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GRAPHICAL ABSTRACT

Anoxic biodegradation system

ARTICLE INFO ABSTRACT

Keywords: Due to the toxicological nature of N-methylpyrrolidone (NMP), the conventional anaerobic bioprocess is quite
N-Methylpyrrolidone ineffective for NMP removal from wastewater. In order to achieve effective NMP biodegradation under anoxic
Biodegradation condition, Paracoccus pantotrophus NJUST38 was isolated for the first time. The supplementation of nitrate into
gj;‘;;iiiﬁon anoxic system resulted in complete removal of 5mM NMP by NJUST38 within 11 h compared to 24% in the

anaerobic control system in the absence of nitrate. Genome characterization revealed that NMP biodegradation
catalyzed by several key enzymes/genes, including N-methylhydantoin amidohydrolase (hyuB), methyl-
transferase (cobA), 4-aminobutyrate-2-oxoglutarate transaminase (gabT), succinate-semialdehyde dehy-
drogenase (gabD) and so on. NMP biodegradation pathway was proposed based on several intermediates, where
NMP was biodegraded mainly for providing electrons and reducing power to support microbial denitrification
through tricarboxylic acid (TCA) cycle. The proposed mechanism should aid our mechanistic understanding of
NMP biodegradation by Paracoccus pantotrophus and the development of sustainable bioremediation strategies.

Functional genes

1. Introduction wastewater. As a consequence, the observed NMP concentration in in-

dustrial wastewater is often higher than 1000 mg L™! (Campbell and

N-Methylpyrrolidone (NMP) is a typical organic polar solvent that is
characterized by its excellent water-miscibility, low volatility, high
polarity and noncorrosive properties, and it is extensively used in the
manufacture of adhesives, paints, fuels, and pharmaceuticals
(Zolfaghari et al., 2011; Liang et al., 2018). Due to its high water so-
lubility, NMP is prone to access the environment via release in
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Striebig 1999; Loh et al., 2018). It was estimated that more than 2400
tons of NMP is discharged or transferred into the environment annually
via the discharge of wastewater (Cai et al., 2014). Considering the in-
herent teratogenicity and toxicity of NMP, 1mg L' is the re-
commended occupational exposure by the Japanese Society for Occu-
pational Health (Zolfaghari et al., 2011). Therefore, the development of
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effective approaches to solve the potential threat of NMP contamination
is rather urgent.

Various physico-chemical methods, such as photodegradation
(Zolfaghari et al., 2011), ozone oxidation (Campbell and Striebig, 1999)
and membrane separation (Loh et al., 2018), were proposed for the
removal of NMP from contaminated wastewater. However, the appli-
cation of multifarious physico-chemical methods is limited in practical
applications due to the challenges of high cost, high energy consump-
tion and serious secondary pollution (Campbell and Striebig 1999;
Wang et al., 2010; Yau et al., 2015). Biological processes, which were
often consist of anaerobic and aerobic units (A-O process), are a pro-
mising alternative to deal with wastewater containing various re-
calcitrant pollutants due to its cost effectiveness and environmental
friendliness (Yun et al., 2017; Lee et al., 2001; Jiang et al., 2018; Wu
et al., 2019). However, the conventional A-O process is often limited by
the lack of specific functional degrading species due to the toxicity of
NMP. Several aerobic strains are capable of utilizing NMP as the sole
carbon and nitrogen source, including genera Paracoccus (Loh et al.,
2018; Cai et al., 2014), Alicycliphilus (Solis-Gonzalez, et al., 2018),
Pseudomonas, Acinetobacter and Rhodococcus (Krizek et al., 2015). Solis-
Gonzalez et al. (2018) identified a six-gene cluster (nmpABCDEF) from
Alicycliphilus sp. Strain BQ1 that encoded enzymes involved in NMP
biodegradation. The nmpA and nmpB genes encoded an N-methylhy-
dantoin amidohydrolase that transformed NMP to y-N-methylamino-
butyric acid, which is metabolized by an amino acid oxidase encoded
by nmpC, to produce y-aminobutyric acid via demethylation or succi-
nate semialdehyde via deamination. Succinate semialdehyde may be
transformed by a succinate semialdehyde dehydrogenase to succinate,
which finally enters the Krebs cycle. Cai et al. (2014) proposed NMP
oxidization to N-methylsuccinimide via Paracoccus sp. NMD-4, followed
by cleavage of the two C-N bonds to form succinaldehyde, which may
be oxidized to succinic acid for entry into the Krebs cycle. However, to
the best of our knowledge, strains capable of biodegrading NMP under
anaerobic or anoxic conditions were never reported.

Recently, substantial promotion of biodegradation efficiency to-
wards various recalcitrant contaminants in anoxic systems in the pre-
sence of various alternative electron acceptors, such as nitrate (Carvajal
et al., 2018; Mahdavianpour et al., 2018), sulfate (Li et al., 2018) or an
electrode (Yan et al., 2017; Chen et al., 2019a), was widely revealed.
Wang et al. (2018b) found that the anoxic biodegradation of an
emerging organic contaminant, namely, triclosan, was achieved in the
presence of nitrate, and the toxicity was remarkably reduced simulta-
neously. Zhang et al. (2016) indicated that dimethyl phthalate was
effectively removed during anoxic incubation, and the removal per-
formance was obviously superior to an anaerobic control system
without nitrate. Our previous studies achieved enhanced pyridine bio-
degradation in the anoxic biodegradation systems supplemented with
nitrate (Shen et al., 2015; Hou et al., 2018). These successful cases
suggest that enhanced anoxic biodegradation of NMP by available
electron acceptors, such as nitrate, is a promising alternative. It was
well known that microbial denitrification needs to consume electrons to
accomplish the reduction of NO3~ to NO, ™, NO, N»O, and finally to N5
(Wan et al., 2016). Su et al. (2019) indicated that the electron carrier
namely nicotinamide adenine dinucleotide (NADH), which is produced
through organic matters degradation, is the direct electron donor for
these sequential reduction reactions (Chen et al. 2019b). Therefore,
electrons transport system (ETS) including electron production, trans-
port and consumption, can play a vital role in both denitrification and
microbial metabolism. To develop an effective anoxic biodegradation
strategy for the treatment of NMP-containing wastewater, it is quite
essential to isolate microbial species that are capable of degrading NMP
under anoxic conditions. Further investigation should provide key in-
sights into anoxic NMP biodegradation, including biodegradation me-
chanisms, functional enzymes/genes and electron transport pathway
dominating NMP biodegradation and denitrification.

With these considerations, the present study investigated the
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feasibility of NMP biodegradation under anoxic conditions with the
additional of electron acceptor (i.e., nitrate). For the first time, a strain
capable of degrading NMP under anoxic conditions was isolated from
activated sludge acclimatized by NMP. To verify the mechanism of the
observed bioprocess, the genome characteristics of this NMP-degrading
strain was analyzed by genome sequencing, while the gene expression
level was explored through transcriptome analysis. Finally, the key
enzymatic activities, electron transport system (ETS) activity and
NADH content, were investigated to further verify proposed NMP me-
tabolic mechanism.

2. Materials and methods
2.1. Culture enrichment and strain isolation

Before the isolation of NMP-degrading stains, activated sludge from
a biological contact oxidation tank treating NMP-containing waste-
water was first enriched in mineral salts medium (MSM). MSM was
composed of the following chemicals: 7 mM phosphate buffer (KH,PO4
and Na,HPO,, pH = 7.0), 0.2 g L™ MgS047H,0, 0.05 g L~ * CaCl, and
10mL L™ trace element solution (Wang et al., 2018a). NaNO3 and
NMP were added at the desired concentrations. Before use, all media
were purged with helium gas for 20 min to remove oxygen, followed by
autoclaving at 121 °C for 30 min. The enrichment was performed in
120-mL serum bottles on a rotary shaker at 30 °C and 180 rpm under
anoxic conditions. During the enrichment, NMP and NaNO3 were added
to the MSM at 3.0 mM and 6.5 mM, respectively. After approximately
60 days of enrichment, the enriched culture was serially diluted using
7 mM phosphate buffer (pH = 7.0) and spread onto presterilized MSM
agar plates containing 5.0 mM NMP and 10.8 mM NaNOj;. Plates were
incubated for 48 h, and morphologically distinct colonies were selected
and transferred individually for further purification. A bacterium
named after NJUST38 most effectively biodegraded NMP, and it was
isolated successfully.

2.2. NMP biodegradation assays

Before NMP biodegradation experiments, a bacterial suspension of
NJUST38 was prepared as the inocula. NJUST38 was inoculated into LB
medium supplemented with 5mM NMP and incubated on a rotary
shaker at 180 rpm and 30 °C for 48 h before the biomass was harvested
via centrifugation at 6000 rpm for 10 min. The deposit was resuspended
and rinsed three times with 100 mL sterilized MSM to remove the nu-
tritional composition in the LB medium. The bacterial deposit was di-
luted with sterilized MSM to an optical density of approximately 2.0 at
a wavelength of 600 nm (ODggo). The obtained bacterial suspension was
used as the inocula in the subsequent biodegradation assays at an in-
oculation size of 5% (v/v).

The NMP biodegradation performance by NJUST38 was evaluated
using a series of 120-mL serum bottles as batch reactors. 100 mL ster-
ilized MSM containing 5.0 mM NMP and 10.8 mM NaNO; was added to
each reactor (i.e., anoxic condition). Each serum bottle was sealed with
butyl-rubber stopper and crimped with aluminum cap. All serum bottles
were purged with helium gas for 20 min to remove oxygen, followed by
autoclaving at 121 °C for 30 min. Thereafter, 5 mL bacterial suspension
was inoculated in serum bottle and incubated on a rotary shaker at
180 rpm and 30 °C. The anaerobic control test was carried out following
the same procedure as describe above except for the absence of nitrate.
The abiotic control test was performed following the same procedure as
anaerobic control test except for the absence of the bacterial suspen-
sion. All of the tests were conducted for three replicates, with the in-
dependent analysis data averaged and the standard deviation calcu-
lated.
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2.3. Analytic methods

NMP was identified and quantified using high-performance liquid
chromatography (HPLC, DAD-3000, Thermo Scientific, USA). All water
samples were filtered through 0.22-um syringe filters, and 10 pL filter
liquor was injected into the HPLC. HPLC analysis was performed using a
C1g column (5pum, 4.6 X 250 mm) at a column temperature of 30 °C
and UV-vis wavelength of 214nm. The mobile phase was 20% me-
thanol and 80% ultrapure water (v/v), which was pumped at the flow
rate of 1.0 mL min~*. NMP biodegradation intermediates were identi-
fied using liquid chromatography-mass spectrometry (HPLC/MS)
(Wang et al., 2018a). NO3~-N, NO, -N and NH,*-N were measured
according to Hou et al (2018). Total organic carbon (TOC) concentra-
tion was determined on a vario TOC analyzer (Germany Elementar).

NO concentration was monitored using a commercial gas analyzer
(VARIO PLUS, MRU, Germany) (Ren et al., 2011). N,O was determined
using a gas chromatograph (GC, 7890A, Agilent, USA) with an electron
capture detector (Li et al., 2017). N, was measured using GC (SP-6890,
Lunan, China) with a thermal conductivity detector (Zhao et al., 2012).
Cell morphology was examined using a cold field emission scanning
electron microscopy (SEM, S-4800, Hitachi, Japan). The bacterial
growth was monitored via the recording of variations in ODgg using a
UV-vis spectrophotometer (Lambda25, Perkim Elmer, USA). A fluor-
escence excitation-emission matrix (EEM) was constructed in ac-
cordance with Wu et al (2018). Toxicity reduction during NMP biode-
gradation was evaluated according to Xu et al (2018).

2.4. Bacterial identification and genome sequencing

Bacterial identification was performed using 16S rRNA gene se-
quence combined with biochemical testing and bacterial morphology.
The colony of NJUST38 appeared light yellow with a smooth and wet
surface. The physiological and biochemical characteristics demon-
strated that NJUST38 was Gram negative, oxidase and nitrate reductase
positive. NJUST38 was spherical with a diameter of 0.48-0.69 um.
Sequences of NJUST38 were amplified with primers 1492R (5’-GGTT
ACCTTGTTACGACTT-3") and 27F (5-AGTTTGATCMTGGCTCAG-3").
The 16S rRNA gene sequence of NJUST38 was submitted to NCBI for
BLAST analysis, and the sequence was deposited in the GenBank da-
tabase under accession NO. MH729824. The phylogenetic tree was
constructed using neighbor-joining algorithms of MEGAS5.1. The results
revealed that NJUST38 was closely related to Paracoccus pantotrophus
strain B21-3 (KT715779.1) and Paracoccus pantotrophus strain JCM6892
(AB598745.1). Therefore, NJUST38 was determined as a member of the
family Paracoccus pantotrophus.

The genome of NJUST38 was sequenced using Illumina HiSeq
PE150 in Novogene Bioinformatics Technology Co., Ltd. (Beijing,
China). The de novo assembly for the sequences was performed using
SOAPdenovo into scaffolds. Gene prediction and functional annotations
were performed using Subsystem Technology server and NCBI's
Prokaryotic Genome Annotation Pipeline.

2.5. Transcriptome sequencing, gene annotation and expression

Total two samples were collected from anaerobic system (labeled as
Aal.l and Aal.2 in Aal group) and four samples were collected from
anoxic system (labeled as Aol.1 and Aol.2 in Aol group; Ao2.1 and
A02.2 in Ao2 group) for RNA extraction. Sequencing libraries were
generated using the NEBNext Ultra Directional RNA Library Prep Kit for
[lumina (NEB, Ipswich, MA, USA). Paired-end sequencing was per-
formed on an Illumina Hiseq 2500 platform. Before proceeding with the
assembly, the clean reads were filtered from the raw reads by quality
control and removal of the reads with (1) sequence adapters, (2) more
than 10% “N” bases, and (3) more than 50% Qphreq (Phred score) < 20
bases.

The gene expression level was calculated using the FPKM method
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(Wang et al., 2018c). The differential gene expressions (DGEs) were
analyzed using DESeq software (version 1.10.1). Gene expression dy-
namics was measured by the log2.FoldChange (up-regulated: log2.-
FoldChange = 0; significantly up-regulated: log2.FoldChange = 2). The
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analyses were performed according to Young et al. (2010).

2.6. Key enzyme activity, NADH content and electron transport system
activity

The activities of N-methylhydantoin amidohydrolase (NMA), nitrate
reductase (NAR), nitrite reductase (NIR), nitric oxide reductase (NOR)
and nitrous oxide reductase (N,OR) as well as NADH content were
determined using the corresponding commercial kits (JingKang biolo-
gical, China). The electron transport system (ETS) activity was de-
termined according to Tian et al. (2017). Briefly, 0.5 mL bacteria cul-
ture was added into a 10.0 mL tube, followed by the addition of 2.0 mL
Tris-HCl (pH =8.4) and 1.0mL 0.2% 2-(p-iodophenyl)-3-(p-ni-
trophenyl)-5-phenyltetrazolium chloride (INT). After the mixture was
incubated at 35°C for 30min, 1.0mL of formaldehyde (37%) was
added to terminate the reaction and the mixture was centrifuged at
10,000 g for 2 min to collect the cells. Afterward, 5.0 mL methanol was
added to extract INF. Finally, the mixture was centrifuged, and the
supernatant was immediately measured spectrophotometrically at
485 nm against a solvent blank.

3. Results and discussion
3.1. NMP biodegradation, nitrogen conversion and toxicity reduction

In the biodegradation system inoculated with NJUST38, NMP re-
moval performance showed significant differences with or without
NO3 ™. As indicated in Fig. 1a, 5.0 mM NMP was completely removed
within incubation time as short as 11.0 h with the supplementation of
10.8 mM NO; . However, NMP concentration gradually decreased to
3.7 + 0.1 mM within 8.5 h in the absence of nitrate, and then declined
slowly until the end of the incubation period. TOC removal showed a
similar profile (Fig. 1b). With the supplementation of 10.8 mM NO;,
TOC concentration decreased significantly from 309.6 = 10.0mg L™!
to 66.0 = 6.0mg L~' within incubation time as short as 11.0h,
whereas TOC only decreased to 261.1 = 11.5mg L™ ! within 11.0h in
the absence of NO3; ™. An obvious increase in ODggo value was accom-
panied by the removal of NMP and TOC. However, ODgqo values in the
presence of NO3;~ (i.e., anoxic condition) were always higher than
those in the absence of NO3 ™ (i.e., anaerobic condition), indicating the
stimulating role of NO3~ towards biomass growth. In the abiotic con-
trol experiment, NMP and TOC concentrations maintained constant
values during the entire incubation period.

In the denitrification process using various organic compounds as
electron donors, NO3 ™ is reduced to N,, with NO, ~, NO and N,O found
as the major intermediates (Wan et al., 2016). After the inoculation of
NJUST38, NO; ™ -N content decreased obviously from 10.8 mmol L ™! to
0.2 = 0.1 mmol L™! after 11.0 h, while NO, " -N content significantly
increased to 4.2 + 0.4mmol L™! at 7.5h, but then decreased to
0.3 = 0.1mmol L™! at 11.0h (Fig. 1c). N, production was observed
after incubation for 2.0h and N,-N content increased to
10.4 + 0.9mmol L™ after incubation for 11.0 h, indicating the dom-
inance of N, as denitrification product. However, NO-N and N,O-N
content were always below 0.002 = 0.001mmol L' and
0.008 + 0.002mmol L.™! at any incubation time, indicating the high
activity of NOR and N,OR. It was well established that nitrogen in
various organic-N compounds is generally transformed into NH;*-N
during biodegradation process (Jiang et al., 2018). However, NH, "-N
concentration during the entire biodegradation process was always
undetectable. Notably, the total inorganic-N content obviously in-
creased from the initial 10.8 mmol L™! to 12.5 + 0.9 mmol L™ after
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Fig. 1. NMP biodegradation performance: (a) NMP biodegradation and cell growth; (b) TOC removal and pH variation; (c) N content; (d) toxicity reduction.

6.0 h, providing key evidence for the conversion of nitrogen in NMP
into inorganic-N (Fig. 1c). Considering the increase of ODggo value,
nitrogen in NMP might be served as nutrient substance for cell growth
during NMP biodegradation process. It was quite interesting that pH in
NMP biodegradation system supplemented with nitrate increased ob-
viously from initial 7.1 + 0.1 to 8.9 * 0.2 after 9.5h, confirming the
occurrence of denitrification (Qian et al., 2019).

Toxicity reduction during NMP biodegradation by NJUST38 was
evaluated using luminescence inhibition toxicity profile (Xu et al.,
2018). As illustrated in Fig. 1d, the initial inhibition ratio of the influent
containing 5mM NMP was calculated as 14.7 * 2.1%. The inhibition
ratio obviously decreased to 11.3 + 2.4% and 3.1 * 0.5% after 6 h
and 11h, respectively, accompanied by NMP biodegradation under
anoxic conditions with the supplementation of 10.8 mM nitrate. The
inhibition ratio further decreased to 0.1 * 0.1% at 13.0 h, indicating
the almost complete removal of toxicity by NJUST38. Nevertheless, the
inhibition ratio only slightly decreased to 13.5 *+ 2.2% in the control
anaerobic system even after 13-h incubation. The inhibition ratio in the
abiotic control system maintained a constant value during the entire
incubation period, which was consistent with NMP concentration pro-
file.

EEM analysis was performed to reveal variations in dissolved or-
ganic matter (DOM) during NMP biodegradation process. As indicated
in Fig. 2a, the most apparent fluorophores for the influent containing
5.0mM NMP was observed at excitation/emission wavelengths (Ex/
Em) of 230 nm/325-340 nm in region I and region II, and 280 nm/
328-340 nm in region IV. No obvious variations were observed for the
fluorophores in regions I, II or IV for the abiotic control system after
incubation for 11 h (Fig. 2b). The intensity of fluorophores decreased
slightly in the control anaerobic system without nitrate (Fig. 2c), which
was consistent with the slight decrease in NMP concentration. Notably,
the intensity of fluorophores in regions I, II and IV decreased sig-
nificantly in the effluent from the anoxic system compared to the in-
fluent, indicating the remarkably enhanced removal of DOM (Fig. 2d).
EEM analyses were consistent with the NMP concentration profiles and
confirmed the efficient biotransformation of NMP in the anoxic system.

3.2. Probable products and pathway for NMP biodegradation

During NMP anoxic biodegradation by NJUST38, several inter-
mediates identified through HPLC and HPLC/MS are shown in
Supplementary data. The peak of NMP appeared at retention time of
2.77min (m/z =121 [M + Na]*). After incubation in the anoxic
system assisted with nitrate for 11h, a new biodegradation inter-
mediate (M1) was observed at retention time of 1.80 min with m/z of
115.60 [M-H] . The mass of 115.60 [M-H] ~ indicated that it could be
tentatively assigned as a single hydrolytic product of NMP namely N-
methylaminobutyric acid (M1). According to Solis-Gonzalez et al.
(2018), the hydrolysis reaction commonly occurred at the acylamino
group of NMP. The peak with m/z of 100.75 [M-H] ~ (M2), which
showed high signal intensity, could be tentatively speculated to be the
oxidation product of M1 namely succinic semialdehyde, since succinic
semialdehyde was reported as the intermediate during NMP biode-
gradation (Cai et al., 2014; Solis-Gonzalez et al. 2018). NMP biode-
gradation intermediates by NJUST38 under anaerobic condition
showed low signal intensity of M2 and high signal intensity of M1,
indicating that NMP could be degraded feebly through hydrolysis in
anaerobic system without nitrate.

Based on the identified products, the possible pathway for NMP
biodegradation in anoxic system was proposed as follows: apparently,
hydrolysis of NMP might be the initial step regardless of presence or
absence of nitrate, and N-methylaminobutyric acid (M1) was expected
to be the direct product arose from this hydrolysis. Subsequently, N-
methylaminobutyric acid was transformed into succinate semialdehyde
(M2) through deamination, which was then oxidized to succinate to
entry into TCA cycle. This could be supported by previous studies,
where hydrolysis, deamination and oxidation were considered as the
main biotransformation reactions for NMP biodegradation by pure
culture (Cai et al., 2014; Solis-Gonzalez et al. 2018). To further verify
NMP biodegradation pathway proposed above, the genome information
of strain NJUST38 and gene expression level relative to microbial me-
tabolism between anoxic and anaerobic systems were analyzed.
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3.3. Genomic characterization and transcriptomic analysis

Genomic information of NJUST38 was revealed to obtain clear in-
sight into bacterial metabolism mechanisms (Fig. 3a). The size of the
genome was 4.25 Mbp in total, with an average GC content of 67.84%.
The chromosome of the NJUST38 genome contained 4188 open-
reading frames (ORFs), of which 3713 (88.87%) were identified as
putative coding sequences (CDS). A group of 48 RNA genes, including
single copy of sRNA, 5S, 16S and 23S rRNA genes, were found in these
CDS. A COG-based analysis results showed that 464 (12%), 242 (6%),
210 (5%) and 143 (4%) of the COG functions were responsible for
transport and metabolism of amino acids, carbohydrate and lipid
compounds as well as biosynthesis and catabolism of secondary meta-
bolites, respectively. In addition, the KEGG functional annotation in-
dicated that NJUST38 could metabolize a variety of xenobiotics, nu-
cleotides and glycan compounds. The whole-genome sequences were
deposited at DDBJ/ENA/GenBank (WGS: accession number
RIAQ00000000, version RIAQO01000000; SRA: accession number
SRR8346068).

In order to explore the effect of nitrate stimulation on NMP meta-
bolism, the genome-wide transcriptional profiling of NJUST38 with
nitrate or without nitrate was investigated. The RNA-Seq toolset was
used for quantifying expression levels of transcripts and identifying the
potential molecular mechanisms responsible for microbial metabolism.
The total number of bases from six samples was greater than 14.60 GB,
and the Q30 percentage was over 95%. The average GC content was
greater than 66.43%. By comparing with anaerobic system (Aal group),
a total of 561 (Aol group) and 1603 (Ao2 group) differential expressed
genes (DGEs) were obtained from anoxic system, of which 141 (Aol)
and 725 (Ao2) genes were up-regulated at the presence of nitrate, as
shown in Supplementary data. These DGEs were subsequently used for
functional annotation and enrichment analysis by GO classification and
KEGG annotations to allow normalized comparisons between anoxic

and anaerobic systems. GO enrichments revealed that the molecular
function category with the greatest abundance was electron transfer
activity. The DGEs were subjected to KEGG pathways in order to gain
additional information about the potential involvement of specific
metabolic pathways in the regulation of microbial metabolism (Fig. 3b).
Analysis of the top 20 KEGG pathways showed that metabolic path-
ways, microbial metabolism in diverse environments, nitrogen meta-
bolism, biosynthesis of secondary metabolites and carbon metabolism,
were significantly enrichment in anoxic groups, such as RNA poly-
merase subunit beta (rpoC, gene id: L633_RS0119440) mainly re-
sponsible for cell growth, indicating more rapid bacterial growth in the
anoxic system, which was consistent with the variation of ODggo value
(Richardson et al., 2012). Therefore, the addition of nitrate was able to
cause substantial stimulation on cellular regulation and microbial me-
tabolism.

3.4. Highly expressed genes involved in NMP biodegradation and
denitrification

Previous studies confirmed that microbial denitrification was often
accomplished in intracellularly by a series of biological reactions,
which were commonly driven by a series of electron transports and
consumptions (Wan et al., 2016). Denitrification was primarily cata-
lyzed by four essential denitrifying enzymes, namely, nitrate reductase
(NAR), nitrite reductase (NIR), nitric oxide reductase (NOR) and nitrous
oxide reductase (N,OR), respectively (Su et al., 2019). Fig. 4a displays
the gene expressions of these denitrifying enzymes, i.e., narGHJI (en-
coding nitrate reductase), nirS (encoding nitrite reductase), norBC
(encoding nitric oxide reductase) and nosZ (encoding nitrous oxide
reductase), were significantly up-regulated in anoxic system compared
to anaerobic system without nitrate. It can be found that the up-regu-
lated log2.FoldChange for narG, narH, narJ, narl, nirS, norB, norC and
nosZ were 4.8, 5.0, 4.5, 5.2, 3.1, 5.6, 5.1 and 3.1, respectively (Fig. 4b).
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Fig. 3. (a) Genomic characterization of NJUST38 with gene function annotations (COG & KEGG) and (b) KEGG pathways annotation of the differentially expressed

genes in the anoxic system.

Moreover, gene nrt, which was responsible for nitrate/nitrite transport,
was observed significantly up-regulated with log2.FoldChange of 3.9.
Clearly, over expression of these denitrifying enzymes/genes require
greater reducing power and electrons supply, which might be the most
important reason for enhanced NMP biodegradation.

NMP biodegradation provides electrons to support denitrification,
while NMP can be catabolized via a well-established pathway
(Sadauskas et al., 2017). Mao et al. (2014) demonstrated that Candi-
datus could utilize the TCA cycle to provide electron and reducing
power for microbial metabolism. Similar to indole (Solis-Gonzalez et al.
2018; Sadauskas et al., 2017), NMP metabolites could reach TCA cycle
to counteract the toxic effects of NMP and its derivatives. The presence
of succinate dehydrogenase (sdh), fumarate reductase (frd), malate
dehydrogenase (maeB), succinyl-CoA synthetase (sucCD) and isocitrate
dehydrogenase (icd) suggested the scenario of TCA cycle in NJUST38
(Supplementary data). The significant enhancement of TCA cycle in
anoxic system further demonstrated that both electron transport effi-
ciency and energy metabolism could be improved at the presence of
nitrate.

To identify potential genes associated with NMP metabolism, we
analyzed the transcriptional levels of keys genes related to NMP bio-
degradation in both anoxic and anaerobic systems. Similar to
Alicycliphilus (Solis-Gonzalez et al. 2018), key genes were implicated in
NMP metabolism, i.e., N-methylhydantoin amidohydrolase (hyuB),
which activated hydrolysis and N-heterocyclic cleavage of NMP at the
beginning of biodegradation; Methyltransferase (cobA), which was re-
sponsible for demethylation; 4-aminobutyrate-2-oxoglutarate transa-
minase (gabT), which activated deamination; succinate-semialdehyde

dehydrogenase (gabD), which activated the transformation of succinate-
semialdehyde to succinate. It could be found that gene expression of
hyuB (log2.FoldChange = 2.0) and cobA (log2.FoldChange = 4.3),
could be significantly up-regulated with the addition of nitrate, which
might be an important reason for the enhanced NMP biodegradation.
Gene cobA might be catalyzing the demethylation and methanol pro-
duction simultaneously (Warren et al., 1990; Geng et al., 2018). Im-
portantly, the key genes related to methanol metabolism, including
alcohol dehydrogenase (adhP, log2.FoldChange = 4.5), aldehyde de-
hydrogenase (aldB, log2.FoldChange = 3.3) and formate dehy-
drogenase subunit alpha (fdhA, log2.FoldChange = 4.5), were detected
significantly up-regulated under anoxic condition, which was consistent
with the high expression of cobA. Hence, the electron production could
be accelerated at the presence of nitrate to complete denitrification,
resulting in positive effect on intracellular metabolism of NMP.

3.5. Mechanism dominating NMP biodegradation and denitrification

A scheme for NMP biodegradation and denitrification in NJUST38
was proposed based on the above analysis. First, microbial deni-
trification starts with NO3~ reduction to NO,~, and this reduction re-
quires electrons and reducing power (Fig. 5a). NMP is biologically ac-
tivated via N-methylhydantoin amidohydrolase (hyuB),
Methyltransferase (cobA), 4-aminobutyrate-2-oxoglutarate transami-
nase (gabT), succinate-semialdehyde dehydrogenase (gabD), and so on
(Fig. 5b & 5c). Notably, the generation of intermediates, such as N-
methylaminobutyric acid, was catalyzed by hyuB, which activated the
hydrolysis of acylamino on NMP. Generation of intermediates including



J. Wang, et al. Bioresource Technology 294 (2019) 122185
a 18000

= L V////) anaerobic system
E 15000 - anoxic system
& L

~ 12000

=

= I

2 9000 -

o

o L

£ 6000 -

0 -

%)

5 3000

o o B
narG narH narJ narl nirS norB norC nosZ nrt
b Gene
Gene Gene description Gene id Length log2.FoldChange
(nt)

narG  nitrate reductase subunit alpha L1633 _RS0101885 3765 4.8052
narH  nitrate reductase subunit beta ~ L633_RS0101880 1518 4.9694
narJ nitrate reductase L633_RS0101875 690 5.1714

narl nitrate reductase subunit gamma 1633 _RS0101870 702 4.5460
nirS nitrite reductase L633_RS0104450 1791 3.0912
norB nitric oxide reductase L633 _RS0104470 1389 5.6472
norC nitric oxide reductase subunit C 1633 RS0104465 453 5.0612
nosZ nitrous-oxide reductase L633_RS0101800 1959 3.1443

nrt nitrate/nitrite transporter L1633 RS0101890 2718 3.8865

Fig. 4. Key enzymes/genes involved in microbial denitrification in strain NJUST38: (a) gene expression dynamic between anaerobic and anoxic systems; (b) gene

length and log2.FoldChange of functional genes involved in denitrification.

aminobutyric acid and succinate-semialdehyde, was catalyzed by cobA
and gabT, respectively. The intermediate namely methanol could be
further degraded, which was catalyzed by alcohol, aldehyde and for-
mate dehydrogenases (adhP, aldB, fdhA). The intermediate succinate-
semialdehyde could be further oxidized to succinate to reach TCA cycle
for supporting denitrification.

Electron transport and consumption are quite essential for these
sequential interactions, including NMP biodegradation and deni-
trification (Wan et al., 2016), because the electrons and reduction
power required for denitrification are generated simultaneously via
NMP biodegradation. Electrons were fed into the quinone pool via key
proteins encoding electron transport pathway, such as succinate dehy-
drogenases and flavoproteins. Cytochrome c1 relays electrons from the
quinone pool inside the membrane to the cytochrome c, which was then
consumed by terminal reductases, such as NIR, NOR and N,OR (Wan
et al., 2016; Barnard et al., 2004). Electrons are delivered from NADH
via NADH dehydrogenase, quinone pool, succinic dehydrogenase, cy-
tochrome b, cytochrome c1 and cytochrome c¢ before consumption in
the reductive reaction catalyzed by NAR, NIR, NOR and N,OR (Wan
et al., 2016). Gene expression of key electron transport proteins, in-
cluding succinate dehydrogenase, cytochrome b, cytochrome cl and
cytochrome c, were significantly up-regulated at the presence of nitrate,
resulting in higher electron transport efficiency, as indicated in
Supplementary data. The sequential reduction of NO3~ to NO, ™, NO
and N,O requires abundant electrons supply, providing a continuous
sink for the electrons from NMP biodegradation and/or TCA cycle (Mao
et al.,, 2014). It is rather crucial for enhancing NMP biodegradation
through the improvement of electron transport efficiency and activity.

3.6. Key enzymes, NADH and electron transport system activity

The activity of key enzymes related to NMP biodegradation,

denitrification and electron transport system (ETS) as well as NADH
(the direct electron donor for denitrification) content, was further de-
termined in this study. The corresponding enzymatic activities, in-
cluding N-methylhydantoin amidohydrolase (NMA), NAR, NIR, NOR
and N,OR as well as ETS, were set as 100% in the anaerobic system
without nitrate to compare differences between anaerobic and anoxic
condition.

Previous studies showed that hydrolase was an important enzyme
for the breakdown of C-C/C-N bonds during N-heterocyclic compounds
degradation (Jia et al., 2018; Yu et al., 2019). During NMP biode-
gradation process, the activity of NMA, which catalyzed the conversion
of NMP to N-methylaminobutyric acid, was remarkably enhanced by
64.5 + 10.1% (p < 0.05) under anoxic condition compared with
anaerobic condition (Fig. 6a). Concentration of the electron carrier
(NADH) was thus increased (Fig. 6b), which was well match with the
higher gene expression of N-methylhydantoin amidohydrolase (hyuB).
On average, NADH content under anoxic condition was 69.1 * 5.9%
(p < 0.05) higher than anaerobic condition.

ETS activity assay indicated that the microbial ETS activity in the
anoxic system was significantly increased by 87.3 = 17.5%
(p < 0.05) compared with anaerobic system without nitrate (Fig. 6a),
which was consistent with the gene expression profile. After transport,
the electrons were mainly consumed by four key denitrifying enzymes,
i.e., NAR, NIR, NOR and N,OR. The enzymatic activity assays revealed
that the activity of NAR, NIR, NOR and N,OR was increased by
46.8 = 8.5%, 64.1 + 21.3%, 85.4 + 10.7% and 60.9 + 12.1% in
anoxic system compared with anaerobic control system (Fig. 6a).
Clearly, the presence of nitrate enhanced electrons production, trans-
port and consumption, thereby increased electron supplying capacity,
and simultaneously enhanced NMP biodegradation.
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4. Conclusion The sequential reductions of NO3;~ to N, providing a continuous “re-
ception sink” for electrons from NMP biodegradation and/or TCA cycle,

In this study, a novel strain namely Paracoccus pantotrophus which was responsible for enhanced NMP biodegradation. NMP meta-
NJUST38, which was capable of biodegrading NMP under anoxic con- bolic mechanism provides new insights into the environmental fate and

ditions, was firstly isolated and identified. NJUST38 was highly effi- potential ecological impact of NMP.
cient on NMP biodegradation, toxicity reduction and TOC removal in
anoxic system with the supplementary of electron acceptor, i.e., nitrate.
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