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ABSTRACT: The recently discovered complete ammonia-
oxidizing (comammox) bacteria occur in various environ-
ments, including wastewater treatment plants. To better
understand their role in micropollutant biotransformation in
comparison with ammonia-oxidizing bacteria (AOB) and
ammonia-oxidizing archaea (AOA), we investigated the
biotransformation capability of Nitrospira inopinata (the
only comammox isolate) for 17 micropollutants. Asulam,
fenhexamid, mianserin, and ranitidine were biotransformed by
N. inopinata, Nitrososphaera gargensis (AOA), and Nitro-
somonas nitrosa Nm90 (AOB). More distinctively, carbenda-
zim, a benzimidazole fungicide, was exclusively biotrans-
formed by N. inopinata. The biotransformation of carbenda-
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zim only occurred when N. inopinata was supplied with ammonia but not nitrite as the energy source. The exclusive
biotransformation of carbendazim by N. inopinata was likely enabled by an enhanced substrate promiscuity of its unique AMO
and its much higher substrate (for ammonia) affinity compared with the other two ammonia oxidizers. One major plausible
transformation product (TP) of carbendazim is a hydroxylated form at the aromatic ring, which is consistent with the function
of AMO. These findings provide fundamental knowledge on the micropollutant degradation potential of a comammox
bacterium to better understand the fate of micropollutants in nitrifying environments.

B INTRODUCTION

Micropollutants including pesticides, pharmaceuticals, and
personal care products, which occur at low levels (ng—ug/L)
are a considerable environmental concern due to their potential
adverse effects on ecosystems and human health.'~* Therefore,
it is important to obtain an in-depth understanding of the
environmental fate of these compounds. Biotransformation of
micropollutants plays an essential role in their removal,
particularly in wastewater treatment plants (WWTPs), and has
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recently been extensively investigated.””® More specifically,
biotransformation of various micropollutants is associated with
ammonia oxidation activity of nitrifying activated sludge and

biofilms in WWTPs.>" ™ Consistently, biotransformation of
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some micropollutants is catalyzed béy enriched or pure cultures
of ammonia-oxidizing microbes. >’

Ammonia-oxidizing bacteria (AOB) are typically the
dominant ammonia oxidizers in municipal WWTPs."’ ="
Ammonia-oxidation is initiated by ammonia monooxygenases
(AMO), a substrate promiscuous key enzyme”’~** of all known
ammonia oxidizers. Some AOB metabolically or cometabolically
catalyze the transformation of various compounds including
polycyclic aromatic hydrocarbons and pharmaceuti-
cals. 9120222425 Begides AOB, ammonia-oxidizing archaea
(AOA) have also been molecularly detected and/or cultured
in nitrifying activated sludge of some industrial and municipal
WWTPs.'7?°™** In 2015, complete ammonia oxidizers
(comammox), which as single organisms oxidize ammonia all
the way to nitrate via nitrite, were discovered.”””' Phylogenetic
analyses revealed that the amoA genes of comammox bacteria
differ from those of known AOB and AOA species and represent
a distinct lineage of AMO enzymes within this enzyme family.*
All known comammox bacteria belong to the genus Nitrospira
and have been detected in various environments including
WWTPs.”°~** Nitrospira inopinata is the only comammox
isolate available to date and has a much higher affinity for
ammonia than many AOA and all tested AOB.”” The distinct
enzymatic repertoire of comammox bacteria, as well as their high
substrate affinity, might enable them to perform important
ecological services in natural and engineered environments,
which have not yet been well understood.

A series of recent studies provided additional insights into the
mechanisms behind micropollutant degradation by AOB and
AOA.'**° Two AOB strains, Nitrosomonas nitrosa Nm90 and
Nitrosomonas sp. Nm9$ isolated from industrial sewage,37 and
the AOA strain, Nitrososphaera gargensis isolated from a hot
spring effluent mat,”**” showed biotransformation of two
pharmaceuticals (mianserin and ranitidine) through comet-
abolism likely mediated by AMO upon ammonia oxidation.'
Consistently, biotransformation of 31 out of 79 structurally
different micropollutants was inhibited after application of
AMO inhibitors in a nitrifying activated sludge community.® A
follow-up study revealed that a portion of micropollutants whose
biotransformation was associated with nitrification was bio-
transformed by the AOB Nitrosomonas europaea via both
cometabolic biotransformation by AMO and abiotic trans-
formation by hydroxylamine, an intermediate produced by
AMO during ammonia oxidation.*

Nothing is yet known about the role of comammox bacteria in
the turnover of micropollutants. Differences in biotransforma-
tion activities of these microbes compared to AOB and AOA
might be expected, as they possess unique AMO enzymes and
the complete enzyme set for nitrification. As comammox
bacteria are widespread in WWTPs, targeted studies exploring
their potential contribution to micropollutant biotransformation
associated with nitrification are needed to better understand the
fate of those micropollutants during wastewater treatment and
in other nitrifying environments. The goal of this study was to
expand the fundamental knowledge on micropollutant bio-
transformation potential of different ammonia oxidizers in
isolation, with a focus on the newly discovered comammox
bacteria. We selected 17 commonly used pharmaceuticals and
pesticides whose biotransformation was inhibited by more than
20% when adding AMO inhibitors in a nitrifying activated
sludge community.” The biotransformation of these micro-
pollutants by the comammox isolate N. inopinata was tested and
compared with the biotransformation by the AOA N. gargensis
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and the AOB N. nitrosa Nm90. Two pharmaceuticals (mianserin
and ranitidine) that are biotransformed by N. gargensis and N.
nitrosa Nm 90'° were also included to study their degradability
by N. inopinata. Transformation products (TPs) were identified,
and the mechanisms of MPs biotransformation by N. inopinata
and the responsible enzyme(s) were further investigated.

B MATERIALS AND METHODS

Micropollutant Selection. The target micropollutants (i.e.,
acetamiprid, asulam, bezafibrate, carbendazim, clomazone,
fenhexamid, furosemide, indomethacin, irgarol, levetiracetam,
mianserin, monuron, ranitidine, rufinamide, tebufenozide,
thiacloprid, and trimethoprim) were selected based on the
following criteria: (1) their biotransformation was inhibited
>20% by AMO inhibitors in a previous activated sludge study;*
(2) the reference standards are commercially available. A
complete list of the investigated micropollutants and their
applications can be found in Table S1. The reference standards
of selected micropollutants were purchased from Sigma-Aldrich
(St. Louis, MO) and Toronto Research Chemicals (Toronto,
Canada). Five internal standards: trimethoprim-d;, metoprolol
acid-d;, carbendazim-d,, and furosemide-d; were obtained from
C/D/N Isotopes (Quebec, Canada) and Toronto Research
Chemicals (Toronto, Canada). Stock solutions of all tested
compounds were prepared in methanol with a concentration of
1 g/L, except for carbendazim (0.25 g/L), and stored at —20 °C
until use. Given the potential inhibitory effects of these
micropollutants on ammonia oxidizers,">** we divided the 17
micropollutants into two groups (i.e., group A and group B) to
reduce the total number of micropollutants and the total
concentration in the mixtures. Micropollutants in each group
were added as a mixture.

Cultivation of Microorganisms. All strains were main-
tained in the same modified basal medium™ with 4 g/L CaCO,
for buffering the pH at ~8.0. N. inopinata was incubated at 42 °C
in the dark without shaking, and 2 mM NH,CI was added as
growth substrate periodically upon depletion (~every 7 days).
N. gargensis was incubated at 46 °C in the dark without shaking,
and 2 mM NH,Cl was added as growth substrate ~every 6 days.
N. nitrosa Nm90 was obtained from the AOB strain collection of
the University of Hamburg (Germany)®” and was incubated at
37 °C in the dark with shaking at 90 rpm, amended with 2 mM
NH,CI every ~6 days. The nitrite-oxidizing bacterium Nitro-
spira defluvii*' was incubated at 37 °C in the dark without
shaking, and 1 mM NaNO, was added as growth substrate every
~7 days.

Micropollutant Biotransformation Screening. The
micropollutant biotransformation capabilities of the comammox
N. inopinata, AOA N. gargensis, and AOB N. nitrosa Nm90 were
investigated in batch experiments. Pregrown biomass was
harvested by centrifugation at 7380 X g for 30 min at 10 °C,
and the pellet was resuspended in fresh medium to obtain 2-fold
concentrated biomass. In our previous study, the concentration
of MPs in WWTPs ranges from several ng/L to less than a
hundred pg/L."* Thus, the corresponding volume of mixed
micropollutant stock solutions to reach an initial concentration
of 20 ug/L (for each micropollutant) was first added into empty
sterile bottles. After the organic solvent methanol was
evaporated, 25 mL of thoroughly mixed concentrated culture
with 2 mM NH,CI was inoculated into 100 mL glass bottles,
respectively. NH,CIl was readded back to bring the concen-
tration to 2 mM when it fell below 1 mM. In order to
fundamentally understand MP biotransformation capabilities of
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each strain, cultures were incubated at their optimal growth
temperatures for N. inopinata (42 °C), N. gargensis (46 °C), and
N. nitrosa Nm90 (37 °C). First time point samples (0.5 mL)
were taken immediately after biomass addition and then
centrifuged at 16240 X g at 4 °C for 10 min; 0.3 mL of
supernatant was transferred into 2 mL amber glass vials (with
300 pL-inserts), capped, and stored at 4 °C in dark until LC-
HRMS/MS analysis (a maximum of 30 days of storage until
analysis), while 0.1 mL of supernatant was transferred into 1.5
mL Eppendorf tubes and stored at —20 °C for further chemical
measurements. The cell pellets were stored at —20 °C for total
protein measurement. Subsequent samples were taken in the
same way for N. inopinata at 18, 24, 48,72, 96, 144, 240, and 336
h, N. gargensis at 4, 24, 48, 72, 96, 144, and 240 h, and N. nitrosa
Nm90 at 16, 24, 48, 72, 94, 144, 240, 336, and 504 h. The
incubation period is relevant to typical solid retention times (6—
16 days) in suspended growth nitrifying reactors of WWTPs."*

Abiotic (without added biomass, with 4 g/L CaCO;) and
heat-inactivated biomass (121 °C and 103 kPa for 20 min)
control experiments were set up in the same way as
biotransformation experiments to examine the sorption
potential of the selected micropollutants to the CaCO;
precipitates in fresh medium and to the biomass, respectively,
as well as the abiotic transformation potential at 46 °C (the
highest temperature for cultivating the tested strains). For
abiotic and heat-inactivated biomass controls, 2 mM ammonium
and 6 mM nitrite were added (for N. inopinata controls, 6 mM
nitrate was also added) to mimic the highest N levels in the
biological samples and investigate possible abiotic trans-
formation in the presence of ammonium, nitrite, and nitrate.
Samples were taken at the same time points during the same
incubation period as for the biotransformation experiments. In
parallel, cultures amended with ammonium only (no micro-
pollutant addition) were also set up as the positive control for
ammonia oxidation activity. All experiments were performed in
triplicates.

Biotransformation of Carbendazim by N. inopinata.
To confirm the biotransformation of carbendazim by N.
inopinata, the same biotransformation experiments were set up
with an individual addition of carbendazim (40 ug/L) and were
inoculated with 2—4 times concentrated biomass. To test
whether the biotransformation of carbendazim by N. inopinata
was associated with ammonia and/or nitrite oxidation, experi-
ments were designed to provide N. inopinata with ammonium or
nitrite as the sole energy source. Biotransformation experiments
were set up using concentrated N. inopinata biomass under the
following conditions: (1) 2 mM NH,—N (with reamendment
upon depletion to a total of 10 mM), with and without
carbendazim; (2) 0.5 mM NaNO, (with reamendment upon
depletion to a total of 2.5 mM) and 0.05 mM NH,—N, with and
without carbendazim; (3) 0.5 mM NaNO, (with reamendment
upon depletion to a total of 2.5 mM), 0.0S mM NH,—N, and 10
uM allylthiourea (ATU, a common AMO inhibitor resulting in a
complete inhibition of ammonia oxidation at 10 uM), with and
without carbendazim, and (4) 1 mM NH,—N and 10 uM ATU
(for ammonia oxidation inhibition control). We used 0.5 mM
NaNO, as the accumulation of nitrite during complete ammonia
oxidation by N. inopinata under these conditions can reach this
level. We used ATU to inhibit comammox AMO by copper
depletion rather than a mechanistic inhibitor specific to AOB
such as octyne because the specificity of octyne to comammox
AMO has not yet been investigated. Control experiments with
heat-inactivated N. inopinata biomass were set up with the
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addition of 2 mM NH,C], 0.5 mM NaNO,, 6 mM NaNO;, 10
UM ATU, and 40 pg/L carbendazim. Time series samples were
taken over a 29 day incubation period. The two other ammonia
oxidizers (N. gargensis and N. nitrosa Nm90) as well as the
nitrite-oxidizing N. defluvii isolated from a WWTP™ were tested
with individual carbendazim compound addition for compar-
ison. Cultures were amended with 2 mM NH,—N and 2 mM
NO,—N (with reamendment back to 2 mM when below 1 mM)
for ammonia-oxidizers and the nitrite-oxidizer, respectively.
Samples were taken in time series over a 14 day incubation
period.

Ammonium, Nitrite, and Nitrate Measurements. NH,*,
NO, , and NO, /NO;~ (NOx) concentrations were all
measured colorimetrically. NH,—~N was measured by a
colorimetric method.** Standards were prepared in the medium
and ranged from 100 to 2000 M NH,CI. Nitrite was measured
using a sulfanilamide N-(1-naphthyl) ethylenediamine dihydro-
chloride (NED) reagent method.” Nitrate was reduced to
nitrite by vanadium chloride and measured as NO, by the Griess
assay.*® Standards were prepared in the medium and ranged
from 100 to 2000 #uM NO, and from 100 to 2000 uM nitrite. All
colorimetric analyses were performed using an Infinite 200 Pro
spectrophotometer (Tecan Group AG, Mannedorf, Switzer-
land).

Total Protein Measurement. Total protein was measured
using a Pierce BCA Protein Assay Kit (Thermo Scientific,
Regensburg, Germany) according to the manufacturer’s
instructions.

Estimation of Kinetic Parameters. To quantitatively
compare biotransformation activities among biological samples,
we estimated biotransformation rate constants (ky,;,) normalized
to total protein (Table S2) by using a first-order model
described previously,'® which incorporates abiotic sogption and
transformation and biotransformation processes.””** A Baye-
sian fitting procedure was used for parameter estimation as
described elsewhere.”” The median value calculated from the
fitting procedure was used as the estimated k;,, with the 5% and
95% percentile values representing the estimation uncertainty.
The fitting quality was evaluated by plotting measured data
against model predictions, including 90% credibility intervals
and by the root-mean-square errors.

Analytical Method. Micropollutants, as well as their
transformation products (TPs), were analyzed by liquid
chromatography coupled to a high-resolution quadrupole-
orbitrap mass spectrometer (LC- HRMS/MS) (Q Exactive,
Thermo Fisher Scientific) as described previously.*” In general,
50 pL sample was loaded onto a C,g Atlantis-T3 column
(particle size 3 ym, 3.0 X 150 mm, Waters) and eluted at a flow
rate of 350 #L/min with nanopure water (A) and acetonitrile
(B) (both amended with 0.1% formic acid) at a gradient as
follows: 5% B: 0—1 min, 5% — 100% B: 1—8 min, 100% B: 8—20
min, and 5% B: 20—26 min. Compounds in the eluate were
measured in full scan mode on HRMS at a resolution of 70000 at
m/z 200 and a scan range of m/z 50—750 in a positive/negative
switching mode. The LC-HRMS full scan was used to measure
parent compound concentrations and identify plausible trans-
formation products (TPs). To elucidate TP structures, we
measured the samples on LC-HRMS/MS for a second time, and
data-dependent MS® using the exact masses of identified TPs
was triggered after each full scan with a resolution of 17500 at
200 m/z at a normalized collision energy of 40. Dynamic
exclusion technology was used to capture MS?* spectra of each
TP accurately.
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Figure 1. (A) Micropollutants biotransformed by Nitrososphara gargensis (AOA), Nitrosomonas nitrosa Nm90 (AOB), and Nitrospira inopinata
(comammox) (n = 3, * indicates a statistically significant difference from the abiotic and heat-inactivated biomass controls, p < 0.05). (B) Biomass-
normalized biotransformation rate constants, ky;, (bars represent the median ki, values calculated based on a first-order model and a Bayesian fitting
procedure, taking into account the adsorption and abiotic transformation; see Table S2 for complete results of simulated rate constants; ky;, of
mianserin and ranitidine biotransformation by N. gargensis and N. nitrosa Nm90 was adopted from Men et al,, 2016'°).

Cell Extraction for Intracellular Micropollutant Con-
centration Measurement. A cell extraction procedure from a
previous study”” was adopted with slight modification. Briefly,
internal standards were spiked in cell pellets collected from 10
mL of culture (at a final concentration of 4 ug/L for each)
followed by an addition of 2 mL of lysis solvent containing
methanol (0.5% formic acid)/nanopure water (0.1% w/w
EDTA), 50:50 (v/v). The cells were disrupted by ultra-
sonication at 50 °C for 15 min and centrifuged at 8000 X g
for 10 min. The supernatant was collected in a glass vial. This
procedure was repeated for two more times for a better recovery.
Finally, ~6 mL supernatant was evaporated to dryness under a
gentle steam of dinitrogen gas at 40 °C. The analytes were
redissolved in 0.5 mL of filter-sterilized fresh medium without
CaCOy; this mixture was then centrifuged at 8000 X gat 4 °C for
10 min. The supernatant was collected for LC-HRMS
measurement.

Transformation Product (TP) lIdentification. As de-
scribed in previous studies,”*”*” both suspect screening and
nontarget screening were carried out to identify TPs. Generally,
suspect screening was performed by TraceFinder 4.1 EFS
software (Thermo Scientific). TP suspect lists were compiled
using an automated metabolite mass prediction script, which
considered a number of known redox and hydrolysis reactions as
well as several conjugation reactions at primary and secondary
levels. Plausible TPs were identified according to the following
criteria: (i) isotopic pattern score > 70%; (ii) peak area > 5 X
105; (iii) increasing trend over time or an increase followed by a
decrease; (iv) absent or at lower levels in biological samples
without micropollutant addition and in heat-inactivated
controls. Sieve 2.2 software (Thermos Scientific) was used for
nontarget screening, and the TP candidates were selected based
on the same criteria. MS” fragment profiles of TP candidates
obtained using data-dependent MS/MS scan were used to
elucidate TP structures. MarvinSketch (NET6.2.0, 2014) was
used for drawing, displaying, and characterizing chemical
structures (ChemAxon, http://www.chemaxon.com).

B RESULTS AND DISCUSSION

Micropollutant Biotransformation by N. inopinata.
First of all, we tested for absorption of the selected micro-
pollutants to CaCO; precipitates and for abiotic transformation
in the commonly used basal medium®® containing ammonium,
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nitrite, and nitrate at the highest possible concentrations as those
in the biological samples. MP abiotic transformation tests were
performed at the highest incubation temperature (46 °C), and
we assumed absence or lower abiotic transformation rates at
lower temperatures. No more than 20% abiotic removal was
observed for 15 of the 17 tested compounds (data not shown).
Indomethacin was almost completely transformed abiotically
after 120 h and was excluded from further analysis. Fenhexamid
exhibited a 36% removal after 94 h and 86% after 504 h (Figure
S1). Heat-inactivated biomass was used for testing the
absorption of micropollutants on inactivated cells. No obvious
micropollutant removal (>20%) was observed over a 94 h
incubation. With a prolonged incubation of 504 h, fenhexamid in
the heat-inactivated AOB culture showed a removal of 62%
(Figure S1). These results indicate that except indomethacin
and fenhexamid, all the other tested micropollutants did not
adsorb on CaCO; precipitates or inactivated biomass or exhibit
abiotic transformation after at least 240 h of incubation (for
selected data see Figure S1). The abiotic transformation of
fenhexamid after 94 h was not through nitration observed for
other micropollutants,”’ as no corresponding transformation
products were detected. Moreover, fenhexamid likely adsorbed
on CaCOj;. The higher removal of fenhexamid in the medium
control than in the heat-inactivated control containing the same
amount of CaCOj precipitates (4 g/L) could indicate that the
surface of the CaCOj particles was occupied by dead cells in the
heat-inactivated control, resulting in reduced absorption of
fenhexamid. In addition, at a concentration of 20 ug/L, the
tested micropollutant mixtures (Table S1) exhibited no
inhibitory effects on ammonia oxidation by the three ammonia
oxidizers or nitrite oxidation by N. inopinata (Figure S2).

Five of the 17 tested micropollutants, i.e., asulam,
carbendazim, fenhexamid, mianserin, and ranitidine showed
biotransformation by N. inopinata. Except for asulam, which was
only slightly biotransformed by 16%, the other four compounds
exhibited 45—85% removals during the 240 h incubation period
(Figures 1A and S1). For the tested AOA and AOB strains, a
similar compound specificity was observed. These strains
biotransformed asulam, fenhexamid, mianserin, and ranitidine,
although at various biomass-normalized rates (Table S2, Figure
1B). Among the tested micropollutants, these four compounds
were also previously reported by us to be biotransformed by
another AOB strain (N. europaea). In addition. N. europaea also
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transformed rufinamide and benzafibrate but at relatively lower
removals than the other four compounds.”” For asulam, N.
gargensis exhibited the highest biotransformation rate among the
three ammonia oxidizers, about 5 times higher than that of N.
nitrosa Nm 90, while for biotransformation of fenhexamid, N.
nitrosa Nm90 was the most efficient strain with a 5 times higher
biotransformation rate than those of N. inopinata and N.
gargensis (Figure 1B). The two pharmaceuticals, mianserin and
ranitidine, which were demonstrated to be biotransformed by N.
gargensis and N. nitrosa Nm 90,'° were also biotransformed by N.
inopinata with 240 h removals of 87% and 73%, respectively
(Figure 1A, Table S2). Compared to AOA (N. gargensis) and
AOB (N. nitrosa Nm90), respectively, the biotransformation
rate constants of N. inopinata were 6 and 8 times higher for
mianserin and 8 and 22 times higher for ranitidine. In addition,
the previously identified TPs of mianserin, ranitidine, and
asulam during biotransformation by the AOA and AOB
species' “*” were also detected during biotransformation by N.
inopinata (Figure S3). All these TPs were formed via oxidation
reactions that might be carried out by AMO,'® which indicates
that N. inopinata also likely converted mianserin and ranitidine
via the same mechanism by AMO.

Surprisingly, and different from the above four micro-
pollutants, carbendazim was biotransformed only by N.
inopinata with a 240 h removal of 48% (Figure 1A). The
biotransformation rate of carbendazim by N. inopinata was 8—17
times lower than those of fenhexamid, mianserin, and ranitidine.
Moreover, according to our previous study, carbendazim cannot
be transformed by either hydroxylamine or nitric oxide, which is
different from the other four biotransformed compounds that
underwent both cometabolic biotransformation by bacterial
AMO and abiotic biotransformation mediated by ammonia
oxidation intermediates.*’ It was previously hypothesized that
the higher affinity of the archaeal AMO for the cometabolic
substrate lead to a higher rate of micropollutant biotransforma-
tion by the AOA N. gargensis than by the AOB N. nitrosa
Nm90."° Thus, the exclusive biotransformation of carbendazim
by N. inopinata and its higher biotransformation rates of
mianserin and ranitidine are also likely attributed to its
phylogenetically different AMO and the remarkably high affinity
of this enzyme.” In addition, N. inopinata excretes much more
hydroxylamine than N. gargensis and N. nitrosa Nm90 during
ammonia oxidation in batch culture with an initial ammonium
concentration of 2 mM,*” which will result in higher
hydroxylamine-mediated abiotic transformation for the four
compounds that can react with hydroxylamine (except for
carbendazim).*” The lower biotransformation rate of asulam by
N. inopinata compared to the other tested ammonia-oxidizers
suggests that AMO affinities vary among micropollutants. It is
worth noting that carbendazim is structurally different from
asulam and the other three biotransformed compounds as it
contains a benzimidazole group. Thus, future studies should
include more benzimidazole compounds to test whether
compounds within this group are more generally biotrans-
formed by N. inopinata.

Notably, besides AMO that is encoded by all known aerobic
ammonia oxidizers, N. inopinata possesses a nitrite oxidor-
eductase (NXR), which enables its additional nitrite oxidation
activity compared to AOB and AOA.> Although a previous
study has demonstrated that the nitrite-oxidizing bacterium
(NOB) Nitrobacter sp. was not able to biotransform any of the
micropollutants investigated in this study,’’ it remains to be
demonstrated whether the NXR enzyme of N. inopinata, that is
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significantly different than that of Nitrobacter NOB,*>*" is
contributing to the observed biotransformation reactions.
Mechanisms of Carbendazim Biotransformation by N.
inopinata. We first confirmed the biotransformation of
carbendazim in the absence of the other micropollutants by N.
inopinata using an individual addition of carbendazim to the
three investigated ammonia oxidizers. Consistent with the
mixed micropollutant addition, among the three tested nitrifiers,
only N. inopinata was able to biotransform carbendazim (Figure
2, Figure S4). To further confirm the enzymes involved in
carbendazim biotransformation and elucidate the underlying
mechanisms, we investigated carbendazim biotransformation
activities by N. inopinata cells under various conditions: (1)
ammonium as the energy source (2 mM with reamendment
upon depletion to a total of ~10 mM), where both AMO-
involved ammonia oxidation and NXR-mediated nitrite
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Figure 2. Carbendazim biotransformation (A), nitrate production (B),
and cell growth measured as total protein (C) of N. inopinata under
different growth conditions (n = 3).
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Figure 3. Carbendazim biotransformation and TP formation by N. inopinata (n = 3; note: for TP148 and TP116, the values represent the averaged
peak areas in N. inopinata with carbendazim addition subtracted by the averaged peak areas in N. inopinata without carbendazim addition, representing

oxidation were active; (2) nitrite as the energy source (0.5 mM
with reamendment upon depletion to a total of ~2.5 mM),
where NXR was active while the activity of enzymes involved in
ammonia oxidation was suspended due to the lack of
ammonium; (3) nitrite as the energy source with the same
additions as in conditions in part 2 but with an AMO inhibitor
(ATU), where NXR was active, and the activity of AMO was
completely inhibited. When using nitrite as the energy source,
we still added a small amount of ammonium (0.05 mM) as a
nitrogen source, as N. inopinata cannot assimilate nitrite.>° To
eliminate potential AMO activity by oxidizing the added trace
amount of ammonium for energy conversion, the commonly
used AMO inhibitor ATU® was used. The inhibitory effect of
ATU was confirmed as no nitrate formation was observed in N.
inopinata grown on 1 mM ammonium in the presence of 10 yM
(ca. 1.16 mg/L) ATU (Figure 2B). In all experiments, only the
ammonium-amended N. inopinata culture biotransformed
carbendazim with a 206 h removal of 57%, whereas nitrite-
amended N. inopinata did not show any carbendazim
biotransformation (Figure 2A).

All added ammonium/nitrite was completely converted by N.
inopinata to nitrate (final product) in the absence of ATU.
Ammonia oxidation was totally inhibited by the added ATU
which did not affect nitrite oxidation. The maximum nitrate
production rate from ammonium was slightly smaller with
carbendazim addition than without (Figure 2B). This difference
was due to either a slight inhibitory effect of carbendazim or the
lower initial biomass of N. inopinata in the experiments with
carbendazim addition (Figure 2C). A sustained activity of NXR
and an overall metabolic activity of N. inopinata was indicated by
the continuous oxidation of nitrite to nitrate in N. inopinata cells
when nitrite was provided as the sole energy source with or
without ATU addition. However, carbendazim biotransforma-
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tion activity was lost in N. inopinata with nitrite (with or without
ATU addition) (Figure 2A), suggesting that the biotransforma-
tion of carbendazim by N. inopinata was associated with
ammonia oxidation rather than NXR-mediated nitrite oxidation.
Even in N. inopinata fed with ammonia, there was a lag phase of
~100 h before carbendazim was actively biotransformed
(Figures 2A and 3). This suggests that the biotransformation
of carbendazim was via a cometabolic mechanism by AMO in
which the conversion of carbendazim by AMO is mechanisti-
cally possible only when ammonia is present and ammonia
oxidation is actively occurring. It is also worth noting that no
growth of N. inopinata on nitrite was observed irrespective of the
addition of ATU, despite the sustained catabolic activity and the
presence of a small amount of ammonia (0.05 mM) for N-
assimilation (Figure 2C). The reason for the inability of N.
inopinata to grow on nitrite in the presence of a suitable nitrogen
source remained unknown; one possible reason was insufficient
reducing power (ammonia) for carbon fixation with and without
ATU, as N. inopinata lacks the pathway to generate reducing
power from nitrite to quinone via the reverse electron transport
for carbon fixation.>

We also tested carbendazim biotransformation by a (non-
ammonia-oxidizing) nitrite-oxidizing bacterium N. defluvii,"""**
which is phylogenetically related to N. inopinata. Within a 14 d
incubation, N. defluvii showed no carbendazim biotransforma-
tion activity (Figure S4). This corroborates the observation that
enzymes involved in the nitrite-oxidizing metabolic pathway did
not contribute to the biotransformation of carbendazim.

Carbendazim Transformation Product (TP) Identifica-
tion. TPs of carbendazim biotransformation by N. inopinata
were analyzed to understand the biotransformation pathways
and mechanisms. According to the suspect and nontarget
screening results, four tentative TPs (Figure 3) with m/z values
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0f208.0713 ([M + H]*, denoted TP208), 296.0273 ([M — H]",
denoted TP296), 148.0601 ([M + H]*, denoted TP148), and
116.0492 ([M — H]~, denoted TP116) were identified
according to the screening criteria. The confidence level of
structure elucidation for each TP was assigned based on the
criteria set up by Schymanski et al.>*

TP208 and TP148 were the two dominant ones during
carbendazim biotransformation by N. inopinata over ~29 d.
TP208 was the most plausible TP based on the structure
elucidation. The MS? fragments of TP208 all revealed an intact
aromatic ring with an oxygen element, indicating that TP208
was a hydroxylation product of carbendazim with the addition of
—OH group on the aromatic ring (confidence level 2b) (Figure
4). Such hydroxylation reactions are typically carried out by
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Figure 4. Carbendazim TP208 structure elucidation.

AMO.*' Thus, consistent with the above result that carbendazim
biotransformation only occurred in N. inopinata grown on
ammonia, AMO is highly likely the responsible enzyme
initiating carbendazim biotransformation. TP208 was accumu-
lated during the first 96 h and then decreased and disappeared,
suggesting secondary biotransformation to other TPs (Figure
3).
MS? fragments of TP148 revealed the same MS? fragmenta-
tion profile as O-acetyl-L-serine (CsHyO,N) deposited in the
MassBank MS? library (MassBank Accession: PR100272)
(https://massbank.eu). We further obtained the MS” spectra
of O-acetyl-L-serine using the authentic standard as well as the
MS? spectra of its isomer N-acetyl-L-serine, both of which
matched with the MS? spectra of TP148 at the same retention
times (RTs) (Figure SS). Thus, we identified TP148 as acetyl-L-
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serine (confidence level 1) in general without differentiating
proportions of the two isomers. The sums of peak areas at the
two RT's were used to analyze the formation of TP148. O-acetyl-
L-serine is an intermediate of cysteine biosynthesis in bacteria. In
line with that, TP148 was detected in N. inopinata grown on
ammonium without the addition of carbendazim. Moreover,
TP148 was only detected in N. inopinata with ammonia addition
but not with nitrite addition (nitrite does not support N.
inopinata growth) or in the medium of the other two AOA and
AOB species grown on ammonia. This indicates that TP148 was
exclusively excreted by actively growing N. inopinata cells. The
efflux of metabolites of the cysteine biosynthesis pathway,
including O- and N-acetyl-L-serine, was observed in Escherichia
coli by a facilitator protein.>> N. inopinata might possess similar
facilitator proteins for the excretion of acetyl-L-serine.
Interestingly, TP148 (acetyl-L-serine) was identified by the
nontarget screening as a tentative TP because its abundance was
more than doubled with the addition of carbendazim in N.
inopinata cultures (Figure S6A). However, as no plausible
biotransformation pathway from carbendazim to acetyl-L-serine
can be inferred based on the present data, we are unable to verify
whether acetyl-L-serine was a true TP of carbendazim or not.
More likely, acetyl-L-serine was overproduced and/or excreted
by N. inopinata when exposed to carbendazim for unknown
reasons.

The other two minor TPs (peak area <107), i.e., TP296
(CyH,0,N;) and TP116 only showed up after about 8 days
(Figure 3), suggesting that they were secondary TPs. TP296 was
likely formed by the addition of two nitro groups and one —OH
group to the aromatic ring (Figure S7), whereas the formula and
the structure of TP116 remain elusive (confidence level 5) as the
exact mass does not give a plausible formula within the mass
tolerance threshold (S ppm), and the MS® profile does not
provide sufficient information for an unambiguous structure
(Figure S8). Like TP148, TP116 was also a metabolic
intermediate of N. inopinata, which was detected in N. inopinata
without carbendazim addition but at lower levels than in
carbendazim biotransformation samples (Figure S6B). Thus,
the additional amount of TP116 in N. inopinata with
carbendazim addition could also be due to the stimulated
formation/excretion in the presence of carbendazim for
unknown reasons. The benzimidazole functional group in
carbendazim was altered or lost in all proposed TPs, which
can result in decreased or lost fungicidal activities, thus leading
to less toxicity.

To examine active uptake by living cells, we further analyzed
the intracellular occurrence of carbendazim and the detected
TPs in extracts of washed cells collected at the end of the
incubation using suspect and nontarget screening based on the
same screening criteria. No carbendazim or TP was detected,
suggesting no active uptake or accumulation of carbendazim or
TPs in the living cells. As the reference compounds were not
available for all TPs, we used peak areas to estimate the mass
balance by assuming the parent compounds and the TPs have
the same ionization efficiency on LC-HRMS.>® We observed an
incomplete mass balance (~45% recovery) of carbendazim. This
could be due to the formation of smaller or nonionizable TPs
undetectable by the current LC-HRMS method or due to the
inaccurate estimation of concentrations based on peak areas
without taking into account the different ionization efficiencies
in positive (for carbendazim, TP 208 and TP148) and negative
(for TP296 and TP116) ionization modes. If ring-cleavage
biotransformation was occurring, carbendazim could also be
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partially assimilated into the biomass or be mineralized to
carbon dioxide.

Environmental Relevance. Comammox represents a
group of nitrifiers that have been previously overlooked. They
possess physiological characters distinct from the other common
ammonia and nitrite oxidizers and may play important yet
understudied ecological roles in natural and engineered
environments. Therefore, in this study, we explored their
contributions to the environmental fate of micropollutants. The
comammox isolate N. inopinata was the only one among the
three tested ammonia oxidizers that can biotransform
carbendazim, a benzimidazole fungicide widely used over the
past decades and frequently detected in wastewater, ground-
water, and surface water.”* " In the environment, carbendazim
is very stable and relatively persistent.”*"® A few isolated
bacteria are able to mineralize or de§rade carbendazim as the
sole nitrogen and carbon source.”*””" The identified common
pathway of carbendazim degradation by those bacteria starts
with carbendazim hydrolysis, forming 2-aminobenzimidazole,
which was further converted to 2-hydroxybenzimidazole, 1,2-
diaminobenzene, catechol, and then carbon dioxide.*®”° Among
the above-reported biotransformation intermediates, only 1,2-
diaminobenzene was detected in this study at low levels, but it
occurred in all experimental samples and controls. The peak
areas in the heat-inactivated control were even higher than those
in the biotransformation samples, indicating that its formation
was due to abiotic rather than biological degradation of
carbendazim. Different from the reported metabolic pathways,
N. inopinata employed cometabolic pathways by oxidizing
carbendazim into a hydroxylated TP first, which was further
converted to other TPs different from the ones identified in
carbendazim mineralization by other bacterial species. As
comammox bacteria are found in various environments such
as soil, sediments, freshwater, and WWTPs, they may make
special contributions to carbendazim removal in those systems.

Mianserin is a widely used second-generation tetracyclic
antidepressant,”' and ranitidine is a highly used gastrointestinal
drug which inhibits stomach acid production.”””* Both are
detectable at ng/L levels in various environments.”””* In this
study, N. inopinata is able to biotransform these two compounds,
like previously tested AOA and AOB species.'® Asulam is one of
the most effective systemic herbicides for controlling the growth
of a variety of bracken by inhibiting germination.”>”°
Fenhexamid (a dicarboximide) is a widespread fungicide that
inhibits DNA and RNA synthesis and cell division in fungi.”” ="’
Both asulam and fenhexamid are heavily used in agriculture.
Here, we determined for the first time that all tested ammonia
oxidizers have abilities to biotransform these two compounds,
providing new clues for the fate of these two compounds in
nitrifying agro-environments. To fundamentally understand the
biotransformation capabilities of the different ammonia
oxidizers, for each strain investigated, the biotransformation
rate constants were calculated and compared at their optimal
growth temperature. Ideally, the biotransformation rate
constants should be corrected by the temperature correction
factor (Qyo for a 10 °C temperature difference) to a typical
temperature found in systems important for micropollutant
biotransformation. Q, is reaction- and culture/enzyme-specific,
and various Q;, values (1—17.6) have been determined for AOA
and AOB cultures.*”®' However, as Q,, values between 20 °C
and the optimal temperature for the investigated ammonia
oxidizers are unknown, the actual temperature effects of MP
biotransformation are uncertain. Decreased activities may be
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expected at a lower temperature. Nonetheless, for all five
compounds, substantial removal (>20%) was reported in a
nitrifying activated sludge community at room temperature,
where ammonia oxidizers showed significant contribution to the
transformation of these micropollutants.®

In summary, the discovery of comammox Nitros{pim has
fundamentally changed our view of nitrification.’””" In this
study, we demonstrate that the comammox organism N.
inopinata (the only comammox isolate available) is capable of
biotransforming five micropollutants (including a compound
not transformed by the tested AOA and AOB) suggesting that
comammox should be considered as a player for micropollutant
biotransformation, too. The distinct ecological niche of
comammox due to its remarkably high substrate affinity and
yield in comparison to AOA and AOB might add weight to the
role of comammox bacteria in micropollutant biotransforma-
tion, especially in oligotrophic ecosystems where comammox
bacteria are the dominant ammonia oxidizers.”> Different
removal percentages and rate constants of the tested micro-
pollutants may be expected for other comammox bacteria with
different origins than N. inopinata. The findings collectively
expand our knowledge of micropollutant biotransformation by
ammonia oxidizers and provide important fundamental insights
into the potential fate of certain micropollutants in nitrifying
environments colonized by different ammonia oxidizers.
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