski et al., 2016 ; 

ajrala et al., 2013 ). To test whether MPs abiotically react with hy- 

roxylamine, abiotic transformation experiments were performed 

y adding NH 2 OH (10 μM NH 2 OH at 12 h) ( Fig. 5 ). LIN, CFX,

FX, and OFX were removed by NH 2 OH, with removals above 90% 

 Fig. 5 and Fig. S4). 

Hydroxylamine is often used as a promoter in Fenton-like tech- 

ology, and the hydroxyl radical is the principal component that 

ttacks target pollutants (such as LIN and chloramphenicol) in 

hese systems ( Hou et al., 2017 ; Ouyang et al., 2020 ). Hydroxy- 

amine might enhance the generation of hydroxyl radicals which 

esults in the degradation of target MPs by hydroxylamine. In con- 

rast to abiotic transformation by NH 2 OH, AOA N. gargensis can- 

ot biotransform OFX, AOB cannot biotransform LIN and OFX, and 

omammox N. inopinata cannot biotransform CFX, NFX, and OFX 

removal rate < 20%). These results suggest that the concentrations 

f extracellular hydroxylamine available for MPs in the AOM treat- 

ent were relatively low compared to the experimental concen- 

rations (10 μM NH 2 OH). In a previous study, extracellular NH 2 OH 

oncentrations in the medium of N. gargensis (2 mM NH 4 
+ , incuba- 

ion for 58 h), N. nitrosa Nm90 (2 mM NH 4 
+ , incubation for 58 h),

nd N. inopinata (2 mM NH 4 
+ , incubation for 48 h) were approxi- 

ately 0.33 μM, not detected and 0.43 μM, respectively ( Liu et al., 

017 ). Even though no NH 2 OH was detected in N. nitrosa Nm90, 

ther AOB such as N. multiformis were identified to produce rel- 

tively high extracellular NH 2 OH concentrations (2.2 μM) in the 

edium ( Liu et al., 2017 ). Although the concentrations of extra- 

ellular NH 2 OH in the comammox treatment in this study might 

ave been higher than those in the AOA treatment, CFX and NFX 

emovals in the AOA treatment were higher than those in the co- 

ammox ( Fig. 3 ). This suggests that the CFX and NFX removal in

he AOA treatment was mainly conducted by AOA rather than abi- 

tically by NH 2 OH in the medium. 

Further analyses of the TPs of LIN and FQs in the NH 2 OH- 

reated fresh medium were performed. TP423 and TP393 for LIN, 

P361, TP263 and TP294 for CFX, TP349, TP251, and TP350 for 

FX, and TP348 for OFX detected during biotransformation treat- 

ents were also identified in the fresh medium amended with 

H 2 OH ( Fig. 5 ). A high abundance of CFX TP263 was detected in

he NH 2 OH treatment ( Fig. 5 ), but CFX TP263 was only found in

he AOA treatment at a low abundance instead of the comam- 

ox and AOB treatment ( Fig. 3 ). This result indicates that CFX 

ransformation in AOA treatment might have been mainly gener- 

ted through enzymatic conversions instead of abiotic conversion 

hrough NH 2 OH. CFX TP361 was detected in the NH 2 OH treatment 

 Fig. 5 ), but CFX TP361 was only found in the AOA and AOB treat-

ents instead of the comammox ( Fig. 3 ). Combining the extracel- 

ular NH 2 OH concentrations in AOA, AOB, and comammox in this 

tudy, the CFX transformation in the AOB treatment might have 

ainly been generated through enzymatic conversions instead of 

H 2 OH. The LIN removals in the AOA and comammox treatments 

ere similar, with no removal of LIN in the AOB ( Fig. 3 ). Other LIN

Ps including LIN TP423 and LIN TP393 might have been gener- 

ted by both enzymatic conversions and NH 2 OH. In general, high 

oncentrations of the intermediate NH 2 OH can transform LIN and 

Qs. In addition to enzymatic reactions, abiotic degradation also 

ontributed to the transformation of LIN and FQs during ammonia 

xidation. However, extracellular NH OH in natural environments 
2 
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Fig. 5. Removal of target MPs by addition of NH 2 OH (10 μM every12 h) and NO (200 μM in 168 h) abiotically. LIN, lincomycin; CFX, ciprofloxacin; NFX, norfloxacin; OFX, 

ofloxacin. TP423, HO-LIN or LIN-S-oxide; TP393, demethyl-LIN; TP361, nitroso-CFX; TP263, likely from the cleavage of piperazine moiety; TP349, nitroso-NFX; TP350, defluoro 

and hydroxyl-NFX; TP251, likely from the cleavage of piperazine moiety; TP348, demethyl-OFX. The structure of CFX TP294 remains unclear. 
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arely reaches the high concentrations needed and might thus con- 

ribute only a small part to the transformation potential of LIN and 

Qs. 

NO is another important intermediate in ammonia oxidation 

y AOA, AOB, and comammox ( Kits et al., 2019 ; Kozlowski et al.,

016 ). To test whether MPs abiotically react with NO, abiotic trans- 

ormation experiments were performed by adding an amount of 

O (200 μM NH 2 OH at 168 h) ( Fig. 5 ). The removals of LIN, CFX,

FX, and OFX by NO were relatively low, ranging from 12% ± 8% to 

6% ± 11% ( Fig. 5 and Fig. S4). Further analyses of the TPs of LIN

nd FQs in the NO-treated fresh medium were performed. TP393 

or LIN, TP361 for CFX, TP349 and TP 350 for NFX, and TP 348

or OFX detected in the biotransformation treatments by ammo- 

ia oxidizers were also identified in the basal medium added with 

O ( Fig. 5 ). Moreover, CFX TP361 and NFX TP349 detected in NO- 

reatments than in NH 2 OH treatments further indicated that N- 

itroso-CFX and N-nitroso-NFX can be generated through reaction 

ith NO. LIN TP393 and OFX TP348 indicated that demethylation 

ccurred in the NO treatment. 

.5. Environmental relevance and implications 

Considering the adverse effects of FQs in the sludge and sed- 

ment, enhancing the degradation and detoxification of FQs in 

WTPs and aquatic environments is desirable. Biodegradation is 

ne of the most economically and environmentally friendly ways 

o eliminate these contaminants. However, few efficient degrad- 

ng strains for LIN and FQs have been isolated so far ( Wang et al.,

018 ). 

Many studies have shown that the biodegradation of MPs 

y ammonia oxidizers follows the co-metabolic mechanism 

 Han et al., 2019 ; Xu et al., 2016 ; Yu et al., 2018 ; Zhou et al., 2019a ).

or activated amide- containing MPs, there are a variety of bio- 

ransformation reactions, including amide hydrolysis, ester hydrol- 

sis, dehalogenation, N-dealkylation, hydroxylation, oxidation, nitro 

eduction and glutathione conjugation ( Helbling et al., 2010 ). 

The AOA strain possessed the best biotransformation capability 

f MPs. In this study, LIN was effectively removed by the AOA and 

omammox strains, but not by AOB; FQs were most significantly 

emoved by the AOA, followed by comammox and AOB. AOA has a 

igher substrate affinity than many AOB strains and a higher cell 

rowth rate compared to comammox and might thus play a more 

mportant role in the biotransformation of MPs by ammonia oxi- 

izers in the environment. Moreover, the ammonia/MP ratio might 

ave affected the removal rate. After cometabolic transformation 

f MPs by ammonia oxidizers, some TPs might have degraded into 

mall molecules by other microbes. In the environment including 

WTPs, surface water and soil, the concentrations of MPs were 

uch lower than those of ammonia. 

Notably, many TPs might still display antimicrobial activities. In 

his study, most TP candidates were generated via hydroxylation, 

itrosation, ring cleavage, and demethylation. However, if the an- 

imicrobially active structures of the parent compound are not de- 

troyed in the TPs, they are still proposed to possess antibiotic ac- 

ivities. For example, the carboxyl and ketone groups of FQs, i.e., 

ntimicrobially active moieties, are well preserved in CFX TP263, 

FX TP361, CFX TP349, and NFX TP251 (likely from the cleav- 

ge of the piperazine ring), although the loss of the piperazine 

ing influences the biological spectrum ( Domagala, 1994 ). Addi- 

ionally, some TPs, such as glucuronide-FQs and nitroso-FQs, might 

e transformed back to their parent compounds. Consequently, po- 

ential TPs formed through MP biotransformation by ammonia ox- 

dizers and their activity and toxicity should be evaluated in the 

uture. 
12 
. Conclusion 

In this study, we demonstrate the biotransformation abilities 

nd biochemical pathways of lincomycin (LIN) and three fluoro- 

uinolone antibiotics (FQs)by three different ammonia oxidizers. 

he AOA strain N. gargensis presented the best biotransformation 

bilities of LIN and FQs, followed by comammox and AOB strains. 

he transformation products were likely formed via (i) hydroxyla- 

ion, S-oxidation, or nitrosation, (ii) demethylation or demethylth- 

oation, and (iii) cleavage of the piperazine moiety. The ammonia- 

xidizing intermediate hydroxylamine can abiotically react with 

IN and FQs, whereas the intermediate NO was involved in the 

ormation of N-notroso products of ciprofloxacin and norfloxacin. 

owever, these abiotic transformation reactions contribute less to 

IN and FQ removal by AOM compared with the enzymatic conver- 

ions. Ecological toxicity and risk of LIN and FQs’ TPs during the 

iotransformation should be further evaluated. 
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