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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Guo-Ping Sheng 17a-ethynylestradiol (EE2) is a priority emerging contaminant (EC) in diverse environments that can be com-

etabolized by ammonia oxidizing bacteria (AOB). However, its transformation kinetics and the underlying

Keywords: molecular mechanism are unclear. In this study, kinetic parameters, including maximum specific EE2 trans-
Cometabolism formation rate, EE2 half-saturation coefficient, and EE2 transformation capacity of AOB were obtained by using
17a-ethynylestradiol

the model AOB strain, Nitrosomonas europaea 19718. The relationship between EE2 cometabolism and ammonia
oxidation was divided into three phases according to reducing power availability, namely “activation”,
“coupling”, and “saturation”. Specifically, there was a universal lag of EE2 transformation after ammonia
oxidation was initiated, suggesting that sufficient reducing power (approximately 0.95 + 0.06 mol NADH/L) was
required to activate EE2 cometabolism. Interestingly, nitric oxide emission increased by 12 + 2% during EE2
cometabolism, along with significantly upregulated nirK cluster genes. The findings are of importance to un-
derstanding the cometabolic behavior and mechanism of EE2 in natural and engineered environments. Main-
taining relatively high and stable reducing power supply from ammonia oxidation can potentially improve the

Reductant model
Nitric oxide

nirk

Nitrosomonas europaea

cometabolic removal of EE2 and other ECs during wastewater nitrification processes.

1. Introduction

The growing concerns on steroid hormones as a kind of emerging
contaminants (ECs) in aquatic environment are attributed to their po-
tential risks to ecosystems and human health (Gavrilescu et al., 2015;
Hamid and Eskicioglu, 2012; Luo et al., 2014; Petrie et al., 2015). 17a-
ethynylestradiol (EE2) is a synthetic estrogen commonly used in oral
contraceptive pills (700 kg/year), and is the main contributor to estro-
genic activity in the environment causing alterations in reproductive
behaviors of diverse aquatic organisms (Adeel et al., 2017; Caldwell
etal., 2012; Laurenson et al., 2014; Tetreault et al., 2011), making it one
of the priority ECs on the EU Watch list in Decision 2015/495/EU
(Nguyen et al., 2020). EE2 enters into the environment mainly via do-
mestic wastewater discharge, leading to its ubiquitous distribution in
different water environments at concentrations up to 230 ng/L (Adeel
et al., 2017; Luo et al., 2014; Pauwels et al., 2008).

Cometabolic biodegradation by ammonia oxidizing bacteria (AOB)
represents a major pathway of EE2 removal in natural and engineered
systems, e.g., wastewater treatment plants (WWTPs) (Forrez et al., 2009;

Khunjar et al., 2011; Shi et al., 2004; Skotnicka-Pitak et al., 2009).
Although positive correlations between EE2 biotransformation rates and
nitrification activity have been repeatedly found by using nitrifying
activated sludge and AOB (Jantanaprasartporn et al.,, 2018; Yi and
Harper, 2007), the molecular mechanism of EE2 cometabolism remains
elusive. Ammonia monooxygenase (AMO) has been suggested as the key
enzyme participating in EE2 cometabolism, due to two possible reasons:
1) inhibiting AMO by allylthiourea (ATU) significantly reduced EE2
cometabolic activity (Gusseme et al., 2009; Laurenson et al., 2014; Yi
and Harper, 2007); 2) one of the EE2 transformation products (TPs),
OH-EE2 with a hydroxyl group on the aromatic ring A or polycyclic B of
EE2 is formed during AMO-catalyzed ammonia hydroxylation to hy-
droxylamine (Khunjar et al., 2011; Yi and Harper, 2007). However, the
involvement of other enzymes in regulating cometabolic removal of EE2
cannot be excluded. A recent study has underlined the non-specific in-
hibition of ATU on copper-containing enzymes other than AMO (Men
et al., 2017), indicating that the contributions of other enzymes to EE2
biotransformation might be underestimated. At the transcriptional level,
both up- and down-regulations of amoA have been reported during the
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cometabolism of organic ECs by the traditional reverse
transcription-quantitative PCR (RT-qPCR) assays (Wang et al., 2019a;
b). A better understanding of the molecular mechanism of EE2 comet-
abolism could be facilitated by high-throughput gene expression anal-
ysis, e.g., RNA-seq. Lastly, the existence of diverse biotic TPs of EE2
(Barr et al., 2012; Skotnicka-Pitak et al., 2009), e.g., sulfo-EE2, also
suggests the potential involvement of enzymes other than AMO.

Reductants generated from primary substrate utilization, e.g.,
nicotinamide-adenine dinucleotide (NADH), could represent a limiting
factor for EC cometabolism. During EE2 cometabolism by nitrifying
activated sludge, supplying more reductants by increasing initial
ammonia concentrations promoted EE2 removal (Jantanaprasartporn
et al., 2018). The addition of alternative energy sources, e.g., hydrazine,
can also enhance EE2 transformation by alleviating reducing power
deficiency (Vader et al., 2000). Nonetheless, there is a lack of quanti-
tative information on the required reducing power of EE2 cometabolism
by AOB. The detailed correlation between ammonia oxidation and EE2
cometabolism under limited reducing power supply also desires further
investigation. Traditional first-order or pseudo-first-order kinetics have
been applied to describe EE2 cometabolism (Hamid and Eskicioglu,
2012; Shi et al., 2004), which did not link cometabolic substrate removal
with primary substrate consumption. Alternatively, the reductant model
takes into account primary substrate as a co-limiting factor, which
supplies reducing power to the cometabolic process (Delgadillo-Mirquez
et al., 2011; Fernandez-Fontaina et al., 2014). The model outperforms
other methods in modeling cometabolic processes in later studies (Liu
et al., 2015), especially for chlorinated and brominated aliphatic hy-
drocarbons (Jesus et al., 2016).

Critical knowledge gaps remain in EE2 cometabolism by AOB: 1)
how the cometabolic process correlates with the oxidation of ammonia
based on reducing power availability; 2) what are the kinetics of EE2
cometabolism based on the reductant model; 3) what genes are involved
in regulating the cometabolic transformation of EE2. This study aims to
fill the above gaps by evaluating EE2 cometabolic behaviors, obtaining
cometabolic kinetics, identifying EE2 TPs and the differentially
expressed genes during EE2 cometabolism by the model AOB, Nitro-
somonas europaea. Outcomes from this study are expected to provide
new insights into understanding the cometabolism of broader ECs and
enhancing their removals by nitrifying bacteria at WWTPs and in the
natural environment.

2. Materials and methods
2.1. Cultivation of Nitrosomonas europaea

Nitrosomonas europaea ATCC 19718 was cultivated as previously
described (Yu and Chandran, 2010). Briefly, the culture was grown at
30°C and shaken in dark at 150 rpm in a growth medium containing 280
mg N/L and trace elements (per liter): 0.2 g of MgSO4-7H20, 0.02 g of
CaCly-2H50, 0.087 g of KoHPOy4, 2.52 g HEPPS (3-[4-(2-Hydroxyethyl)-
1-piperazine] propanesulfonic acid), 0.85 g KHCOs3, 1 mL of 13% EDTA-
Fe (1II), 1 mL of trace elements solution (10 mg of NazMo0O4-2H>0, 17.2
mg of MnSO4-Hy0, 10 mg of ZnSO4-7H20, 0.4 mg of CoCly-6H0, and
100 mL of distilled water), and 0.5 mL of 1 mM CuSO4-5H50. Reactor pH
was controlled in the range of 6.8-7.8 by manual addition of filter-
sterilized 2 M KHCOj3 solution. Dissolved oxygen (DO) was maintained
at 2-3 mg/L.

2.2. EE2 biotransformation in batch and chemostat experiments

EE2 was purchased from Dr. Ehrenstorfer GmbH (Augsburg, Ger-
many). Pre-grown N. europaea culture at late exponential phase was
harvested and washed with fresh medium without ammonia to remove
residual nitrite and concentrate the biomass. Concentrated culture was
thoroughly mixed and resuspended in 500 mL medium containing 200
pg/L EE2 and 280 mg/L NH4-N. Ammonia, nitrite, and EE2
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concentrations were monitored every 12 h for 3 days, and 15 mL
biomass was sampled for RNA-seq at t = 24 h when the transformation
rate of EE2 was the highest. Control groups without biomass and with
heat-inactivated biomass (121°C and 103 kPa for 30 min) were set up to
characterize self-degradation and adsorption of EE2, respectively. Four
hundred mL batch cultures were sampled at t = 24 h in all groups for TP
identification. All batch experiments were conducted in triplicate. In
order to further understand the correlation between primary meta-
bolism and cometabolism under varied reducing power availability, a
series of copper inhibition tests were conducted, where 20, 50, and 100
ng/L Cu?t were added to N. europaea cells so that different levels of
reducing power supply were created (detailed experimental procedure
can be found in Supplementary Material).

The chemostat was started with a batch period (2 L, 30°C, 3 days in
dark), and then switched to chemostat operation with a hydraulic
retention time (HRT) of 2 d and constant aeration at 1 L/min. The pH
was controlled at 7.50 £+ 0.20 by automatic addition of sterile KHCO3
solution (2 M). Chemostat medium was the same as that in the batch
experiments above, except no EE2 was added. Ammonia and nitrite
concentrations were monitored every 12 h until the reactor reached a
steady state on day 5 and lasted 2 days. Subsequently, 400 pg/L EE2 was
added into the medium, and the chemostat was operated for another 9
days. Effluent was sampled before and 2, 5, 7 days after EE2 addition
(labelled as “no EE2”, and “2d”, “5d”, “7d” with EE2, respectively) for
TP identification and RT-qPCR analysis.

2.3. Measurement of nitrogenous species and EE2

NH4-N and NO3-N concentrations were measured according to
standard methods (China, 2002). Biomass concentration was deter-
mined by cell count (6.3 x 10'2 cells/g dry mass for Nitrosomonas) which
can be calculated from optical density (OD600 1.00 converts to 1.01 x
10° cells/mL) (Farges et al., 2012). Gaseous NO (nCLD AL, Ecophysics,
USA) and nitrous oxide (N3O) (Agilent 7890A-5977B, USA) in the
headspace of the chemostat reactor were measured once per 12 h (de-
tails in Supplementary Material).

EE2 was quantified using Prominence high-performance liquid
chromatograph system equipped with a fluorescence detector (HPLC-
FLD) (Shimadzu LC-20AD, Japan). A ZORBAX Eclipse XDB-C18 column
(150 mm x 4.6 mm, 5 pm, Agilent) was used for separation at 40°C. The
mobile phase consisted of water/acetonitrile (50:50, v/v) at a flow rate
of 1.0 mL/min. The injection volume was 10 pL. Fluorescence detection
of EE2 was at an excitation wavelength of 280 nm and an emission
wavelength of 310 nm (Lima et al., 2013).

2.4. Identification of EE2 transformation products

Samples from batch (t = 24 h) as well as chemostat (before and day 2,
5, 7 after EE2 addition) experiments for TP identification mentioned
above were centrifuged at 4 °C, 12000 x g for 20 min, and the super-
natant was loaded onto the Oasis HLB cartridge for solid phase extrac-
tion. TP identification was conducted by using the ultra-performance
liquid chromatography system coupled to a hybrid quadrupole time-of-
flight tandem mass spectrometer (UPLC-Q-TOF-MS/MS) (AB SCIEX, CA,
USA) and Analyst TF 1.6 software (AB SCIEX, CA, USA).

The molecular formulae and predicted chemical structures of TPs
were derived from the exact mass of [M + H] " or [M—H] fragment ions
and isotopic pattern. For suspect screening, a list of TPs was compiled
considering previously reported TPs (Barr et al., 2012; Khunjar et al.,
2011). Nontarget screening was further carried out to identify other
possible TPs based on the following criteria: (1) mass accuracy tolerance
< 5 ppm; (2) signal to noise ratio (S/N) > 100; (3) peak area > 105; 4
not detected in control group (inactivated cells); (5) TP-like changing
pattern. Detailed TP identification procedure can be found in Supple-
mentary Material.
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Table 1
Target genes of RT-qPCR assays in this study.
Primer Sequence (5'-3') Target gene Amplicon size (bp) Reference
amoAF GGACTTCACGCTGTATCTG amoA, encoding ammonia monooxygenase 135 (Yu and Chandran, 2010)
amoAR GTGCCTTCTACAACGATTGG
haoF TGAGCCAGTCCAACGTGCAT hao, encoding hydroxylamine oxidoreductase 85
haoR AAGGCAACAACCCTGCCTCA
nirkKF TGCAGGGCATACTGGACGTT nirK, encoding copper nitrite reductase 129
nirkKR AGGTGAACGGGTGCGCATTT
norBF ACACAAATCACTGCCGCCCA norB, encoding nitric oxide reductase subunit 200
norBR TGCAGTACACCGGCAAAGGT
ncgAF ACTCAGCATGCGATAGAGCC ncgA, encoding multicopper oxidase 160 This study
ncgAR TCGGGAGAGGATTCTTGGGT
NE1543F TCTGGCTGTATCACTCGCAC NE1543, encoding multicopper oxidase 188
NE1543R TTTCAGGCCGCTTTCCTCAT
EUBF GTGSTGCAYGGYTGTCGTCA 16S rRNA gene 147 (Maeda et al., 2003)
EUBR ACGTCRTCCMCACCTTCCTC

2.5. EE2 cometabolic kinetics and modeling

Pre-grown culture was washed by fresh medium without ammonia
and then resuspended with 200 pg/L EE2 (OD600 = 0.022) and sepa-
rated into 150 mL vessels with gas permeable rubber stoppers. Groups
1-6 were set up with initial ammonia concentrations of 7, 14, 60, 120,
250, and 500 mg N/L, respectively (in duplicate). Other conditions were
the same as batch tests mentioned above. Ammonia, nitrite and biomass
were monitored every 6-12 h.

A reductant model including biomass growth, primary substrate
utilization and cometabolic substrate transformation was used to
describe the cometabolic kinetics of EE2 (Egs. (1)-(3)) (Jesus et al.,
2016).

Biomass growth:

X kg maxS,

oy emems v X 1
dt Ko + S m

Primary/growth substrate consumption:

ds, kg maxSe
—& = _ _emE 2
dt Ky, + S, @

Cometabolic substrate biotransformation:

dse _ kenaSc S
dt Ke+S:Kg+S,

3

where X is the biomass concentration (mg cell/L); Sg is the ammonia
concentration (mg NHZ-N/L); kg max is the maximum specific utilization
rate of ammonia (mg N/mg cell-d); K is the half-saturation coefficient
for ammonia (mg N/L); S is the EE2 concentration (ug/L); K¢ max is the

7 mg N/L

maximum specific utilization rate of EE2 (pg/mg cell-d); K is the half-
saturation coefficient for EE2 (ug/L); Y is the biomass yield of AOB, 0.05
mg cell/mg N (Farges et al., 2012; Keen and Prosser, 1987); b is the first
order decay coefficient of N. europaea, 0.0001 d'!. T, the transformation
capacity of EE2, i.e., the maximum amount of EE2 biotransformed per
unit of ammonia consumed (pg EE2/mg N) is calculated by T. = k¢ jnax/
kg max (Delgadillo-Mirquez et al., 2011; Fernandez-Fontaina et al., 2014).
Pmax, the maximum specific growth rate of N. europaea (dh, is calcu-
lated by fnq = Kgmax'Y-

Kinetic parameters Kgmax, Ksgy Kemax, and K¢ were estimated
simultaneously by fitting batch experimental data to the reductant
model. Ordinary differential equations (ODE) were solved using the
Runge-Kutta-Fehlberg method implemented in 1stOpt (http://
www.7d-soft.com/en/), where weighted fitting was performed by
minimizing the weighted sum of squared residuals (WSS) (Eq. (4)). pmax
and T, were calculated accordingly. Estimated k. values were plotted
against EE2 and/or ammonia concentrations in Matlab.

(i
WSS = ;( StdDev ) “)

where y is the estimated value; y’ is the experimental value; n is the
number of observations, and StdDev is the standard deviation.

2.6. RNA-seq and RT-qPCR

RNA was extracted and purified from 15 mL cell culture (t = 24 h in
batch test) using RNeasy mini kit (Qiagen, USA) according to the man-
ufacturer’s instruction. RNA concentration and quality were assessed by
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Fig. 1. Profiles of (a) ammonia and (b) EE2 at different initial NH;-N concentrations. Error bars represent standard deviations of biological replicates.


http://www.7d-soft.com/en/
http://www.7d-soft.com/en/

Q. Sheng et al.

(a) —8—NH,-N —s—NO,-N —e—EE2
300 1.0
_m-m—n
R R, - =
©240 ¥ o L0.8
£
3 180+ o/ L0.6
] | ./
2120, L0.4
c
(]
2 60- L0.2
= no EE2 with EE2
Z oi% n-s—"2_1 0,0
2 4 6 8 10 12 14 16
Time (d)

(b)

EE2 relative concentration

Environment International 153 (2021) 106528

—&— Biomass —=—NO

12.0 800
10.0 750 §-
I ] e
£ c
S 8.0 700 S
T ©
5 6.0 650 &
4 VA SN
£ 4.0 600 &
S -t 3
2.0 1550 o
no EE2 with EE2 =z

0.0 T T T T ; . r —+500

0 2 4 6 8 10 12 14 16

Time (d)

Fig. 2. Profiles of (a) NH4-N, NO3-N and EE2; and (b) biomass and headspace NO in the chemostat. EE2 was added on day 6.5. EE2 relative concentration was
calculated by C./C;, where C and C; represent EE2 concentrations in effluent and influent, respectively. Gray and white panels indicate phases before and after EE2
addition, respectively. Error bars represent standard deviations of biological triplicates.

using Colibri microvolume spectrometer (Titertek-Berthold, Germany).
The whole RNA-Seq libraries were generated by using NEBNext® Ultra
II"™™ Directional RNA Library Prep Kit for Illumina (New England Bio-
labs, USA). The library was paired-end sequenced on an Illumina Hiseq
Xten platform (150 PE). Differentially expressed genes in batch cultures
with and without EE2 were identified by the DEseq2 package in R 3.5.1,
based on fragments per kilobase million (FPKMs) values of biological
triplicates. Transcripts with adjusted p value (pqag), i.e., FDR < 0.05 and |
logs (fold change)| > 0.5 were considered as differentially expressed
genes. Detailed data analysis procedure can be found in Supplementary
Material.

RT-qPCR assays were used to validate selected differentially
expressed genes identified by RNA-seq including nirK, nirK cluster gene
ncgA, and NE1543, as well as other key genes involved in nitrogen
metabolism, i.e., amoA, hao, and norB (Table 1). Genomic DNA removal
and reverse transcription was performed using the PrimeScript RT rea-
gent Kit with gDNA Eraser (TaKaRa, Japan) according to manufacturer’s
instruction. qPCR assays were performed in triplicate on a CFX Connect
real-time PCR detection system (Bio-Rad, USA) with specific primer sets
(Table 1). qPCR cycle included denaturing at 95°C for 3 min followed by
40 cycles of 10 s at 95°C, 20 s at 55°C and 10 s at 72°C.

3. Results
3.1. Cometabolic removal of EE2 by N. europaea

In batch test with heat-inactivated biomass, EE2 only decreased by
<6% (Figure Sla). In the control group with EE2 but not ammonia,
N. europaea did not grow (Figure S1b). Based on initial ammonia con-
centration, EE2 removal efficiency and rate varied dramatically from
<1% to 76% and 0 to 13.9 + 0.8 pug/mg cell-d, respectively (Fig. 1a, b).
During the rapid removal of EE2, the rates of EE2 biotransformation and
ammonia oxidation exhibited positive linear correlations (R?
0.91-0.97, n = 6 for different groups, p < 0.05). However, at relatively
low initial ammonia concentrations (7 and 14 mg N/L), no EE2 removal
was observed. At concentrations equal to or above 60 mg N/L, there was
a universal lag of EE2 removal varying from 18 h (>60 mg N/L) to 24 h
(60 mg/L), and EE2 removal occurred afterwards. Additionally, no
evident removal of EE2 was observed by adding hydroxylamine, an
important intermediate of ammonia oxidation which could reacts with
several ECs (Yu et al., 2018).

The uncoupled ammonia oxidation and EE2 removal was also found
in the copper inhibition tests. Copper ions (Cu®") above 50 pug/L can be
toxic to N. europaea (Dupont et al., 2011), and the uncoupling event was
indeed observed at 50 pg/L Cu®* (Figure S2), where ammonia oxidation
slowed down during the first 24 h and EE2 removal completely ceased.
Thereafter, with the gradual recovery of ammonia oxidation and

Table 2
Estimated kinetic parameters of EE2 cometabolism by N. europaea in this study.
Parameter  Description Unit Value
Ke,max maximum specific removal rate of EE2 pg/mg cell-d 11.77 =
1.79
Kse half-saturation coefficient for EE2 ng/L 69.97 +
17.38
Te transformation capacity of EE2 ug EE2/ 1.01 £0.21
mgN
Kg max maximum specific consumption rate mg N/mg 11.41 +
of ammonia cell-d 0.84
Kog half-saturation coefficient for mg N/L 1.04 £ 0.94
ammonia
Pmax maximum specific growth rate d?! 0.59 + 0.04

reducing power supply, EE2 transformation resumed.

In the chemostat operated at steady state without EE2, ammonia was
almost completely converted to nitrite (95 + 1%). With 400 pg/L EE2 in
the influent, an overall EE2 removal of 12 4+ 1% and a specific removal
rate of 2.1 + 0.1 pg EE2/mg cell-d was achieved after 5 days. Mean-
while, ammonia-nitrite conversion gradually decreased to 90 + 2%
(Fig. 2a), and biomass reduced from (9.8 & 0.3) x 107 cells/mL to (8.1 +
0.1) x 107 cells/mL (p < 0.05, Fig. 2b). NO in the headspace of che-
mostat significantly increased by 12 + 2% (p < 0.01) from 572 + 6 ppb
to 648 + 17 ppb upon EE2 addition. NoO emission did not change
significantly (120-150 ppb, Figure S3).

3.2. Kinetics of EE2 cometabolism

The six kinetic parameters estimated based on the reductant model
are listed in Table 2. The maximum EE2 specific removal rate (k¢ max)
represented the potential of EE2 cometabolism by N. europaea with
unlimited ammonia concentrations (Fig. 3a). The specific removal rate
of EE2 (k) varied upon ammonia and EE2 concentrations (Fig. 3b), and
was more sensitive to the latter. Figure S4 showed the estimated and the
measured ammonia (Sg), EE2 (S¢) and biomass (X) concentrations in
selected batch experiments.

3.3. Transformation products of EE2

At least nine TPs were identified in our batch and chemostat exper-
iments (Table 3). M294 (CooH2204 with two proposed structures), M310
(Ca0H2203), M312 (Cg0H2403) and M314 (CgoHps03) were newly re-
ported TPs in this study, and detected only in the positive mode ([M +
H]", individual MS and MS/MS spectra shown in Figure S5). Herein,
M312 was not OH-EE2 but its possible tautomer via keto-enol tautom-
erism where ketone and enol can be interconverted (Ngundi et al.,
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Table 3
The main EE2 transformation products identified in this study.
Compound Molecular formula Proposed structure Reference
M296 C20H2402 M
M294 CaoH2202 o N This study
(-2H)
N\
o
o and
M310 CooH2203 > This study
(+0, -2H) Q;Sj:s\
o
s
M312 CooH2403 s N This study and (Della Greca et al., 2008)
0) on
oH \
o
o or o
M314 CooHa603 7 This study
(+0, +2H) Qigj:g\\
M376 CooH2405S 7 (Khunjar et al., 2011; Yi and Harper, 2007)
(sulfo-EE2) (+S, +30) /C(Sj:g\\
M341 CooHa304N 7 (Gaulke et al., 2008; Skotnicka-Pitak et al., 2009)
(nitro-EE2) (+20, +N, -H) \

8 ;/
a

=]

M386
(dinitro-EE2)

C2oH2206N2
(+40, +2N, —-2H)

2

v

(Gaulke et al., 2008)

2003), because it only responded to the [M + H]" mode, indicating a
structure without phenyl group. Therefore, this study suggested another
possible structure of the initial product instead of OH-EE2. The other TPs
were potentially derived from M312 via dehydration and redox re-
actions. MS-peak extracted ion chromatograms of the biotic TPs and
proposed biotransformation pathways can be found in Supplementary
Material (Figure S6, S7). Previously reported TPs of EE2, including nitro-

EE2 (M341, with two proposed structures), dinitro-EE2 (M386), and
sulfo-EE2 (M376) were also found in this study. Batch and chemostat
operations resulted in slightly different TPs, and more details were
described in Table S1.
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Fig. 4. Heat map of differentially expressed genes (rows) between samples (columns) with and without EE2 in batch experiment (|log, fold change| > 0.5, FDR <
0.05). Color bar represents the row z-score of fragments per kilobase per million reads mapped (FPKM). Orange, up-regulation; blue, down-regulation. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.4. Differentially expressed genes during EE2 biotransformation

RNA-seq revealed thirty-four differentially expressed genes during
EE2 cometabolism (Fig. 4 and Figure S8), broadly involved in electron
transfer, energy metabolism, transcriptional regulation, and substrate
transport. Among them, nirK cluster genes (ncgABC and nirK) increased
significantly by 1.42-, 1.44-, 1.45-, and 1.47-fold (FDR < 0.05),
respectively. They are mainly involved in nitrite reduction to NO in
N. europaea (Cantera and Stein, 2007). ncgB and ncgC encode two cy-
tochromes with unknown functions, and ncgA encodes a well charac-
terized two-domain multicopper oxidase, NcgA (Beaumont et al., 2005;
Lawton et al., 2013). A distant gene NE1543 was also up-regulated
during EE2 cometabolism (by 1.68-fold, FDR < 0.05), encoding
another multicopper oxidase with unknown function. The upregulations
of nirK, ncgA, and NE1543 were verified by RT-qPCR assays in chemostat
experiments, where they increased by up to 2.17-, 3.97-, and 6.71-fold
during EE2 cometabolism, respectively (p < 0.05) (Fig. 5a—c). Down-
regulated genes (by 1.58- to 2.0-fold, FDR < 0.05) were mainly
involved in sulfur transport and metabolism, including sbp, cysU, cysW,
cysA (encoding sulfate transporter CysATWP-Sbp) and NEO0575
(encoding serine acetyltransferase).

Although amoA might be involved in the initiation of EE2 trans-
formation, evidenced by the formation of mono-hydroxylated TPs, it
was not differentially expressed between “no EE2” and “with EE2”
groups. In the RT-qPCR assays, amoA expression even decreased by
nearly 40% on day 5 after the addition of EE2 in the chemostat (Fig. 5d).
The expression of the other two nitrogen metabolism genes, hao and
norB were unaffected by EE2 (Fig. 5e, 5f).

4. Discussion

4.1. Reducing power availability determines the relationship between EE2
cometabolism and ammonia oxidation

In this study, biotransformation was the dominant process contrib-
uting to EE2 removal by N. europaea, while adsorption and
hydroxylamine-mediated abiotic transformation were minimal (Forrez
et al., 2009; Khunjar et al., 2008). Additionally, EE2 could not support
the growth of N. europaea as the sole energy source, i.e., ammonia was
required for the initiation of EE2 biotransformation. The “coupling”
relationship (“C”, Fig. 6) between primary metabolism and comet-
abolism occurred when initial ammonia concentration was in the range
of 38-180 mg N/L, where the production and consumption of reductants
were similar, leading to widely reported positive correlations (Janta-
naprasartporn et al., 2018; Yi and Harper, 2007).

The most interesting finding from the batch experiments was that
ammonia oxidation and EE2 removal did not always exhibit positive
linear relationship. The first uncoupling event occurred during the
“activation” phase (“A”, Fig. 6) within 0-38 mg N/L of ammonia, where
ammonia was oxidized but EE2 removal was not initiated. Notably, this
represents the typical concentration of ammonia at WWTPs (Sun et al.,
2016; Zhang et al., 2016). A similar adaptation phase in EC removal was
also observed elsewhere (De Wever et al., 2007; Hamon et al., 2018).
The cometabolism of non-growth substrate EE2 was expected to
consume the reducing power generated from ammonia oxidation (Barr
et al., 2012; Jantanaprasartporn et al., 2018; Jesus et al., 2016), and our
study further proved that sufficient reducing power was required to
initiate cometabolism. Quantitatively, based on batch experiments, the
“activation” of EE2 cometabolic removal required an oxidation of 38.1
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Fig. 5. Gene expression levels of (a) nirK, (b) ncgA, (c) NE1543, (d) amoA, (e) hao and (f) norB before and after EE2 addition in the chemostat. Error bars represent
standard deviations of biological triplicates. Statistically significant differences compared with “no EE2” were indicated by * p < 0.05, ** p < 0.01.

+ 2.5 mg NH;-N/L, and the reducing power generated was 0.95 =+ 0.06
mol NADH/L according to the stoichiometry of the electron transport
chain (NADH formed: ammonia oxidized = 0.35:1 in AOB) (Soliman and
Eldyasti, 2018). Primary metabolism and cometabolism were again
uncoupled in the “saturation” cometabolism phase (“S”, Fig. 6) with
initial ammonia above 180 mg N/L, where increasing initial ammonia
concentration would not further enhance EE2 removal. In the “satura-
tion” phase, there could be an oversupply of reducing power required for
EE2 cometabolism. The complex relationships between cometabolism
and primary metabolism should be carefully examined to remove mixed
traditional pollutants and ECs (e.g., ammonia and EE2) at WWTPs.

4.2. Estimated kinetics of EE2 cometabolism

As ammonia concentrations in all batch experiments, from beginning
to the end, were typically higher than half-saturation coefficient for
ammonia (Ksg), the biotransformation kinetics of EE2 was more prone to
the EE2 concentration due to cell’s lower affinity to EE2. Nevertheless,
ammonia concentrations in real wastewater nitrifying reactors can be as
low as 1.5-5.0 mg N/L (Sun et al., 2016; Zhang et al., 2016), where

ammonia could also be a rate-limiting factor for EE2 transformation. The
estimated T, was higher than those of other ECs by highly enriched ni-
trifying activated sludge (0.08-0.56 pg/mg N) (Fernandez-Fontaina
et al., 2014), suggesting relatively high cometabolic potential of
N. europaea cells towards EE2. The maximum specific growth rate
(kmax), ammonia specific consumption rate (kg max) and Ks; were similar
to previously reported values (Blackburne et al., 2007; Keen and Prosser,
1987; Maestre et al., 2013), again indicating insignificant influence of
EE2 cometabolism on bacterial growth in short term. In this study, batch
tests performed better than chemostat in terms of overall EE2 removal,
as ammonia was limited in the latter (typically <1 mg N/L), probably
resulting in insufficient energy supply for EE2 transformation. Addi-
tionally, the difference between TPs in batch and chemostat experiments
was possibly due to the different physiological status of N. europaea cells
under the two growth conditions and the resulting differential regula-
tions of both primary metabolism and EE2 cometabolism. Similar
observation was reported in a previous study (Skotnicka-Pitak et al.,
2009).
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Fig. 6. Non-linear relationship between initial ammonia concentration and EE2
removal by unacclimated N. europaea. The three phases of relationship include:
“activation (A)” of EE2 cometabolism (light red, 0-38 mg N/L); “coupling (C)”
ammonia oxidation and EE2 cometabolism (light blue, 38-180 mg N/L);
“saturation (S)” of EE2 cometabolism (white, >180 mg N/L). Data were
collected from batch experiments (G1—G6) and fitted to a Logistics-like model.
Error bars represent standard deviations of biological replicates. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

4.3. Nitric oxide formation was elevated during EE2 cometabolism

The elevated NO formation during EE2 cometabolism in the che-
mostat is noteworthy. As an essential intermediate in ammonia oxida-
tion, NO has long been considered as a product of nitrifier denitrification
(from nitrite to NO and N»O) catalyzed by NirK (Horrell et al., 2017;
Lawton et al., 2013). More recently, it was identified as the obligate
nitrification intermediate as the direct product of hydroxylamine
oxidation by HAO (Caranto and Lancaster, 2017). Therefore, NO can be
generated by N. europaea via HAO-mediated oxidation pathway, or
NirK-mediated reduction pathway (Kits et al., 2019). EE2 cometabolism
stimulated either or both of the pathways, leading to elevated NO
formation.

NO is an important precursor of reactive nitrogen species (RNS), a
non-specific potent oxidative agent damaging cell compounds including
enzymes, lipids and DNA (Porrini et al., 2020). Its accumulation during
the long-term exposure to EE2 potentially contributed to the biomass
inhibition observed in the chemostat experiment. However, the inhibi-
tory effects of EE2 were not observed during short-term batch tests in
a previous study (Khunjar et al., 2008), which may be due to different
EE2 exposure time and cell physiological status between batch and
chemostat. NO can abiotically react with superoxide to form a strong
toxic oxidant peroxynitrite (ONOO™) (Koppenol, 1994), which could
subsequently react with phenolic compounds (Ramezanian et al., 1996),
leading to the formation of nitro-EE2 (M341) and dinitro-EE2 (M386).
These two compounds, however, were previously regarded as abiotic
transformation products of EE2 via nitrite-mediated nitration (Gaulke
et al., 2008). Biotic nitration of EE2 was also possible, because cyto-
chromes P450 can utilize Oy and NO to nitrate aromatic compounds
(Louka et al., 2020). NO is also a trace gas in atmosphere that can form
photochemical smog, acid rain and haze (Heil et al., 2016; Hong et al.,
2017). In this study, NO emitted during EE2 cometabolism was much
higher than its atmospheric level (typically below 100 ppb) (Baraldi
etal., 1998; Corradi et al., 1998; Miyazaki et al., 2008), raising concerns
on the potential air pollution caused by the cometabolism of EE2 and
other ECs at WWTPs.

4.4. nirK cluster genes were up-regulated during EE2 cometabolism

nirK cluster genes were significantly up-regulated during EE2 com-
etabolism. They function in the nitrifier denitrification process to
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Fig. 7. Genes involved in the nitrification and nitrifier denitrification pathways
in N. europaea. Red arrows stand for upregulated genes or accumulated prod-
ucts during EE2 cometabolism, and unchanged genes are denoted in black.
amoA, encoding ammonia monooxygenase; hao, encoding hydroxylamine
oxidoreductase; ncyA, encoding red copper protein nitrosocyanin; nirK,
encoding copper nitrite reductase; norB, encoding nitric oxide reductase; cytL,
encoding cytochrome P460. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

detoxify nitrite and NO (Beaumont et al., 2005; Sedlacek et al., 2020).
There were two possible explanations for the up-regulated nirK cluster
genes and NE1543 in both batch and chemostat operations: as stress
response genes to EE2 and/or participating in EE2 metabolism. The
latter was conceivable because: 1) we found that nirK and ncgA upre-
gulations coincided with EE2 transformation rather than EE2 exposure
(Figure S9); 2) multicopper oxidases could function in oxidoreduction
and electron transfer (Kaur et al., 2019; Nishide et al., 2020; Shraddha
et al., 2011); 3) the overexpression of nirK favored electron flux toward
reductant generation thus potentially facilitated EE2 biotransformation
(Starkenburg et al., 2008).

The roles of NirK in bacterial and archaeal nitrification remain
controversial. Traditionally, it is believed that NirK in AOB catalyzes the
one electron reduction of nitrite to NO. Other functions were also re-
ported, such as facilitating ammonia oxidation and intracellular redox-
balance (Cantera and Stein, 2007; Starkenburg et al., 2008). Recently,
a new role of NirK as a candidate NO oxidoreductase (NOO) has been
proposed (Caranto and Lancaster, 2017; Wijma et al., 2004) (Fig. 7), but
this reversible process of nitrifier denitrification is kinetically unfavor-
able (Kits et al., 2019). These studies, together with the results obtained
from this study (simultaneous upregulations of nirK cluster genes and
elevated NO emission) generally supported a more critical role of NirK in
nitrifier denitrification. Future efforts on unraveling the roles of NirK in
EE2 cometabolism, or cometabolism of broader ECs, would be of help to
understanding the functions of NirK in AOB as well.

5. Conclusions

This study revealed a previously overlooked complex relationship
between primary metabolism (ammonia oxidation) and EE2 comet-
abolism by nitrifying bacteria. Traditionally, it is believed that
increasing ammonia concentration would enhance EE2 cometabolism,
but our findings indicate that this is valid when the two are in a
“coupling” relationship. When the reducing power is under- (during
“activation” phase) or over-supplied (during “saturation” phase), EE2
cometabolism can be uncoupled from ammonia oxidation. It is worth
noting that the initial ammonia concentration in the “activation” phase
is among the typical range of municipal wastewater, and thus insuffi-
cient reducing power supply may hinder EE2 cometabolism. Interrupted
reductant supply and/or electron transfer caused by environmental
stresses (e.g., copper ions in this study) would also hamper this process
in natural and engineered biosystems. Therefore, the addition of alter-
native energy sources and stabilizing reducing power supply would
benefit cometabolic EE2 removal.

Previous work primarily focused on the greenhouse gas N,O for-
mation during nitrification, but our finding highlighted the necessity of
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paying attention to the elevated NO formation during EE2 cometabolism
and its toxicity in aqueous phase. Whether the cometabolism of other
ECs by AOB would also lead to elevated NO or N5O formation should be
addressed in future studies. Additionally, we demonstrated for the first
time that nirK cluster genes associated mainly with nitrifier denitrifi-
cation pathway were up-regulated during EE2 cometabolism. The highly
expressed nirK and multicopper oxidase genes were potentially stress
responses to chronic EE2 exposure or involved in the cometabolic
biotransformation of EE2. Genetic engineering would be helpful to
further verify the roles of these up-regulated genes, but as they may be
essential to the fundamental biological processes of AOB, this represents
a challenging task. The fate, toxicity and stability of diverse TPs deserve
detailed investigations, too. These findings and proposed research tasks
would expend our knowledge on the kinetics, TPs and molecular
mechanism of EE2 cometabolism by AOB, which is critical for the design
and operation of biological wastewater treatment processes towards
enhanced removal of both traditional pollutants and ECs.
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