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Abstract: Although the adverse impacts of emerging nanagesti(NPs) on the biological
nitrogen removal (BNR) process have been broadported, the adaptive responses of
NP-impaired nitrifiers and the related mechanisisehseldom been addressed to date. Here,
we systematically explored the adaption and regowapacities of the ammonia oxidizer
Nitrosomonas europaea under chronic TieNP exposureand different dissolved oxygen (DO)
conditions at the physiological and transcriptioleaels in a chemostat reactdl. europaea
cells adapted to 50 mg/L TH¥ONP exposure after 40-d incubation and the inhibitell growth,
membrane integrity, nitritation rate, and ammonianooxygenase activity all recovered
regardless of the DO concentrations. Transmisdectren microscope imaging indicated the
remission of the membrane distortion after thestdlD-d adaption to the NP exposure. The
microarray results further suggested that the noditabprocesses associated with the
membrane repair were pivotal for cellular adaptiecdvery, such as the membrane efflux for
toxicant exclusion, the structural preservationstabilization, and the osmotic equilibrium
adjustment. In addition, diverse metabolic and sst@efense pathways, including
aminoacyl-tRNA biosynthesis, respiratory chairATP production, toxin-antitoxin
‘stress-fighting’, and DNA repair were activated the cellular adaption coupled with the
metabolic activity recovery, probably via recoverithe energy production/conversion
efficiency and mediating the non-photooxidativess: Finally, low DO (0.5 mg/L) incubated
cells were more susceptible to BFiI®IP exposure and required more time to adapt to and
recover from the stress, which was probably dueth® stimulation limitation of the
oxygen-dependent energy metabolism with a lowegerysupply. The findings of this study
provide new insights into NP contamination conaaotl management adjustments during the

BNR process.

Keywords: TiO, nanoparticle; Nitrosomonas europaea; dissolved oxygen; adaption;
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1 Introduction

Metal oxide nanomaterials characterized by sizesllsmthan 100 nm in at least one
dimension are extensively used in many commeraidl iadustrial fields owing to their unique
physico-chemical properties (Vance et al. 2015anium oxide nanoparticles (T3DIPs) with high
photocatalytic, ultraviolet shielding, and antilEacl activities are widely found in cosmetics,
textiles, sunscreens, photo-catalysts, and lithhatteries (Minetto et al. 2014). TAIPs are the
most widely used nanomaterials worldwide and thewduction has rapidly increased to 10,000
tons per year during 2011-2014 (Piccinno et al22@hd is expected to reach 2.5 million tons per
year by 2025 (Robichaud et al. 2009). Due to thetensive application, TKONPs are inevitably
released into the environment and are recognizesh &merging environmental stressor (Gondikas
et al. 2014). As a result, the negative impact$iOh NPs on animal cells (Yu et al. 2017), aquatic
organisms (Hu et al. 2017), bacterial cells (Liwaket2016), plants (Zahra et al. 2017) , and bofil
communities (Binh et al. 2016) have been widelygetzed and have raised increasing concerns
regarding their biosafety and biosecurity in ectays.

Recently, the release of engineered ;TiIPs into biological wastewater treatment plants
(WWTPs) has drawn significant attention (Poleselakt 2018; Zhou et al. 2015). TiONP
associated Ti concentrations of 181 - 1233 ug/Lewdetected in the raw sewage of 10
representative WWTPs in the US (Westerhoff et 8113. The TiQ NP concentrations in the
effluents of European WWTP were estimated to haeeeased from 2.5-10.8 pug/L in 2009 to 13—
110 pg/L in 2013 (Sun et al. 2014; Gottschalk e@D9). The increased production and usage of
TiO, NPs will inevitably cause the occurrence of higN& concentrations in WWTPSs in the near
future. As a result, the diverse microorganismsduga pollutant removal in WWTPs are
potentially threatened by the Ti®IPs due to their bio-toxicities. T®ONPs have been reported to
reduce the bacterial abundances or microbial contsnudiversities, depress the activities of
ammonia monooxygenase (AMO), nitrite oxidoreductasepolyphosphatase, and polyphosphate

kinase, and thus inhibit organic matter degradatwocesses and decrease the nitrogen and
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phosphorus removal efficiencies in WWTPs (Li et2]17; Li et al. 2016; Zhang et al. 2018). The
nitrogen removal process is generally more sudaepto NP-caused stress than the phosphorus
removal process. During a 70-d operation of a secjug batch reactor (SBR) with a concentration
of 50 mg/L TiQ NPs in the influent, the nitrogen removal rate wigmificantly retarded by 69.6 %
whereas the phosphorus removal efficiencies rerdacmnstant (Zheng et al. 2011a). As the
rate-limiting and first nitrification step in a bayical nitrogen removal (BNR) system, the
ammonia oxidation process (nitritation) performeg &mmonia-oxidizing bacteria (AOB) is
vulnerable to NP stress. Zheng et al. (2011a) aawlgYet al. (2013) have discovered the high
sensitivity of the ammonia oxidation process toJJ6DAg NP-caused stress in the BNR systems.

Currently, the TiQ NP toxicity has been acknowledged to be causeaklmative stress due to
the reactive oxygen species (ROS) generation andigdl interruption when NPs are adsorbed
onto the cell membrane or internalized into thésc@gfluang et al. 2017; Li et al. 2012; Liu et al.
2009). Nevertheless, most research studies havelyrfaicused on the acute or batch exposure
effects to cell respiration, microbial diversity,wastewater treatment performances (Li et al. 2017
Zheng et al. 2011a; Li et al. 2015). Few studieghavestigated the mechanisms of the metabolic
and transcriptional regulations of nitrifiers irspgnse to chronic TUONP exposure in a continuous
flow bioreactor. In addition, self-adaptive reguwat or the self-recovery potential of NP-impaired
nitrifiers and the associated mechanisms have beleiom addressed to date, which are crucial for
developing emergency adjustment strategies in respao NP-impacted wastewater treatment
biosystems. Only our previous study addressed tiesees and we discovered the recovery
potentials of ZnO NP-impaired AOB and the assodiaggulation pathways including membrane
fixation, heavy metal resistance, toxin-antitoxiefehse, and oxidative phosphorylation after 6-h
recovery during batch incubation (Wu et al. 2017).

It is noteworthy that AOB are highly sensitive toamy environmental factors including
dissolved oxygen (DO) levels (Prosser 1990). Initamid we have found thatoxygen

oxidation-dependent electron transfer pathways \aetizely involved in the stress responseNof



79 ‘europaea cells to ZnO NP exposure (Wu et al. 2017). Thersfohe DO level could potentially
80 affect the NP toxicity effects tN. europaea, which is a typical chemolithotrophic AOB and wigle
81 exists in BNR processes (Kowalchuk and Stephen )2061this study, we hypothesized thHst

82  europaea cells have adaption and recovery capacities inorespto chronic TIONP stress and that
83 the DO level is a key factor affecting their adapticapacities. To test these hypotheses, the
84  physiological and metabolic responses of the cantisly cultivated\. europaea to chronic TiQ

85 NP stress under both aerobic and microaerobic tondi were compared and the recovery
86 capacities of the NP-impaired cells were furtheseased. Genome-wide microarray and
87  quantitative reverse-transcriptase polymerase cresntion (QRT-PCR) techniques were used for
88 the exploration of the transcriptional regulatiaishe NP-impaired\. europaea cells, as well as
89 the associated adaptive regulation and recoveryamems.

90

91 2 Materialsand Methods

92 2.1 Chemostat bioreactor operation

93 N. europaea (ATCC 19718) was continuously cultivated in arstir chemostat bioreactor with
94 a3 L working volume (hydraulic retention time: 2IRat 25 °C in the dark. The DO concentration
95 was maintained at 2.0 + 0.2 or 0.5 + 0.2 mg/L lerfisterilized air aeration. The pH in the reactor
96 was maintained at 7.50 + 0.10 by the automaticodhiction of a saturated sterilized NaH{£O
97  buffer with a Meller pH controller (Taiwan, Chinalhe cultivation medium was similar to that
98 used in a previous study (Yu et al. 2015) and c¢oath 10 mM (NH),SOQ,, 10 mM

99  3-[4-(2-Hydroxyethyl)-1-piperazine] propanesulfonazid, 0.8 mM MgS® 7H0O, 0.5 mM of
100 K,HPO,, 0.1 mM of CaGl2H,0, 2.4 uM EDTA-F&, 1 pM CuSQ-5H,0, 0.9 pM of
101 MnCly-4H,0, 0.4 uM NaMoOg4- 2H,0, 0.3 pM ZnS@ 7H,0, and 0.02 uM CoGI6H,0.

102 2.2 Nanoparticle characterization

103 The anatase TiONPs were bought from Sigma Company (St. Louis, MIBA). A

104 JSM-6390A scanning electron microscope (SEM) (Jdgantronics Co., Ltd, Japan) was used to
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characterize the primary size of the NPs. The aetaydrodynamic diameter with a refractive
index of 1.43 and thé potential of the TiQ NP suspension in Mill-Q water was determined by
dynamic light scattering (DLS) using a Malvern Na£690 analyzer (Malvern, United Kingdom).
Prior to the measurements, the TiI@P suspension was subject to ultrasonic disperfsioh5 min
(50 kHz, 16 W).
2.3 Exposure experiment setup

The TiG, NPs with a concentration of 1 or 50 mg NPs/L wadged to the reactor to
investigate their chronic impacts &h europaea cultivated either at 0.5 or 2.0 mg DO/L. The 1
mg/L TiO, NP concentration was chosen to mimic the environtateelevant value before entering
the WWTPs (Westerhoff et al. 2011). The effect$@fmg/L NPs on the bioreactor performance
were also assessed because the NB concentration may potentially increase in tearrfuture
due to the increased production and usage (Rohilcbtal. 2009) and to ensure the detectability of
the toxicity effects. Prior to the NP exposure expents, each chemostat reactor was operated for
at least four weeks to ensure stable performargésesbaseline control. The NEHN, NO,-N, cell
density, and AMO activities were monitored every dend were generally around 3 mg/L, 267
mg/L, 3.0%1C cell/mL, and 0.98ig nitrite/mg protein/min, respectively. At the bewgjing of the NP
exposure experiment, the TAi®IPs were introduced to the bioreactor and theiuémil at the final
concentrations of 1 or 50 mg/L respectively. Théturas were sampled at the designated time
points (0, 3, 6, 12, and 48 h during the first 2wgry 2 d during the next 18 d, and every 5 dl unti
the end) throughout the 40-d exposure experiment.
2.4 Analytical procedures

The NH;-N and NQ-N concentrations were determined using Standarthddis (SEPAC
2002). The cell concentration was quantified byiraad count with a bacterial counting chamber
(Hausser Scientific Partnership, PA, USA) using i&8oN microscope (Nikon, Japan). The cell
membrane integrity was examined with a fluorescetes¢ using a LIVE/DEAD® BacLight'

Bacterial Viability Kit (Life Technologies, MA, USAand following the manufacturer’s instructions.
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The specific AMO enzyme activity for the ammoniadation was determined in terms of nitrite
production rate per unit of protein using an opzi@d reporting method as described previously
(Zheng et al. 2011b; Yu et al. 2016).

The cell morphological changes under chronic, NP stress (12-d and 40-d exposure) were
assessed using a JEM-2100 transmission electromsoape (TEM) (Japan Electronics Co., Ltd,
Japan) as described elsewhere (Yu et al. 201&flf3rthe harvested cell pellets were fixed with 3—
5 % glutaraldehyde, dehydrated in 50, 70, 80, and 9tK®anol (4 °C) and acetone (25 °C) for 20
min in sequence, and finally embedded in resinreetectioning for the TEM observation.

2.5 RNA extraction and microarray-chip analysis

The total RNA was extracted and purified using Reasy Mini Kit (Qiagen, Hilden,
Germany) and following the manufacturer’s instroc. The RNA concentration was quantified
with a Nanodrop ND-1000 spectrophotometer (Nanodfephnologies, Wilmington, DE, USA)
and the RNA integrity was assessed using standamdtdring agarose gel electrophoresis. Based
on the physiological responses of theeuropaea cells after 40-d exposure to the FiQPs, three
triplicate samples, which included the pre-exposigk sample (Pre.), the 12-d NP-impacted cell
sample (Imp.), and the recovered cell sample dfiedd NP exposure (Rec.) were assayed using an
oligonucleotide microarray (Agilent Technologiesld® Alto, CA, USA) with all 2436 annotated
transcripts represented in thie europaea ATCC 19718 genome (Chain et al. 2003). The sample
labeling and microarray hybridization were conddctéollowing the Agilent One-Color
Microarray-Based Gene Expression Analysis protdéailent Technologies, Santa Clara, CA,
USA). In brief, the total RNA from each sample wasplified and transcribed into fluorescent
cRNA with Cy3-UTP labeled using Agilent’s Quick Amipabeling Kit (version 5.7, Agilent
Technologies). The labeled cRNAs were then hybedionto theN. europaea ATCC 19718
Microarray (8x15K, Agilent Technologies) using tAgilent Gene Expression Hybridization Kit.
After washing, an Agilent Scanner G2505C (Agileatfinologies) was used to scan the arrays.

The array images were obtained using the Agilerdtlfe Extraction software (version
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11.0.1.1, Agilent Technologies) for the data analyShe GeneSpring GX v12.0 software (Agilent
Technologies) was used for the quantile normabratf the data and subsequent processing. The
regulation of the gene expressions was express#tkedsld-change ratio (FC) (log2 transformed)
of the normalized signal intensity between the Nipacted samples and the pre-exposure cells.
The identification of the differentially regulatéthnscripts with a statistical significance levél o
|[FC|> 1.0, p< 0.05 was performed using volcano plot filteringy{l&nt Technologies). The clusters
of the genes’ corresponding orthologous groups (C@@l the related pathway analysis were
determined using the latest Microbial Genome Anmamta and Analysis Platform

(https://www.genoscope.cns.fr/agc/microscope/hamlek.php) and theKyoto Encyclopedia of

Genes and Genomes database (http://www.genom@gkerig2.html). The microarray data has

been submitted to the Gene Expression Omnibus astabnder accession number GSE111100

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cqi?zaGSE111100).

2.6 gRT-PCR

Three differentially expressed genes (NE0669, NEQ#&hd Rh50) were screened for the
validation of the microarray results using a ViiARgal-time PCR System (Applied Biosystems,
USA). The extracted RNA for the microarray hybratibn was also used in the gRT-PCR analysis.
The specific primers were designed with Primer Feerf.0 software (Premier Biosoft, Canada)
and are listed in Table S1. The analysis procedwere explained in a previous study (Yu et al.
2016). The amplification conditions were: pre-denation at 95°C for 10 min, denaturation at
95°C for 10 s, and annealing at 80 for 60 s (40 cycles). After application, the nmgtcurve was
obtained (60—99C, ramp rate: 0.05C/s) to confirm the non-specifamplicons. Finally, the target
gene expressions were normalized to that of therR68\ genes. The 16S rRNA gene expressions
were not significantly affected after 12-d (p =182 and 40-d (p = 0.467) TKONP exposure using
t-test analysis.
2.7 Statistical analysis

Three replicate runs of two chemostats for 1 anchg. NP exposure were conducted. All the
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results are presented as means + standard devi@tx8). Independent unpaired two-sample

student’s t-tests were used to assess significamgdehe statistical significance level was §.05.

3 Results
3.1 NP characterization

The average primary particle size of the ellipsapgld TiQ NPs as determined by SEM
imaging was 42 + 11 nm (Fig. S1). The NPs’ hydrawit size and potential were 187 £ 69 nm
and -20.4 £ 2.1 mV, respectively.
3.2 Physiological responsesto chronic NP exposure
3.2.1 Changes in cell density, average size [gatential

One mg/L TiQ NPs did not induce markedly negative effects andaélls’ density (Fig. 1A),
size (884 + 42 nm, Fig. S2A), aridpotential (-21.3 = 2.3 mV, Fig. S2B) during thetiemn 40-d
exposure period. When exposed to 50 mg/L,N®s, the cell density remained stable for the &rst
d and then significantly decreased (p = 0.002)sttow as 48.6 = 7.8 % of the original value at the
end of the 10-d NP exposure (Fig. 1A). However,ablké density gradually approached the original
value (p = 0.140) after 30-d incubation and finakiynained (Fig. 1A). In contrast, the cell size
significantly increased and tliepotential decreased within the first 2 d but bagherted to the
original levels although slight fluctuations weteserved during the NP exposure period (Fig. S2).
3.2.2 Cell membrane integrity and morphology vaoiat

The cell membrane integrities were first signifitarcompromised but then recovered from
the TiO, NP stress at the levels of 1 and 50 mg/L (Fig.. IRring the 1 mg/L NP exposure period,
the cell membrane integrity gradually decreasedfibatly stabilized at 96.1 %. In contrast, at 50
mg/L NP, the cell membrane integrity progressivelgovered from the lowest value of 88.4 + 0.7 %
(~12 d) to around 96 % at the end of the 30-d Npbswre period (Fig. 1B). The cell morphology
changes were further examined using TEM imaging aVverage lengths of the pre-exposure cells

(Fig. 2A), the 12-d NP-impacted cells (Fig. 2B)dahe 40-d NP-impacted cells (Fig. 2C) were
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0.928 £ 0.153, 0.851 + 0.131, and 0.859 + 0.141(pw10) and the widths were 0.630 + 0.066,
0.581 + 0.076, and 0.590 £ 0.103 um (n=10), respeyt There were no significant differences in
the lengths and widths between the treatments (p05) despite a slight decrease after the NP
exposure. The pre-exposure cells without NP impadtibited a clear and intact membrane
structure (Fig. 2A). After 12-d exposure to 50 mdiO, NPs, the cell’s multilayer membrane
structure was strongly distorted and deformed @nelvecame undistinguishable (Fig. 2B). This
was consistent with the observed strongly impameanbrane integrity (Fig. 1B). However, after
prolonged NP stress (40 d), the membrane integnfyrovement of about 60-75% reflected the
alleviation of the cell deformation (Fig. 2C), whicdndicated the cells’ potential adaptive
adjustment and membrane preservation ability uokdemic TiQ NPs stress.
3.2.3 NP impacts on the nitritation performances AMO activity

The ammonium and nitrite concentrations in thedacotor were not noticeably affected during
the long-term exposure to 1 mg/L TI®IPs, whereas 50 mg/L TH¥ONPs induced a significant
decrease in the nitritation rate (p = 0.013) angs tthe accumulation of ammonium and a reduction
in the nitrite concentration in the bioreactor afted of NP stress (Fig. 3A-B). The specific AMO
activity exhibited a similar trend under 1 or 50/m@iO, NP stress (Fig. 3C) as the ammonium and
nitrite concentrations. The maximal reductionsha nhitritation rate and AMO activity were 5.6 *
0.8 % and 30.0 + 1.7 %, respectively at 50 mg/LINBss for approximate 12 d (Fig. 3). However,
the nitritation performance eventually recoveredttie original level and remained stable (Fig.
3A-B). In addition, the cells regained the spechilO activity close to the original level with no
significant differences (p = 0.094) (Fig. 3C), wihiwas in agreement with the recovery potential of
the cell density (Fig. 1A), the membrane integ(fyg. 1B), and the nitritation performance (Fig.
3A-B).
3.2.4 Effects of DO on chronic NP toxicities

Unlike the responses to the DO concentration ofg2Lirthe cell growth, membrane integrity,

nitritation performance, and AMO activity were imdngtely depressed when treated with NPs at a
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low DO level of 0.5 mg/L (Fig. 1 & 3) despite tharemarkable changes in cell size &nubtential
(Fig. S2). In addition, the inhibition rates of #ile metabolic activities dfl. europaea were much
higher in the low-DO cultured cells than in theleeultured at 2 mg DOJ/L after 6-h NP exposure
(Fig. 1 & 3). However, the DO level did not affebe recovery potentials of the NP-impaired cells
because the cells finally regained their metalentttvities and reached nearly the same levelses th
normal cells despite the prolonged adaptation tiarethe low-DO cultured cells. ThereforBl,
europaea cells displayed a DO-independent recoverabilityemwhong-term exposed to TiONPs
and the high DO condition benefited the cells’stsice to NP stress and shortened the cells’ NP
toxicity adaptation and recovery time of the metabactivity.
3.3 Transcriptional profiling

In comparison to the pre-exposure cells, 269 ar®itdfhscripts were differentially expressed
with statistical significance (g 0.05, and |[FC} 1.0) in the NP-impaired and the recovered cells,
respectively. The functional groups of the diffdrally regulated genes were generally categorized
into the groups of cellular membrane metabolisnramsport, information processing, amino acid
or carbohydrate metabolism, energy production amvecsion, cellular defense or repair, and
secondary metabolisms (Fig. S3). Except for thenonk genes, the three most significantly
expressed functional genes in the NP-impaired osdse related to amino acid metabolism,
membrane biogenesis, and RNA translation or rib@ametabolism. In addition, the number of
differentially expressed genes in the clustereational groups generally decreased after 40-d NP
stress (Fig. S3). Overall, the transcriptional esgron patterns of the NP-impaired cells afterthei
12-d and 40-d exposure to NPs were comparable a@dNP toxicity impacts on the cells’
transcriptional expressions were generally alleddiy the extension of the NP exposure time.
3.3.1 Amino acid and RNA translation or ribosomaitabolisms

Nineteen of the 22 amino acid metabolism-relatedegeencoding transferase, synthase,
reductase, isomerase, and kinase were significaptiyegulated after 12-d NP stress, whereas only

3 genes encoding methionine and arginine metaboksne down-regulated (Fig. 4A). However,
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the over-expression levels of these genes wererglgnalleviated after 40-d incubation and 18 of
the 22 affected genes reverted back to their aalgexpression levels. These results strongly
suggested that the regulations of amino acid mésmboat the transcriptional level actively
participated in the cellular adaption and recoyencesses under TP stress.

Nineteen transcripts encoding RNA translation tosomal metabolism were dramatically
up-regulated after 12-d and 40-d NP impacts (FB). AVith prolonged NP impact, 13 of the 19
up-regulated genes reverted back to the originadl$e In contrast, 12 transcripts encoding RNA
helicase, methyltransferase, and 16/30S ribosonad¢ip were over-expressed only after 40-d NP
exposure. Overall, the self-regulations of the araayl-tRNA biosynthesis, RNA translation, and
the ribosomal metabolism pathways in the Ji@P-impaired cells were probably significantly
activated to resist the NP stress.

3.3.2 Membrane transport and associated metabolisms

The NPs interrupted the expression of the membtamsport and biogenesis-related genes
encoding inorganic ion transporters, membrane fflmembrane fusion, and peptidoglycan
biosynthesis (Fig. 5). After 12-d NP exposure, #aap mainly encoding transmembrane binding,
receptor, fusion, or efflux proteins for generabswate transport and acriflavin resistance were
significantly up-regulated (g 0.05, FC> 1). The 18 genes that were significantly down-laiga
(p < 0.05, FC< - 1) were mainly related to sulfate, copper, ormamium transport and
glycometabolism. However, 22 of these up/down-raigal transcripts were able to return to their
original expression levels after 40-d incubatiorhicka indicated the possible membrane repair
regulations. In addition, transcripts encoding féorin resistance, major facilitator transport, or
pore ion channels were further up-regulated anchstripts encoding peptidoglycan biosynthesis
were down-regulated after 40-d NP exposure. Thegefthe membrane metabolism associated
regulations were actively involved in cellular atlap/recovery during the chronic NP exposure.
3.3.3 Energy metabolisms

Thirteen and 5 transcripts for energy productionyession were statistically differentially
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expressed (g 0.05, |[FC| > 1) after 12-d and 40-d NP strespeasely (Fig. 6). Among them, 4
genes involved with the respiratory chain or elattitransport and ATP production were
up-regulated during the entire incubation periothe Tdown-regulated transcripts were mainly
related to NADH-quinone reduction and the tricajdmxacid (TCA) cycle. After 40-d incubation,
the expressions of up-regulated genes were signific lessened except for one ATP-citrate
lyase-encoding gene and all the significantly doegulated transcripts regained their original
expression levels. Therefore, the energy produanversions pathways were probably impacted
by the TiQ NPs and the associated regulations of the regpirahain and ATP production were
assumed to be actively involved in the cellularpien and recovery processes.
3.4 Verification of microarray results

Three representative genes at different expresigoels were subjected to gRT-PCR for
verification of the microarray results. The geneO8E9 encoding the acriflavin resistance protein
for stress resistance was highly up-regulated aati~C of 4.30 and 4.99 after 12-d and 40-d NP
stress, respectively (Table 1). The gdR&0 encoding ammonium transporters and the gene
NEO371 encoding the TonB-dependent receptor prote@ne both significantly differentially
expressed (Table 1). Generally, their expressienguantified by the gRT-PCR displayed similar
varying trends as the microarray results althougbnaller FC ratio was obtained with the

gRT-PCR.

4 Discussion
4.1 Céll responses and adaptionsto long-term TiO, NP exposure

N. europaea displayed a strong adaptation potential duringahg-term exposure to T{NPs
in a continuous cultivation reactor and the compsauah cell density, membrane integrity, nitritation
performance, and AMO activity gradually recover&dg( 1-3). The nitritation performances of
AOB were observed to recover from 0.1 mg/L Ag Nfess in a nitrifying SBR (Alito and Gunsch

2014) and 150-d ZnO NP exposure incampletely autotrophic nitrogen removal over nrtrit
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(CANON) system (Zhang et al. 2017). These resefilect the possible anti-toxicity and adaptation
capacities of AOB under NP stress. It was assuinadthe diversity of the microbial community
and the survival of insensitive bacteria contriblute the recovery of the BNR performances as a
result of a selection process under Ag NP (Alitd &unsch 2014) and ZnO NP stress (Zhang et al.
2017). Considering the different sensitivityNifeuropaea cells during their 8-12 h generation time
(Skinner and Walker 1961), the cell density firstikased and then recovered (Fig. 1A); this may
be attributable to the sensitive cells’ decay amel ¢ontinuous cell proliferation. However, the
membrane integrity improvement (Fig. 1B) and stuiuetdistortion alleviation (Fig. 2) indicated
that the response ®. europaea to the TiQ NPs might not only be attributed to selection imaty
also be an ‘inhibition-recovery’ process. The 50/ImgnO NP-impacted continuously grows
europaea cells have been reported to revert to their méialperformances after the release of 6-h
NP stress although the prolonging of the ZnO NP aictp finally caused irreversible cell
impairment (Wu et al. 2017). TEONPs are generally photosensitive and cause phiokaibse
damage to cells (Miller et al. 2012). In this stuthe cells were exposed to Ti®Ps in the dark
and the NPs’ non-photooxidative stress and phystab’ (Liu et al. 2009) probably contributed to
the main nanotoxicity effects. ZnO NPs with highubdity are well known to cause more toxic
impacts than Ti@ NPs (Yu et al. 2015). Therefore, the impairedscalere expected to display
greater adaption or recovery potentials undertl@gs TiO, stress than ZnO NPs.
4.2 RNA trandlation or ribosomal metabolism regulations

The stimulation of RNA translation or ribosomal aislism pathways, such as
aminoacyl-tRNA biosynthesis and RNA or ribosome fifications, are probably involved in
mediating functional protein or enzyme synthesis cafiular anti-toxicity and self-adaption
behaviors. It is well known that aminoacyl-tRNA flystase catalyzes the primary step of the
protein biosynthesis via attaching amino acidshdssociated tRNAs (Schimmel and Saéll 1979).
Aminoacyl-tRNA synthetases including glycine, argey and leucine were demonstrated to be

positively correlated with th&scherichia coli growth rate (Neidhardt et al. 1977). The observed
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up-regulation of aminoacyl-tRNAJ&tAB) and the associated amino aadTH1, argC, andleuA)
biosynthesis encoding genes in response to the Ti@dNP stress (Fig. 4) probably promoted the
cell growth to regain the original cell densitydFILA). The up-regulations gatAB and the amino
acid encoding genesgB andhisD for energy conservation were reported to resigMLcadmium
stress (Park and Ely 2008a), which further suppothe findings that RNA translations and the
associated amino acid biosynthesis pathways wenelsted for cellular resistance and adaption to
the TiO, NP stress. Ribosomes are considered the main feitesellular protein biosynthesis
(Ramakrishnan 2002). The increased expressiontieofribosomal protein biogenesis encoding
operators, such apsDE, rpmF, andrplQ were detected in the. europaea cells in response to zinc,
linear alkylbenzene sulfonates, or ZnO NPs str@ssdist toxicity effects (Wu et al. 2017; Urakawa
et al. 2008; Park and Ely 2008b). Thus, the obsengeregulation of the ribosome biosynthesis
(rpsBU) or the modification factorti(uB, ksgA) encoding genes (Fig. 4) might contribute to the
recovery of the impaired protein or enzyme functicand the improvement in the metabolic
activities. Overall, the stimulations of the RNAslation or ribosomal metabolism regulations
promoted the resistance and recovery procebk @fropaea to the TiQ NP stress.
4.3 Membrane metabolism regulations

Membrane repair involved transport and the assettiatetabolism regulation processes are
crucial for the cells’ adaption to the TAQIP stress. Fang et al. (2007) reported on thatiamns of
the membrane lipid components and membrane fluiditydenitrification-associatedacillus
subtilis to resist fullerene NP stress. In our study, theilpaired membrane integrity gradually
increased with the increase in the NP exposure {irig. 1B), which suggested the possible
membrane repair processes. Our microarray resuftbefr revealed the varied expressions of
numerous transcripts encoding the membrane transgfiux system, and structure preservation
during the chronic Ti@Q NP stress (Fig. 5). For example, the expressidrecuoflavin resistance
(NE0669), the membrane efflux/fusion protein (NEB3NE0668, NE0670), and the major

facilitator transporter (MFC) (NE2454) genes weperegulated. These genes are associated with
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efflux pumps (EP) (Chain et al. 2003) for drug-sémnce or environmental stress-resistance
regulations (Amaral et al. 2011), which are gengraérformed by a combination of an inner efflux
protein and a membrane-embedded fusion protein ¢Mal. 1994). The up-regulation of the
EP-associated genes might be a survival or adamgiffant of the NP-impaired cells trying to
capture the potential ‘invaders’ and transport theutside the membrane for toxin exclusion and
stress alleviation. The EP-associated genes were faund to be overexpressed due to stress
resistance or alleviation in response to heavy Is@ark and Ely 2008a) and ZnO NP (Wu et al.
2017) stress. In addition, magnesium is esseriatd!l growth as a cofactor during ATP-requiring
enzymatic catalysis and plays a critical role ianfmembrane electrolyte flux adjustment via
binding the active site or causing a conformatiafange of the enzyme (Ryan 1991). An increase
in the magnesium concentration frd&i0 to 2,250 uM was reported to promote the nitrgy
activity of N. europaea under ZAR* stress (Radniecki et al. 2009). Therefore, theentesi
up-regulation of the magnesium transporter-assetiagene (NE0373) indicated cellular
self-protection/recovery behavior to help recovee timpaired membrane permeability and
nitrifying activities under NP stress. Furthermopstassium is known as an osmotic solute to
activate enzymes or transport systems for celldamotic-regulation (Epstein 2003). The
transmembrane potential is mainly determined by thensmembrane potassium gradient
(Corratgeé-Faillie et al. 2010). The NP damaged melinbrane integrity (Fig. 1B) and structure (Fig.
2B) might lead to a potassium leakage outside tembnane, thus disrupting the transmembrane
potential and osmotic balance. The observed uplaggn of the potassium transporter-encoding
gene (rkA) suggested that the cells’ active potassium tramgpocesses probably prevent an inner
potassium deficiency and maintain the transmemboan®tic balance to resists the TP stress.

At the end of the 40-d NP stress, the regulatesistidpt expressions encoding the
membrane-related metabolisms were generally atldigFig. 5), which indicated the cell’s
physiological performance recovery potentials (Rkg). For instance, the inhibited expressions of

the genes encoding the sulfatys@W) and ammonium transporRIt50) recovered and returned
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back to their original levels after 12-d TGtress. The decreased expressions of the cyanaphyc
synthetase encoding genes (NE0922/0923) for subgstaervation (Hai et al. 2006) significantly
recovered during the chronic TAONP stress. It is noteworthy that the expressiorthef genes
encoding the peptidoglycan biosynthesis (Fig. B)inaportant membrane constituent fekeleton
structure preservation (Vollmer et al. 2008, Voliraad Holtje 2004) were continuously depressed
in accordance with the impaired cell membrane sirec(Fig. 2C); this was probably due to the
persistent NP-cell contact that compromised theErnembrane mending effects. In summary, the
interruptions of the membrane structure and theaa®d functions represented the important
toxicity mechanisms of the TEONPs and the regulations of the corresponding mengrelated
metabolic processes were crucial for the cell$*aghption and recovery processes.
4.4 Energy metabolism regulations

The regulations of the energy metabolisms, sudhasespiratory electron transfer chain and
the TCA cycle pathways contributed to the cellsaptibn to the TiQ NP stress. After 12-d
exposure to the NPs, the cytochrome c oxid&eOl, NE0926) and ATP productioratpB)
encoding transcripts (Fig. 6) were stimulated altifo the NADH-ubiquinone oxidoreductase
encoding genesnqrBCD) for NADH consumption (EC 1.6.5.8) were down-regulated. Télés c
probably recovered the energy production efficiebgypromoting the electron transfer and ATP
production via stimulation of the proton gradieengration in the electron transfer chain (Chain et
al. 2003). In addition, the significantly inhibiteehergy-associated gene expressions generally
reverted back to their original level (|FC| < 1}wiihe increase in the cell incubation time under t
NP stress, especially for the TCA cycle-relatedoenmy transcriptsscB, sdhAD) responsible for
the recovery of respiration and the TCA cycle-mflatenergy metabolisms. Moreover, the
continuous up-regulations of the gereesBA2 related to the oxygen-dependent proton gradient
generations (Keilin and Hartree 1938) atpB involved in ATP production (Kumar and Nicholas
1982) might further enhance the energy productificiency during the prolonged NP exposure

period; this behavior has been observed\ireuropaea cells after 6-h exposure to 50 mg/L ZnO
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NPs as a self-resistance response (Wu et al. 2@verall, the energy metabolism pathways
including the respiratory electron transfer and TIGA cycle were impacted by the Ti®IPs and
the stimulations of the oxygen-dependent electrmansfer and the proton-dependent ATP
production were assumed to increase the cellularggrproduction/conversion for cell adaption to
the TiO, NP chronic stress.
4.5 Toxin-antitoxin, non-photooxidative stress responses and DNA repair

The toxin-antitoxin (TA) system is generally coresied to be involved in the prokaryotic
defense and stress-related adaptation (Van Meld2€di®). Two type II TA genes (NE1563,
NE1583) and one TA system-related gemeeB) were up-regulated after 12-d and 40-d NP stress,
respectively (Table 2). The over-expressions of TAegenes might contribute to the cellular
adaption to the TiIi@NP stress and this may occur via genomic fragrs@tiilization and DNA
protection (Wozniak and Waldor 2009). The up-regota of the DNA repair and replication
encoding genes (e.gdgC andssh, Table 2) further supported the cells’ TA adaptrmaachanism.
Some studies have reported the regulation of TAeganN. europaea cells when threatened by
chloroform and ZnO NPs (Wu et al. 2017, Gvakhatiale2007). In addition, the up-regulation of
the oxidative stress response-related genes wsoedatected even in the dark (Table 2).;lh@s
been demonstrated to induce ROS generation and exelative damage on biofilm microbes
(Battin et al. 2009) and human cells (Sayes et 28l06) in the absence of light. The
extracytoplasmic function (ECF) sigma factor is sidered to be involved in ‘stress-fighting’ as an
oxidative stress response (Chain et al. 2003). rédmxin with reducing ability is also widely
recognized as a detoxicant for oxidative stressvetion under NP stress (Yang et al. 2012). The
observed up-regulation of these stress-defenseedetgenes indicated their contributions to cellular
adaptions under chronic T3P stress.
4.6 DO impact on cellular adaption

The cells cultured under either 0.5 or 2.0 mg/L Ba@nditions regained the previously

decreased cell density, membraim¢egrity, nitritation performance, and AMO activit the end of
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the 40-d incubation with Ti© NPs. Nevertheless, the low-DO cultivated cells evenore
susceptible to the TKONPs stress and required more time for adaptiog. (Fi& 3). N. europaea
cells are well known to obtain energy from ammamiaation by using only two of four produced
electrons from hydroxylamine oxidation for ATP puation (Prosser 1990), which results in a low
net gain in terms of energy production/conversigvihen the oxygen supply was low, the
proton-driven force generated by the oxygen reduactor the ATP production was inefficient,
which might cause the severe limitation of the ggperonversion and the associated substance
metabolism, such as the carbon fixation, the TCalegythe amino acid metabolism, and the
membrane metabolism (Chain et al. 2003). In addlitibe electron transfer chain originating from
the NHLOH oxidation might be stimulated to enhance therggneroduction efficiency for stress
resistance and adaption because the cytochromeidasex encoding genes were significantly
up-regulated after NP exposure (Fig. 6), whereascytled electron transfer chain back to the
AMO catalyzation was inhibited (Fig. S4), whichuked in the inhibition of the AMO activity (Fig.
3C). Whittaker et al. (2000) have also reportedilamenergy regulation and AMO inhibition
mechanisms under protonophore chlorocarbonylcyahieleyl hydrazone (CCCP) stress. Therefore,
under lower DO levels, the stimulation of energyduction by oxygen reduction for cell
resistance/adaption might be insufficient, whiclgimicause more severe AMO limitations (Fig.
3C). Furthermore, the up-regulation of the geme&BA2 encoding cytochrome oxidase aa3 for the
oxygen-dependent proton gradient generation (Keitid Hartree 1938) and the stimulation of the
ATP production were responsible for the cellulaa@tbns as discussed above, which might be
potentially depressed under low DO conditions (Bg). Overall, an insufficient oxygen supply
might exert negative effects on the stimulatioreeérgy production/conversion and the regulations

of the related metabolisms and finally result iwéo cell adaption potentials at low DO conditions.

5 Conclusion

The novelty of this study was a comprehensive eafilen of the adaption and recovery of an
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ammonia oxidizerN. europaea, under chronic TiQ NP stress and different DO conditions at the

physiological, metabolic, and transcriptional leveA deep understanding of the self-adaptive

regulations or self-recovery potentials of NP-immpdiAOB is essential and crucial for developing

emergency adjustment strategies in response tooNRmination in the BNR process. The main

findings of this study are:

The impaired cell density, membrane integrity,itatron performance, and specific AMO
activity recovered after exposure to 50 mg/L NP long-term stress.

Low DO cultivated cells were more susceptible tooalc NP stress and displayed less
efficient adaption capacities; this was probablye dto the limitation of the
oxygen-dependent energy production/conversion avileficient oxygen supply.

The interruption of the membrane structure andabsociated functions were the direct
consequences of the biotoxicity of the 7i@Ps. The corresponding regulations of the
membrane-associated metabolic processes were Icfocitne cellular self-adaption and
recovery processes, such as the membrane efflutoXarants exclusion, maintenance of
the structural stability, membrane osmotic adjustim@nd substrate transport regulation.
The stimulations of the RNA translation or ribosénmaetabolisms including the
aminoacyl-tRNA biosynthesis and RNA /ribosome migdiion pathways were actively
involved in cell growth promotion and cellular atiaps to the NP stress.

The regulations of the energy metabolisms, espgdltsd TCA cycle, the electron transfer,
and the ATP biosynthesis pathways enhanced theyemepduction efficiency for cell
recovery.

TA ‘stress fighting’, non-photooxidative stress gakeing, and DNA repair processes were
also actively involved in the cellular adaption aedovery during the long-term exposure

to the TiQ NPs stress.
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Figure Captions

Fig. 1 Changes in the cell concentration (A) and membrabegrity (B) under different DO
conditions during chronic TiONP exposure

Fig. 2 TEM images of normal cells (A), 12-d (B), and 4Q&) TiO, NP-impaired cells with a DO
concentration of 2.0 mg/L. The red arrows indidaie distortion of the membrane and the yellow
arrows indicate the undistinguishable membranettre.

Fig. 3 Changes in the ammonium (A) and nitrite (B) con@mins and the specific AMO activities
(C) in the chemostat reactor at different DO cotreions under chronic TEONP exposure

Fig. 4 Heat map images of the functional gene expresgielased to amino acid (A) and RNA
translation or ribosomal (B) metabolisms in the -gxposure cells, 12-d, and 40-d 7iO
NP-impaired cells. (*" indicates no statisticafffdrences between the gene expressions compared
to the pre-exposure cells, p > 0.05|61C| < 1.0)

Fig. 5 Differentially expressed functional genes relatednorganic ion transport and metabolism
and cell membrane biogenesis after 12-d and 4Qadsexe to 50 mg/L TiONPs; the pre-exposure
cells are the reference £0.05, |FC} 1.0).

Fig. 6 Differentially expressed functional genes encodimgenergy production/conversion after
12-d and 40-d exposure to 50 mg/L 7iNPs; the pre-exposure cells are the reference {5,

IFC |> 1.0).
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1 Tablel Microarray and gRT-PCR analysis of selected functional genes after 12-d and 40-d

2 exposureto 50 mg/L TiO, NPs, respectively; the pre-exposure cells are the reference.

L ocus Microarray gRT-PCR
tag Gene Product Sample fold-change p-value fold-change
(log, value) (log, value)
Down-regulation
Ammonium 12-d 246  1.51x10° -2.34
NEO448 RNS0 4 ohsporter  40-d 174 720x10°  -0.85
Up-regulation
NEO669 Acriflavin 12d 4.30 2.09X10° 2.3F
resistance protein 40-d 4.99 5.47x 107 2.0F
NEO731 TonB-dependent 12-d 1.07 2.23x1072 0.86
. -4 a
receptor protein  40-d 2.58 6.22X 10 1.41

3 %indicates statistically significant witvalue< 0.05.



Table 2 Selected functional geneswith significant transcriptional responsesto 50 mg/L TiO, NPs (JFC|> 1, p<0.05).

FC (log, value)

Gene tLa(;cus_ Product Description
Imp./Pre.  Rec./Pre.
Toxin-antitoxin genes
NE1563 Hypothetical protein Type Il TA system, REHE-RelB/StbD 1.17 -
NE1584 Hypothetical protein Type Il TA system, R&HE-RelB/StbD 1.04 -
mreB NE2070 Rod shape-determining protein MreB TypeAlkystem-related factors - 1.88
ECF subfamily genes
NEO547 ECF subfamily RNA polymerase sigma factor  anbcription machinery, oxidative stress response 05 1. -
NE1041 ECF subfamily RNA polymerase sigma-70 factofranscription machinery, oxidative stress response 1.08 1.05
NE1992 ECF subfamily RNA polymerase sigma factor  anbcription machinery, oxidative stress response 02 1. -
NE1001 ECF subfamily RNA polymerase sigma factor  anbcription machinery, oxidative stress response - 1.06
Thioredoxin gene
NE1319 Thioredoxin Oxidative stress response 1.26 -
DNA repair/replication genes
rdgC NEO507 Recombination associated protein DNA replaiuble-strand breaks repair 1.48 1.01
ssb NE2453 Single-strand binding protein family DNA aép single-strand breaks repair 1.37 2.12
NEO098 DnaA regulatory inactivator Hda DNA reptioa 1.02 -
NEOO001 Chromosomal replication initiation protein NAreplication, initiation factors - 1.50
NE1850  ATP-dependent DNA helicase RecG DNA remhitble-strand breaks repair - 1.01
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Adaption and recovery of Nitrosomonas europaea to chronic TiO,

nanoparticle exposure

Resear ch Highlights:

e Cells adapted to chronic NP stress and all the lmoétaactivities recovered.

e Membrane repair associated regulations were pivotadellular adaption.

e Diverse metabolic and stress-defense pathways aotineated for cell recovery.

e Low DO condition compromised NP impaired cells’iséance and adaption
capacities.

e Stimulation limitation of respiratory chain accoedtfor thecompromised

capacity.



