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Abstract The rapid growth of the use of nanomate-
rials in different modern industrial branches makes the
study of the impact of nanoparticles on the human
health and environment an urgent matter. For instance,
it has been reported that titanium dioxide nanoparti-
cles (TiO, NPs) can be found in wastewater treatment
plants. Previous studies have found contrasting effects
of these nanoparticles over the activated sludge
process, including negative effects on the oxygen
uptake. The non-utilization of oxygen reflects that
aerobic bacteria were inhibited or decayed. The aim of
this work was to study how TiO, NPs affect the
bacterial diversity and metabolic processes on an
activated sludge. First, respirometry assays of 8 h
were carried out at different concentrations of TiO,
NPs (0.5-2.0 mg/mL) to measure the oxygen uptake
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by the activated sludge. The bacterial diversity of
these assays was determined by sequencing the
amplified V3-V4 region of the 16S rRNA gene using
[lumina MiSeq. According to the respirometry assays,
the aerobic processes were inhibited in a range from
18.5 + 4.8% to 37.5 + 2.0% for concentrations of
0.5-2.0 mg/mL TiO, NPs. The oxygen uptake rate
was affected mainly after 4.5 h for concentrations
higher than 1.0 mg/mL of these nanoparticles. Results
indicated that, in the presence of TiO, NPs, the
bacterial community of activated sludge was altered
mainly in the genera related to nitrogen removal
(nitrogen assimilation, nitrification and denitrifica-
tion). The metabolic pathways prediction suggested
that genes related to biofilm formation were more
sensitive than genes directly related to nitrification—
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denitrification and N-assimilation processes. These
results indicated that TiO, NPs might modify the
bacteria diversity in the activated sludge according to
their concentration and time of exposition, which in
turn impact in the performance of the wastewater
treatment processes.

Keywords TiO, NPs - Aerobic process - Oxygen
uptake rate - Predictive metagenomic profile - [llumina
sequencing - Ecotoxicology

Introduction

The rapid growth on nanotechnology applications has
increased the concerns about the potential effects of
nanomaterials (NMs) on the human health and the
environment. The incorporation of NMs in cosmetics,
sunscreen, food, paints and cleaning agents con-
tributes to their release into the environment
(Gottschalk et al. 2013; Keller and Lazareva 2013;
Sun et al. 2014). Titanium dioxide nanoparticles (TiO,
NPs) are widely incorporated in some of these
products due to their versatile optical, physical and
chemical properties (Lu et al. 2015). Hence, the arrival
of TiO, NPs to wastewater treatment facilities is
imminent.

The activated sludge process is the most applied
technology for wastewater treatment. It is estimated
that over 70,000 wastewater treatment plants (WWTP)
in the world are applying this technology or one of its
modifications, e.g. step feed aeration, extended aera-
tion, oxidation ditch, among others (Seviour and
Nielsen 2010). An activated sludge is a flocculent
suspension of microorganisms stirred by aeration and/
or mixing (Jenkins 2014). The microbial activity of
these microorganisms is used for oxidation of soluble
and particulate organic matter with oxygen or nitrate/
nitrite. The question here is how the TiO, NPs impact
the microorganisms present in activated sludge and
how this affects the performance of activated sludge
bioreactors.

Although several studies have demonstrated that
metal based NPs induce toxicological effects to
prokaryotic (Concha-Guerrero et al. 2014; Ulloa-Ogaz
et al. 2017) and eukaryotic (Athie-Garcia et al. 2018)
microorganisms, neutral and negative results about the
effect of TiO, NPs over microorganisms of activated
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sludge bioreactors have been reported. Gartiser et al.
(2014) observed that the organic matter removal and
the oxygen uptake were affected by 1 mg/mL of TiO,
NPs, while Zhou et al. (2015) arrived at the same
conclusions using 0.1 mg/mL; conversely, Garcia
et al. (2012) and Qiu et al. (2016) found no negative
effects in the organic matter removal by using similar
concentrations. The discrepancies between these
studies are dependent on the wastewater characteris-
tics, such as organic matter content, ionic strength, pH,
mono-divalent ionic ratio, source of activated sludge,
among others (Zhou et al. 2015; Cervantes-Avilés
et al. 2017a, b). These factors, including bioprocess
conditions as well as the type and concentration of
NPs, also influence the autotrophic and heterotrophic
bacteria abundance in the activated sludge. For
example, Chen et al. (2013) reported that silver NPs
(Ag NPs) affected both the activity and abundance of
polyphosphate accumulating microorganisms (PAO,
heterotrophic bacteria) in short term experiments of
1-3 days. Similarly, the zinc oxide NPs (ZnO NPs)
had no influence over microbial community diversity
related to organic matter removal (Zhang et al. 2016),
but altered the nitrifying (heterotrophic) bacteria
populations after 96 days during long term experiment
(Zhang et al. 2017).

In turn, it has been reported that the effects of TiO,
NPs on microbial community at long term include the
decrease in the removal efficiency of major contam-
inants as nitrogen (Ma et al. 2015). For TiO, NPs,
previous studies have reported a decrease on the
enzymatic activities related to nitrifying bacteria after
70 days (Zheng et al. 2011), as well as a shift on the
microbial community structure when bulk-TiO, and
TiO, NPs were present in a sequential batch reactor
(Ma et al. 2015). Similar changes were found for soil
bacterial communities when TiO, NPs were spiked
into biosolids (Shah et al. 2014), and for aquatic
bacterial communities when TiO, NPs were added to
inland water from Lake Michigan and Chicago River
(Binh et al. 2014). Since wastewater treatment process
is also a dynamic system, it is of paramount impor-
tance to understand the modification of bacterial
communities in response to TiO, NPs exposition at
conventional activated sludge conditions.

The toxicity of TiO, NPs over the microorganisms
of activated sludge has been noted by performing
denaturing gradient gel electrophoresis (DGGE) pro-
files (Li et al. 2014; Qiu et al. 2016). Li et al. (2014)
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reported that TiO, NPs significantly reduced the
microbial diversity, which could induce a low total
nitrogen removal, assuming some effects on the
nitrification and denitrification processes. Qiu et al.
(2016) confirmed variations in the microbial diversity
over time when activated sludge is exposed to TiO,
NPs, and they also reported a decrease in protein
content, which may indicate the inhibitory effects of
TiO, NPs. Li et al. (2017) performed a high-perfor-
mance sequencing and found that the microbial
richness and diversity presented variations with the
increase of TiO, NPs (0-60 mg/L) in the reactors,
which indicates that toxicity is related with the NPs
concentration. This toxic effect was related to an
increased in the production of reactive oxygen species
(ROS) and lactate dehydrogenase (LDH) that can
destroy the membrane integrity of the microorgan-
isms. A recent study by Li et al. (2020) indicated that
toxicity of TiO, NPs over ammonia-oxidizing-mi-
croorganisms (AOMs) and nitrite-reducing-bacteria
(NRB) is also related to the crystalline phases of TiO;,
which is higher for rutile than for anatase. Although
changes in the bacterial diversity of activated sludge
exposed TiO, NPs and some effects in the nitrogen
removal have been already reported, it is necessary to
know the impacts of these NPs in other common
metabolic pathways such as carbon assimilation, the
development of biofilm, among others.

Understanding the organization of bacterial com-
munities in response to pollutants is a key question in
microbial ecology and microbial ecotoxicology
(Cravo-Laureau and Duran 2014; Cravo-Laureau
et al. 2017). We hypothesized that bacterial commu-
nity in activated sludge would be modified with
exposition to different concentration of TiO, NPs,
which in turn would affect the wastewater treatment
performance. The aim of this work was to study the
effect of TiO, NPs on bacterial diversity of wastewater
treatment process using a microcosm to simulate the
aerobic reactor. After the exposition period at different
concentrations of TiO, NPs, the bacterial diversity
was determined by 16S rRNA gene Illumina MiSeq
sequencing. A predictive analysis of the functional
structure of the microbial communities was also
performed.

Materials and methods
Characterization of TiO, NPs

Since TiO, NPs were received as powder from 1&D
nanotechnology (Mexico), a suspension was prepared
for characterization. The suspension contained 0.5 mg
of TiO, NPs per mL and was dispersed as recom-
mended by Taurozzi et al. (2012). Briefly, a metal free
tube of 50 mL containing the suspension was place in
an ultrasonic bath during 1h at 200 W and a
frequency of 40 kHz. This stock suspension was
characterized in order to determine the morphology
and primary size by scanning electron microscopy
(SEM) imaging (Jeol JSM 7401F). Primary size was
determined by analyzing the images collected during
SEM observation with the open software ImageJ. The
elemental composition of the suspension was deter-
mined through the energy dispersive spectroscopy
(EDS) analysis during SEM imaging. Characterization
also included the determination of the phase for TiO,
NPs by X-ray diffraction (XRD) in a diffractometer X
Pert Pro (PANalytical). Obtained spectrum of XRD
was compared with the patterns reported in database
for anatase, rutile and brookite. Finally, the localized
surface plasmon resonance (LSPR) of the TiO, NPs
was determined via scanning of the ultra-violet and
visible regions of the electromagnetic spectrum (UV
1800, Shimadzu).

Exposure of activated sludge to TiO, NPs

The exposure of activated sludge to TiO, NPs was
performed in closed batch reactors (BOD Trak II,
HACH). The batch reactors for exposure experiments
contained a total volume of 95 mL, which were
divided in three components: (1) activated sludge seed
(40 mL), (2) synthetic wastewater (40 mL) and (3)
suspension of TiO, NPs or ultrapure water in the case
of the control (15 mL). Activated sludge inoculum of
all experiments contained 3.06 & 0.10 g/L of volatile
suspended solids (VSS). Physicochemical character-
istics of the inoculum included a temperature of
24 £+ 1.3 °C, conductivity of 1814 pS/cm and pre-
sented a sludge volumetric index (SVI) of 117 mL/g.
This inoculum was collected from a pilot plant located
in the lab. This plant was operated 63 days before
experiments and fed with the same synthetic wastew-
ater than exposure experiments. The synthetic
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wastewater was prepared as in previous studies
(Cervantes-Avilés et al. 2016), considering the major
constituents of wastewater, such as carbon, nitrogen
and phosphorous. Briefly, 1902 mg of CgH;,O,
344 mg of NH4Cl, and 72 mg of K,HPO, were
dissolved in 0.9 L as major constituents. Then, an
aliquot of 0.1 L of trace nutrients solution was added
to major constituents solution to reach a final concen-
tration of 71 mg/L of NaCl, 44 mg/L of MgSO4-7H,.
O, 19mg/lL of CaCl,-2H,0, 0.18 mg/L of
MnCl,-4H,0, 0.29 mg/L. of H3BO3, 0.28 mg/L of
C10H16N208, and 0.28 rng/L of FCC136H20

The exposure experiments were considering con-
centrations of 0.5, 1.0, 1.5 and 2.0 mg/mL of TiO, NPs
in wastewater. At these concentrations of TiO, NPs,
(spiked or cumulative concentrations in the reactors),
have been observed effects over the nitrifying bacteria
(Zheng et al. 201 1) and in the dissolved organic carbon
elimination (Gartiser et al. 2014). Moreover, high
concentrations of Ti (ug/L to mg/L), presumable as
TiO,, have been measured in influent wastewater and
activated sludge of WWTPs (Polesel et al. 2018;
Huang et al. 2020). Before addition of NPs to the
reactors, the suspensions were dispersed in an ultra-
sonic bath during 1 h. The experimental concentra-
tions of NPs and the controls (without addition of NPs)
were tested per triplicate. The exposure time in the
reactors was 8 h due to this time is the typical
hydraulic retention time (HRT) of activated sludge
process. The experimental conditions included the
control of temperature of the reactors at 20 °C, and the
isolation of the reactors from light to avoid photolysis
caused by TiO, NPs. Data about the oxygen transfer-
ence between gas phase to liquid phased where
recorded every 20 min during the exposure time and
used to calculate the oxygen uptake rate (OUR) via
analysis of respirometry of static phases. Biochemical
oxygen demand (BOD) was calculated as the oxygen
uptake accumulated during the exposure time (8 h).

Bacterial diversity

The bacterial diversity was determined in samples of
activated sludge exposed to TiO, NPs after 8 h. Since
all concentrations of TiO, NPs were evaluated per
triplicate in the batch reactors, a sample of activated
sludge (0.2 g) from each replicate was collected and
mixed. Then, the total DNA of the mixtures was
extracted using the Soil DNA Isolation Kit (Mo Bio™
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Laboratories, USA) with slight modifications as
previously described (Stauffert et al. 2013). In order
to amplify a single fragment that cover the V3-V4
region of the 16S rRNA gene two primers were used.
The forward primer was 357F 5'-barcode-CTC CTA
CGG GAG GCA GCA G-3' (Turner et al. 1999) and
the reverse primer was CD(R) 5'-barcode-CTT GTG
CGG GCC CCC GTC AAT TC-3’ (Rudi et al. 1997).
After purifying and pooling the amplicons by the
primers, amplicons were sequenced on an Illumina
MiSeq platform in the Institute of Interdisciplinary
Research on Environment and Materials (IPREM) at
the Universite de Pau et des Pays de I’ Adour (UPPA).

Data were processed following the procedure
described by Brito et al. (2019). Briefly, raw Illumina
fastq files were assembled (R1 + R2), quality-filtered,
trimmed in 415 bp, dereplicated, filtered for chimeras
and clustered by using USEARCH vl11 package
(Edgar 2010). A total of 80,256 raw sequences were
obtained, resulting in 35,655 unique after filtering
(90.8% being singletons). Sequences with less than
five events were removed and the resulting sequences
were clustered in 586 operational taxonomic units
(OTUs) in a 97% identity base (genetic dis-
tance < 0.03). The obtained OTUs were then associ-
ated to the complete pool of sequences. Taxonomy
was checked to the genera level with Ribosomal
Database Project (RDP 16S rRNA database, training
set v16). Finally, the raw sequences of this project
were deposited in the Sequence Read Archive (SRA)
database of NCBI under SRA accession code
PRINAG644188.

Coverage was calculated by using both Turing’s
estimator (Eq. 1) (Good 1953) and Chao’s estimator
(Eq. 2) (Chao and Shen 2010; Chao and Jost, 2012).
where 1, is the number of singletons, n, the number of
doubletons and n the total number of filtered and
trimmed sequences. Both estimators gave similar
results for all the samples. Different diversity indices
were calculated, such as the Shannon entropy (Eq. 3)
(Shannon and Weaver 1949), where p; is the relative
frequency of OTU i, and S is the total number of
OTUs; the Shannon effective number of “species”
(Shannon diversity index, Eq. 4), ”'; the equability
(evenness) and the Simpson’s diversity index (Eq. 5)
(Simpson 1949; Blackwood et al. 2007).
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Predictive analysis of microbial community
functional gene structure

The tool Tax4Fun2 was applied to predict the func-
tional structure of the microbial communities, and to
obtain some additional information about the main
metabolic pathways related to N removal and biofilm
formation from the activated sludge exposed to TiO,
NPs. The procedure was done according to ABhauer
et al. (2015). Briefly, the OTUs were labeled by using
NCBI Blast (U.S. National Library of Medicine).
Then, OTUs profile was transformed to a metabolic
profile based on Kyoto Encyclopedia of Genes and
Genomes (KEGG), which included the relative abun-
dance calculation. The classified KEEG ortholog
functional genes (KO) were linked to empirical
metabolic pathways. Then, the KOs were screened
manually for enzymes related to nitrification and
denitrification which are process developed by the
activated sludge.

Statistical analysis

Exposure experiments of activated sludge to TiO, NPs
were carried out in triplicate. Data of OUR and BOD
were statistically analyzed by applying one-way
ANOVA. The statistical differences between TiO,
NPs concentrations groups and control were analyzed
by applying the Tukey’s multiple comparison test.
P-values < 0.05 were considered statistically
significant.

Results
Characterization of TiO, NPs

SEM micrographs revealed that TiO, NPs were
agglomerated even in ultrapure water. NPs exhibited
spherical shape with mean ratio between 5 and 8 nm
(Fig. 1a). EDS confirmed the presence of Ti and O in
NPs (Fig. 1b). The observed peaks at 1.486 and 1.557
correspond to Al-Ka and Al-Kf from the aluminum
mount. The peaks of XRD spectrum can be assigned to
anatase phase with tetragonal crystal structure
(Fig. 1c). According to the UV-vis scanning, the
LSPR was at 297 nm (Fig. 1d), which is the typical
peak for TiO, NPs (Uboldi et al. 2016).

Oxygen uptake rate (OUR)

The OURs of activated sludge during treatment of
wastewater in presence or absence of TiO, NPs are
shown in Fig. 2a. Although the control showed
variations with peaks, the OURs were within the
range of those reported for activated sludge (Brd-
janovic 2015). In presence of TiO, NPs, OURs were
lower than control for all tested TiO, NPs concentra-
tions (0.5-2.0 mg/mL), indicating a negative impact
of TiO, NPs on the aerobic microbial activity. For
TiO, ranging from 0.5 to 1.0 mg/mL, OURs were
between 1 and 2 mg O,/g VSS-h during all experi-
ment. For TiO, concentrations higher than 1.0 mg/mL
the OUR decreased after 4.5 h. The total decrease on
the oxygen consumption by microorganisms was
observed in the biological demand of oxygen after
8 h (Fig. 2b), which decreased as the concentration of
TiO, NPs increased. When oxygen uptake was
compared to the control non-spiked with TiO, NPs,
inhibition of the aerobic processes for wastewater
treatment of the activated sludge was statistically
lower than control (all in %): 18.5 + 4.8, 25.8 £+ 4.3,
30.8 £ 3.1 and 37.5 £ 2.0, for 0.5, 1.0, 1.5 and
2.0 mg/mL of TiO, NPs, respectively. It is important
to consider that concentrations of TiO, NPs spiked in
these experiments can be higher than those currently
present in activated sludge reactors. Therefore, the
results should be contextualized as acute exposure to
high load of TiO, NPs.
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Fig. 1 Characterization of TiO, nanoparticles in terms of
a morphology and size by scanning electron microscopy (SEM),
b elemental composition by energy dispersive spectroscopy

Bacterial diversity indices

The indices related to bacterial diversity when
exposed to different concentrations of TiO, NPs are
shown in Table 1. The richness of OTUs varied little
among treatments: from control to 1.5 mg/mL of TiO,
NPs we found 166—168 OTUs, while for 2.0 mg/mL of
TiO, NPs the number of OTUs was slightly smaller,
162. The variation for the last treatment can also be
noted in the abundance of sequences (reads before
trimming, Table 1). This variation in the reads
associated to OTUs may represent a real impact,
although small, of decreasing the bacterial community
richness as the concentration of TiO, NPs increased.
The Shannon-Weiner index (H’), which considers the
predominance of certain populations, was similar for
all treatments (between 3.6 and 3.8), suggesting that
the composition of bacterial communities and the
abundance of their members were similar for all tested
NP concentrations. Such observation was also sup-
ported by Evenness index (J’) and a moderate
estimation for Simpson’s index. As a result, the
intrinsic factors of the activated sludge process such as
the change of substrate (Griffin and Wells 2017),
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different COD/N ratios or dissolved oxygen concen-
trations (Xu et al. 2019), changes in the sludge
retention time (Karlikanovaite-Balikci et al. 2019),
temperature fluctuations (Johnston et al. 2019), among
others, did not affect the shifts in the bacterial diversity
of the activated sludge, which was only observed
slightly in the test with the highest concentration of
TiO, NPs.

Bacterial diversity in activated sludge
after exposition to TiO, NPs

Considering all treatments, 41 OTUs presented rela-
tive abundances over 0.5%, which distribution varied
according to the treatment (Fig. 3). The control and
0.5 mg/mL TiO, NPs treatments formed a group
distinct to the other treatments, which was consistent
with the Shannon Evenness and Simpson’s diversity
indices.

Pondering the OTU relative abundances, five main
groups were identified (Fig. 3). The Nakamurella
genus (OTU 1), the predominant population
(22.5 + 4%) in all treatments, formed the first group.
The second group includes the other three most
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Fig. 2 Oxygen consumed by activated sludge in presence of
TiO, nanoparticles (NPs): a Oxygen uptake rate (OUR) during
8 h, and b Biological oxygen demand (BOD) and inhibition in
the oxygen consumption by activated sludge when exposed to
0.5, 1.0, 1.5 and 2.0 mg/mL of TiO, NPs. Error bars correspond
to standard deviation (n = 3). Lowercase letters in (b) represent
significant differences between mean values at each concentra-
tion, as determined by one-way ANOVA and Tukey’s multiple
comparison test (p-value < 0.05). (Color figure online)

abundant OTUs (about 6-8%), which were affiliated
to Flavobacterium, Thermomonas and Zoogloea gen-
era. Members affiliated to the genera of these two
groups are related to C, N and P removal (Whang and

Park 2006; Tice et al. 2010; Zhang et al. 2015). The
Nakamurella genus has been associated with polysac-
charide storage as Glycogen-accumulating non-
polyphosphate microorganisms (GAOs) (Tice et al.
2010). They are strictly aerobic bacteria competing
with PAOs bacteria responsible of phosphorous
removal in the aerobic wastewater treatment (Whang
and Park 2006). The genus Thermomonas includes
species able to uptake carbohydrates and carry out
nitrification by transporting nitrite/nitrate (Zhang et al.
2015), and they are commonly found in the WWTP.
Similarly, members of the Zoogloea genus have been
described to participate in the denitrification process
through aerobic granules assembled during the
wastewater treatment (Weissbrodt et al. 2012). Mem-
bers of the Flavobacterium genus possess genes
involved in polysaccharide decomposition and
polysaccharide utilization (Hahnke et al. 2015). These
populations, playing probably a key role in the basic
processes in WWTP (Ma et al. 2015), were marginally
affected by the probed concentrations of TiO, NPs.
The third group contains nine OTUs (5-10, 13, 14
and 16), affiliated to Amaricoccus, Arcobacter, Fer-
ruginibacter, Ohtaekwangia, Rhodoferax, Sphin-
gomonas and other Flavobacterium and Zoogloea
genera. They have in common the use of many sources
of carbon under aerobic or anoxic conditions. For
example, Sphingomonas and Amaricoccus, strict aer-
obes, are known to assimilate D-glucose, L-arabinose,
and D-mannose (Maszenan et al. 1997; Margesin et al.
2012), while Ohtaekwangia, facultative anaerobes,
assimilate organic acids such as succinic acid (Yoon
et al. 2011). The genus Arcobacter, similarly to the
Flavobacterium, is related to nitrate reduction (Zhang
et al. 2006; Collado et al. 2011). They are known for

Table 1 Diversity and
related indices in samples of
activated sludge exposed to

TiO, NPs

Parameter TiO, NPs concentration (mg/mL)
0 0.5 1.0 1.5 2.0
Reads before trimming 13,495 11,617 15,177 11,322 9903
Coverage (%) 39.02 39.36 39.76 37.31 37.39
OTUs 166 166 167 168 162
Reads associated to OTUs 9603 8637 11,215 8027 7128
Shannon-Weiner (H') 3.59 3.57 3.79 3.72 3.74
Shannon diversity index (eH,) 36.2 354 44 4 414 42.3
Shannon evenness (J) 0.70 0.70 0.74 0.73 0.74
Simpson’s index (1 — D) 0.91 0.91 0.94 0.93 0.94
@ Springer
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Fig. 3 Distribution of the 41 most abundant OTUs (> 0.5%
relative abundance) in the Control and treatments with 0.5, 1.0,
1.5 and 2.0 mg/mL of TiO, NPs, hierarchically clustered both
according to the OTUs (left tree) and samples (top tree). The
intensity in the blue scale is related to the logarithm of the

their ability to perform the denitrification in wastew-
ater treatment (Wang et al. 2012).

The fourth and fifth group of OTUs had the lowest
relative abundance and included bacteria able to
hydrolyze and assimilate many organic sources
belonging to Chryseolinea (Kim et al. 2013), Le-
gionella (Wang et al. 2012), Roseivivax (Wang et al.
2012), Niastell (Zhang et al. 2010), and Labilithrix
(Yamamoto et al. 2014) genera. Other OTUs of these
both groups belong to genera known to degrade
complex organic compounds such as cyclic organic
compounds, such as OTU affiliated to Taibaiella and
Confluentimicrobium genera (Son et al. 2014), and
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abundance according to the top right palette. The red dotted line
represents the diversity for each TiO, NPs concentration. The
red line histograms along columns represent the abundance of
OTU sequences, again in a log scale for each sample. (Color
figure online)

also to Chitinophaga genera that was shown to be able
to degrade cellulose (Winogradsky 1929; Zhou et al.
2016). Some OTUs of the fourth and fifth groups are
related to genera involved in nitrogen removal
processes, including the nitrification such as Sphin-
gopyxis genus (Subhash et al. 2014), and the nitrate
reduction such as Geminicoccus (Foesel et al. 2007),
Rhizobacter (Stackebrandt et al. 2009), and Undibac-
terium (Eder et al. 2011) genera.
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Prediction of metabolic profile of activated sludge
exposed to TiO, NPs

The predictive analysis of functional structure from
16S rRNA gene sequence data is a promising tool to
predict the possible metabolic capacities of microbial
communities (Kavamura et al. 2018; Sharma et al.
2018; Cordier 2020). However, it must be emphasized
that these results should be used with caution (Sun
et al. 2020): they provide an overview about some
processes as a basis for future validation works. For
example, testing the hypothesis that the TiO, NPs are
(or are not) interfering on the specific processes of
nitrogen transformation in wastewater systems.
Although alterations in the nitrogen removal processes
have been already reported (Li et al. 2014; Cervantes-
Avilés et al. 2017b), it is possible to carry out g-PCR
technique targeting the gene encoding for ammonia
mono-oxygenase (amoA) or nitrite reductase (nirK
and nirS) aiming to determine the abundance of
ammonia oxidizers or denitrifying bacteria in order to
test the hypothesis (Geets et al. 2007; Li et al. 2020).
Recently, Li et al. (2020) used this approach (qPCR) to
study the effect of chronic use of TiO, NPs over the
WWTP and verified a correlation between the increase
in the concentration of these nanoparticles and: (i) the
increase in cells mortality, (ii) the decrease in the
abundance of genes related to nitrification and
ammonium oxidation, and (iii) the decrease in the
secretion of exopolysaccharides (EPS).

The Tax4Fun2 analyses revealed predicted meta-
bolic pathways (Fig. 4) dominated by cellular meta-
bolism (57.4%) and environmental information
processing (22.3%), followed by cellular processes
(10.0%), genetic information processing (7.7%),
human diseases (2.1%) and organismal systems

[ Cellular processes

3 Environmental information processing
[l Genetic information processing

Bl Human diseases

[ Metabolism

[ Organismal systems

0.9%

Fig. 4 Distribution of the associated metabolic pathways as
predicted by using Tax4Fun2 and KEEG ortholog functional
genes (KO’s). (Color figure online)

(0.9%). Tests with triplicates revealed that the uncer-
tainty in these numbers is around 0.12%. The high
percentage of the cellular metabolism pathways (57%)
was expected because they are related to survival
activities such as biosynthesis, oxidation and phos-
phorylation, photosynthetic carbon fixation, cofactors
metabolism, nitrogen metabolism, xenobiotics
biodegradation. The considerable percentage of path-
ways related to environmental information processing,
includes genes related to the membrane transport and
signals for cell recognition known as signal transduc-
tion. The other pathways are related to the cell growth
and death, mobility, transport and catabolism, quorum
sensing (QS) and biofilm formation.

Considering the importance of N removal to the
WWTP, we focused on the analysis of 20 KO’s related
to N metabolism pathways (Table 2), including
assimilatory nitrate reduction (K00360, KO00367,
K00372 and K00366), dissimilatory nitrate reduction
(K00370, KO00371, KO00374, K02567, KO02568,
K00362, K00363), denitrification (K00370, KO0371,
K00374, KO02567, KO02568, KO00368, KI15864,
K04561, K02305 and K00376) and nitrogen fixation
(K00531, K02586, K02588 and K02591). Only small
differences were observed between the TiO, NPs
treatments and the control, suggesting that TiO, NPs
had minor effects on nitrogen routes. However, a
tendency observed before can also be verified here:

Table 2 Distribution of the KO functions according to the N
associated pathways (in percentages)

KO TiO, NPs concentration (mg/mL)
Control 0.5 1.0 1.5 2.0

ANRI1 18.01 17.96 18.88 18.64  19.35
ANR2 5.74 5.78 5.14 543 5.20
DNRI1 = D1 37.86 3789 3556 36.22 3585
DNR2 30.03 2998 2977 29.80 29.88
D2 2.24 2.29 291 2.64 2.56
D3 321 332 4.30 3.80 3.87
D4 0.28 0.29 0.57 0.39 0.39
NF 2.62 2.49 2.87 3.09 2.89

The codes for the routes are: (ANRI + ANR2) for
assimilatory  nitrate  reduction, (DNRI 4+ DNR2) for
dissimilatory nitrate reduction, (D1 4+ D2 + D3 + D4) for
denitrification and (NF) for nitrogen fixation (see Fig. 5 for
details)
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while the 0.5 mg/mL of TiO, NPs treatment was
almost indistinguishable from control in terms of the
importance of the pathways, the other three treatments
were relatively different. In fact, for pathways ANR2,
DNRI = D1 and DNR2 (first part of assimilatory and
dissimilatory nitrate reduction) the abundance of KO’s
decreased in this direction (percentages changed from
higher to lower than the average), while for pathways
ANRI1, D2, D3, D4 and NF (second part of assimila-
tory nitrate reduction, denitrification and nitrogen
fixation) they became more important (percentages
changed from lower to higher the average) with the
increase in the NPs concentration. For better viewing
the pathways, the averages of the relative abundances
of KO’s were calculated for each step (Fig.5).
Noteworthy, the main pathways including both dis-
similatory and assimilatory nitrate reduction were the
most abundant KO’s (90.6%).

We have also focused on the prediction of pathways
involved in biofilm formation, encouraged by the
importance they have in WWTPs (Wang et al. 2019).
The formation of a biofilm is complex: it involves
processes such as the QS systems, the formation of
flagellar structures, and the ability to produce EPS
itself. Although biofilms are widely studied, the
existence of a universal biofilm gene-expression
pattern is still uncertain (Beloin and Ghigo 2005).
Our analysis revealed the presence of 184 KO’s
associated to biofilm formation, 158 of which (86%)
presenting an increase of the abundance with the
increase in the TiO, NPs concentration.

Discussion

The presence of TiO, NPs in activated sludge due to
accumulation of loads in the influent may alter the
conventional wastewater treatment. The oxygen
uptake results indicated that the aerobic activity of
microorganisms present in the conventional activated
sludge is affected by factors such as the TiO, NP
concentration and exposure time (e.g. HRT). This
cause-effect was also observed and reported for ZnO
NPs (Zhang et al. 2017). However, compared to other
NPs, TiO, NPs are not soluble at typical pH of the
WWTP (6.5-7.5). Hence, mechanisms for inhibition
of the oxygen uptake probably do include physical
damages of the aerobic microorganisms. Although the
microorganisms were damaged, the OUR experiments
with TiO, NPs remained between 1 and 2 mg O,/g
VSS-h, indicating that a fraction of the bacterial
community was able to tolerate the presence of these
NPs, which persisted after TiO, exposition. Since in
this work a synthetic media was used as substrate, this
tolerance should be confirmed by using real wastew-
ater in further exposition experiments.

The bacterial diversity indices indicated that bac-
terial populations in the control reactor were more
similar to populations of reactors exposed to the
lowest concentration of NPs (0.5 mg/mL of TiO,), and
less similar to populations in reactors exposed to
higher concentrations of NPs. This means that acti-
vated sludge can tolerate high loads of TiO, NPs, but
bacterial diversity can have a slight change. These
results may be considered as indicative since the
coverage obtained by our sampling was estimated to

370 (£044)%  NoO b4
D3 2% 0s N2
NO (£0.12)% \
2.53
(£0.27)% 2.80
of (£0.24)%
Nitrate 368 (£112% 29.89 (x0.11)%
. Nitrite Ammonia Organic
Nog) s NG [ Aea_ Craenie
18.57 (+0.59)% A 546 (20,291
ANR1 A;R2

Fig. 5 The predicted metabolic pathways for nitrogen cycle.
The percentages (averages with their respective standard
deviations) are indicated for each route: (ANR1 + ANR2) for
assimilatory nitrate reduction (Green), (DNR1 + DNR2) for
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be relatively poor (around 39% individually and 47%
when considered together). Moreover, the bacterial
diversity estimated by Simpson’s index of the control
group had similarity to that reported in previous
studies using TiO, NPs (Li et al. 2020). Based on that
study, the effect that TiO, NPs may cause in the
bacterial diversity of activated sludge can be related to
the concentration when the process is exposed to
concentrations lower than 60 mg/L (Li et al. 2020).

The most abundant OTUs in five groups identified
were affiliated to Flavobacterium and Sphingomonas
genera, which members have been related to the
degradation of organic matter and the utilization of
polysaccharides under aerobic conditions. These
results showing different distribution of the OTUs
according to the treatment, particularly those affiliated
to Flavobacterium and Sphingomonas, reflect that the
organic matter removal process and the reduction of
nitrates were probably disturbed when activated
sludge was exposed to TiO, NPs, especially at 1.5
and 2.0 mg/mL.

The limitation in the reduction of nitrates was in
line with the predictive metabolic analysis, which
indicated that the first part of nitrate reduction to nitrite
presented lower values than the average and with the
increase in the NPs concentration. However, the
second part nitrate reduction, denitrification and
nitrogen fixation may keep the performance in pres-
ence of TiO, NPs. Besides the potential alterations in
the nitrogen removal in activated sludge process
caused by TiO, NPs, the biofilm formation and the
EPS excretion can be altered. The over production of
EPS has been reported in aerobic treatments exposed
to ZnO NPs (He et al. 2017), to CuO NPs (Hou et al.
2015), to TiO, NPs (Qian et al. 2017) and even in
anaerobic treatments exposed to TiO, NPs (Mathur
et al. 2017; Cervantes-Avilés et al. 2018). Hence, this
work supports that the presence of TiO, NPs, at least in
the probed range of concentrations, can stimulate the
formation of biofilms by inducing an overexpression
of genes associated to specific enzymatic processes
related to it. Therefore, the evaluation of the enzyme
activity related to the biofilm and flocs formation such
as aminopeptidase (Hassard et al. 2018; Zhao et al.
2018) and phosphatase (Hassard et al. 2018; Huang
et al. 2018), could be performed in further studies.

Conclusions

The bacterial diversity profile of activated sludge
exposed to TiO, NPs was modified mainly in the
genera related to organic matter and nitrogen removal
(nitrogen assimilation, nitrification and denitrifica-
tion). These observations indicated that TiO, NPs may
impact the functional structure and the capacity to
remove organic matter and nitrogen by activated
sludge. The analysis of predicted metabolic profiles
supports the hypothesis that the TiO, NPs can
stimulate the overexpression of genes associated to
the excretion of polysaccharides and proteins.

Acknowledgements This work was supported by the National
Council of Science and Technology of Mexico (CONACyT;
175089, 2013), by the National Council for Scientific and
Technological Development of Brazil (CNPq; MOD.ORD.44/
2012) and by Direcion de Apoyo a la Investigacion y al
Posgrado of Guanajuato University (DAIP; Convocatoria
Institucional de Investigacion Cientica).

Author contributions PC-A: conceptualization, methodology,
investigation, writing of original draft; writing review and
edition; CAC: conceptualization, software, validation, formal
analysis, data curation, writing of original draft; EMSB:
conceptualization, methodology, formal analysis,
investigation, resources, data curation, writing of original
draft, visualization, supervision, project administration,
funding administration; PB: software, formal analysis; GC-R:
resources; RD: conceptualization, resources, writing review and
edition, supervision.

Declarations

Conflict of interest The authors declare that they have no
conflict of interest.

References

ABhauer KP, Wemheuer B, Daniel R, Meinicke P (2015)
Tax4Fun: Predicting functional profiles from metagenomic
16S rRNA data. Bioinformatics 31:2882-2884. https://doi.
org/10.1093/bioinformatics/btv287

Athie-Garcia MS, Pindn-Castillo HA, Orrantia-Borunda E et al
(2018) Cell wall damage and oxidative stress in Candida
albicans ATCC10231 and Aspergillus niger caused by
palladium nanoparticles. Toxicol Vitr 48:111-120. https://
doi.org/10.1016/j.tiv.2018.01.006

Beloin C, Ghigo J-M (2005) Finding gene-expression patterns in
bacterial biofilms. Trends Microbiol 13:16-19

Binh CTT, Tong T, Gaillard J-F et al (2014) Acute effects of
TiO, nanomaterials on the viability and taxonomic com-
position of aquatic bacterial communities assessed via
high-throughput  screening and next generation

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Biodegradation

sequencing. PLoS ONE 9:e106280. https://doi.org/10.
1371/journal.pone.0106280

Blackwood CB, Hudleston D, Zak DR, Buyer JS (2007) Inter-
preting ecological diversity indices applied to terminal
restriction fragment length polymorphism data: Insights
from simulated microbial communities. Appl Environ
Microbiol 73:5276-5283. https://doi.org/10.1128/AEM.
00514-07

Brdjanovic D (2015) Applications of activated sludge models.
Water Intell Online. https://doi.org/10.2166/
9781780404660

Brito EMS, Romero-Nifez VM, Bertin P et al (2019) The
bacterial diversity on steam vents from Paricutin and
Sapichu volcanoes. Extremophiles 23:249-263. https://doi.
org/10.1007/s00792-019-01078-8

Cervantes-Avilés P, Brito EMS, Duran R et al (2016) Effect of
ZnO nanoparticles in the oxygen uptake during aerobic
wastewater treatment. J Nanoparticle Res. https://doi.org/
10.1007/s11051-016-3481-3

Cervantes-Avilés P, Camarillo Pifias N, Ida J, Cuevas-Rodri-
guez G (2017a) Influence of wastewater type on the impact
generated by TiO, nanoparticles on the oxygen uptake rate
in activated sludge process. J Environ Manag 190:35-44.
https://doi.org/10.1016/j.jenvman.2016.12.054

Cervantes-Avilés P, Diaz Barriga-Castro E, Palma-Tirado L,
Cuevas-Rodriguez G (2017b) Interactions and effects of
metal oxide nanoparticles on microorganisms involved in
biological wastewater treatment. Microsc Res Tech
80:1103-1112. https://doi.org/10.1002/jemt.22907

Cervantes-Avilés P, Ida J, Toda T, Cuevas-Rodriguez G (2018)
Effects and fate of TiO, nanoparticles in the anaerobic
treatment of wastewater and waste sludge. J Environ
Manag 222:227-233. https://doi.org/10.1016/j.jenvman.
2018.05.074

Chao A, Jost L (2012) Coverage-based rarefaction and extrap-
olation: standardizing samples by completeness rather than
size. Ecology 93:2533-2547. https://doi.org/10.1890/11-
1952.1

Chen H, Zheng X, Chen Y, Mu H (2013) Long-term perfor-
mance of enhanced biological phosphorus removal with
increasing concentrations of silver nanoparticles and ions.
RSC  Adv  3:9835-9842.  https://doi.org/10.1039/
c3ra40989a

Collado L, Levican A, Perez J, Figueras MJ (2011) Arcobacter
defluvii sp. nov., isolated from sewage samples. Int J Syst
Evol Microbiol 61:2155-2161. https://doi.org/10.1099/ijs.
0.025668-0

Concha-Guerrero SI, Brito EMS, Piiion-Castillo HA, et al
(2014) Effect of CuO nanoparticles over isolated bacterial
strains from agricultural soil. J Nanomater. https://doi.org/
10.1155/2014/148743

Cordier T (2020) Bacterial communities’ taxonomic and func-
tional turnovers both accurately predict marine benthic
ecological quality status. Environ DNA 2:175-183. https://
doi.org/10.1002/edn3.55

Cravo-Laureau C, Duran R (2014) Marine coastal sediments
microbial hydrocarbon degradation processes: contribution
of experimental ecology in the omics’era. Front Microbiol
5:1-8. https://doi.org/10.3389/fmicb.2014.00039

Cravo-Laureau C, Cagnon C, Lauga B, Duran R (2017)
Microbial ecotoxicology, 1st edn. Springer, Cham

@ Springer

Eder W, Wanner G, Ludwig W et al (2011) Description of
Undibacterium oligocarboniphilum sp. nov., isolated from
purified water, and Undibacterium pigrum strain CCUG
49012 as the type strain of Undibacterium parvum sp. nov.,
and emended descriptions of the genus Undibacterium and
the species Und. Int J Syst Evol Microbiol 61:384-391.
https://doi.org/10.1099/ijs.0.018648-0

Edgar RC (2010) Search and clustering orders of magnitude
faster than BLAST. Bioinformatics 26:2460-2461. https://
doi.org/10.1093/bioinformatics/btq461

Foesel BU, GoBner AS, Drake HL, Schramm A (2007) Gemi-
nicoccus roseus gen. nov., sp. nov., an aerobic phototrophic
Alphaproteobacterium isolated from a marine aquaculture
biofilter. Syst Appl Microbiol 30:581-586. https://doi.org/
10.1016/j.syapm.2007.05.005

Garcia A, Delgado L, Tora JA et al (2012) Effect of cerium
dioxide, titanium dioxide, silver, and gold nanoparticles on
the activity of microbial communities intended in
wastewater treatment. J Hazard Mater 199-200:64-72.
https://doi.org/10.1016/j.jhazmat.2011.10.057

Gartiser S, Flach F, Nickel C et al (2014) Behavior of nanoscale
titanium dioxide in laboratory wastewater treatment plants
according to OECD 303 A. Chemosphere 104:197-204.
https://doi.org/10.1016/j.chemosphere.2013.11.015

Geets J, Wittebolle L, Heylen K et al (2007) Real-time PCR
assay for the simultaneous quantification of nitrifying and
denitrifying bacteria in activated sludge. Appl Microbiol
Biotechnol 75:211-221

Good 1J (1953) The population frequencies of species and the
estimation of population parafeters. Biometrika
40:237-264

Gottschalk F, Sun T, Nowack B (2013) Environmental con-
centrations of engineered nanomaterials: review of mod-
eling and analytical studies. Environ Pollut 181:287-300.
https://doi.org/10.1016/j.envpol.2013.06.003

Griffin JS, Wells GF (2017) Regional synchrony in full-scale
activated sludge bioreactors due to deterministic microbial
community assembly. ISME J 11:500-511. https://doi.org/
10.1038/ismej.2016.121

Hahnke RL, Stackebrandt E, Meier-Kolthoff JP et al (2015)
High quality draft genome sequence of Flavobacterium
rivuli type strain WB 33-2T (DSM 21788T), a valuable
source of polysaccharide decomposing enzymes. Stand
Genomic Sci 10:46. https://doi.org/10.1186/540793-015-
0032-y

Hassard F, Biddle J, Harnett R, Stephenson T (2018) Microbial
extracellular enzyme activity affects performance in a full-
scale modified activated sludge process. Sci Total Environ
625:1527-1534. https://doi.org/10.1016/j.scitotenv.2018.
01.073

He Q, Yuan Z, Zhang J et al (2017) Insight into the impact of
ZnO nanoparticles on aerobic granular sludge under shock
loading. Chemosphere 173:411-416. https://doi.org/10.
1016/j.chemosphere.2017.01.085

Hou J, Miao L, Wang C et al (2015) Effect of CuO nanoparticles
on the production and composition of extracellular poly-
meric substances and physicochemical stability of acti-
vated sludge flocs. Bioresour Technol 176:65-70. https://
doi.org/10.1016/j.biortech.2014.11.020

Huang H, Yu Q, Ren H et al (2018) Towards physicochemical
and biological effects on detachment and activity recovery

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Biodegradation

of aging biofilm by enzyme and surfactant treatments.
Bioresour Technol 247:319-326. https://doi.org/10.1016/j.
biortech.2017.09.082

Huang Y, Keller AA, Cervantes-Avilés P, Nelson J (2020) fast
multielement quantification of nanoparticles in wastewater
and sludge using single-particle ICP-MS. ACS ES&T
Water. https://doi.org/10.1021/acsestwater.0c00083

Jenkins D (2014) Activated Sludge — 100 Years and Counting

Johnston J, LaPara T, Behrens S (2019) Composition and
dynamics of the activated sludge microbiome during sea-
sonal nitrification failure. Sci Rep 9:1-15. https://doi.org/
10.1038/s41598-019-40872-4

Karlikanovaite-Balikci A, Ozbayram EG, Yagci N, Ince O
(2019) Microbial community shifts in the oxic-settling-
anoxic process in response to changes to sludge inter-
change ratio. Heliyon 5:e01517. https://doi.org/10.1016/j.
heliyon.2019.e01517

Kavamura VN, Hayat R, Clark IM et al (2018) Inorganic
nitrogen application affects both taxonomical and pre-
dicted functional structure of wheat rhizosphere bacterial
communities. Front Microbiol 9:1-15. https://doi.org/10.
3389/fmicb.2018.01074

Keller AA, Lazareva A (2013) Predicted releases of engineered
nanomaterials: from global to regional to local. Environ Sci
Technol Lett 1:65-70. https://doi.org/10.1021/ez400106t

Kim J-J, Alkawally M, Brady AL et al (2013) Chryseolinea
serpens gen. nov., sp. nov., a member of the phylum
Bacteroidetes isolated from soil. Int J Syst Evol Microbiol
63:654-660. https://doi.org/10.1099/ijs.0.039404-0

Li D, Cui F, Zhao Z et al (2014) The impact of titanium dioxide
nanoparticles on biological nitrogen removal from
wastewater and bacterial community shifts in activated
sludge. Biodegradation 25:167-177. https://doi.org/10.
1007/s10532-013-9648-z

LiZ, Wang X, Ma B et al (2017) Long-term impacts of titanium
dioxide nanoparticles (TiO2 NPs) on performance and
microbial community of activated sludge. Bioresour
Technol 238:361-368. https://doi.org/10.1016/j.biortech.
2017.04.069

Li K, Qian J, Wang P et al (2020) Differential responses of
encoding-amoA nitrifiers and nir denitrifiers in activated
sludge to anatase and rutile TiO, nanoparticles: what is
active functional guild in rate limiting step of nitrogen
cycle? J Hazard Mater. https://doi.org/10.1016/j.jhazmat.
2019.121388

Lu PJ, Huang SC, Chen YP et al (2015) Analysis of titanium
dioxide and zinc oxide nanoparticles in cosmetics. J Food
Drug Anal 23:587-594. https://doi.org/10.1016/j.jfda.
2015.02.009

Ma Y, Metch JW, Vejerano EP et al (2015) Microbial com-
munity response of nitrifying sequencing batch reactors to
silver, zero-valent iron, titanium dioxide and cerium
dioxide nanomaterials. Water Res 68:87-97. https://doi.
org/10.1016/j.watres.2014.09.008

Margesin R, Zhang D-C, Busse H-J (2012) Sphingomonas
alpina sp. nov., a psychrophilic bacterium isolated from
alpine soil. Int J Syst Evol Microbiol 62:1558-1563.
https://doi.org/10.1099/ijs.0.035964-0

Maszenan AM, Seviour RJ, Patel BKC et al (1997) Amaricoccus
gen. nov., a gram-negative coccus occurring in regular
packages or tetrads, isolated from activated sludge

biomass, and descriptions of Amaricoccus veronensis sp.
nov., Amaricoccus tamworthensis sp. nov., Amaricoccus
macauensis sp. nov., and Amaricoccus kaplicensis sp. nov.
Int J Syst Bacteriol 47:727-734. https://doi.org/10.1099/
00207713-47-3-727

Mathur A, Bhuvaneshwari M, Babu S et al (2017) The effect of
TiO, nanoparticles on sulfate-reducing bacteria and their
consortium under anaerobic conditions. J Environ Chem
Eng 5:3741-3748. https://doi.org/10.1016/j.jece.2017.07.
032

Polesel F, Farkas J, Kjos M et al (2018) Occurrence, charac-
terisation and fate of (nano)particulate Ti and Ag in two
Norwegian wastewater treatment plants. Water Res
141:19-31. https://doi.org/10.1016/j.watres.2018.04.065

Qian J, Li K, Wang P et al (2017) Toxic effects of three crys-
talline phases of TiO, nanoparticles on extracellular
polymeric substances in freshwater biofilms. Bioresour
Technol 241:276-283. https://doi.org/10.1016/j.biortech.
2017.05.121

Qiu G, Au MJ, Ting YP (2016) Impacts of nano-TiO, on system
performance and bacterial community and their removal
during biological treatment of wastewater. Water Air Soil
Pollut. https://doi.org/10.1007/s11270-016-3081-y

Rudi K, Skulberg OM, Larsen F, Jakobsen KS (1997) Strain
characterization and classification of oxyphotobacteria in
clone cultures on the basis of 16S rRNA sequences from
the variable regions V6, V7, and V8. Appl Environ
Microbiol 63:2593-2599

Seviour R, Nielsen PH (2010) Microbial Ecology of activated
sludge. IWA Publishing, London

Shah V, Jones J, Dickman J, Greenman S (2014) Response of
soil bacterial community to metal nanoparticles in bioso-
lids. J Hazard Mater 274:399—403. https://doi.org/10.1016/
jjhazmat.2014.04.003

Sharma S, Hartmann JD, Watzinger P et al (2018) A single N1-
methyladenosine on the large ribosomal subunit rRNA
impacts locally its structure and the translation of key
metabolic enzymes. Sci Rep 8:11904. https://doi.org/10.
1038/541598-018-30383-z

Simpson EH (1949) Measurement of diversity. Nature 163:688

Son H-M, Kook M, Kim J-H, Yi T-H (2014) Taibaiella
koreensis sp. nov., isolated from soil of a ginseng field. Int J
Syst Evol Microbiol 64:1018-1023. https://doi.org/10.
1099/ijs5.0.059790-0

Stackebrandt E, Verbarg S, Fruhling A et al (2009) Dissection of
the genus Methylibium: reclassification of Methylibium
Sfulvum as Rhizobacter fulvus comb. nov., Methylibium
aquaticum as Piscinibacter aquaticus gen. nov., comb.
nov. and Methylibium subsaxonicum as Rivibacter sub-
saxonicus gen. nov., comb. nov. and emended descriptions
of the genera Rhizobacter and Methylibium. Int J Syst Evol
Microbiol  59:2552-2560. https://doi.org/10.1099/ijs.0.
008383-0

Stauffert M, Cravo-Laureau C, Jézéquel R et al (2013) Impact of
oil on bacterial community structure in bioturbated sedi-
ments. PLoS ONE 8:e65347. https://doi.org/10.1371/
journal.pone.0065347

Subhash Y, Sasikala C, Ramana CV (2014) Sphingopyxis con-
taminans sp. nov., isolated from a contaminated Petri dish.
Int J Syst Evol Microbiol 64:2238-2243. https://doi.org/10.
1099/ijs.0.061937-0

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Biodegradation

Sun TY, Gottschalk F, Hungerbiihler K, Nowack B (2014)
Comprehensive probabilistic modelling of environmental
emissions of engineered nanomaterials. Environ Pollut
185:69-76. https://doi.org/10.1016/j.envpol.2013.10.004

Sun S, Jones RB, Fodor AA (2020) Inference-based accuracy of
metagenome prediction tools varies across sample types
and functional categories. Microbiome 8:1-9. https://doi.
org/10.1186/540168-020-00815-y

Taurozzi JS, Hackley VA, Wiesner MR (2012) Preparation of
nanoparticle dispersions from powdered material using
ultrasonic disruption. Spec Publ (NIST SP). https://doi.org/
10.6028/NIST.SP.1200-2

Tice H, Mayilraj S, Sims D et al (2010) Complete genome
sequence of Nakamurella multipartita type strain (Y-
104T). Stand Genomic Sci 2:168-175. https://doi.org/10.
4056/sigs. 721316

Turner S, Pryer MK, MiaoPalmer VPID et al (1999) Investi-
gating deep phylogenetic relationships among cyanobac-
teria and plastids by small subunit rRNA sequence
analysisl. J Eukaryot Microbiol 46:327-338. https://doi.
org/10.1111/j.1550-7408.1999.tb04612.x

Uboldi C, Urban P, Gilliland D et al (2016) Role of the crys-
talline form of titanium dioxide nanoparticles: rutile, and
not anatase, induces toxic effects in Balb/3T3 mouse
fibroblasts. Toxicol Vitr 31:137-145. https://doi.org/10.
1016/j.tiv.2015.11.005

Ulloa-Ogaz AL, Pifion-Castillo HA, Muifioz-Castellanos LN
et al (2017) Oxidative damage to Pseudomonas aeruginosa
ATCC 27833 and Staphylococcus aureus ATCC 24213
induced by CuO-NPs. Environ Sci Pollut Res
24:22048-22060. https://doi.org/10.1007/s11356-017-
9718-6

Wang X, Hu M, Xia Y et al (2012) Pyrosequencing analysis of
bacterial diversity in 14 wastewater treatment systems in
China. Appl Environ Microbiol 78:7042—7047. https://doi.
org/10.1128/AEM.01617-12

Wang J, Liu Q, Wu B et al (2019) Quorum sensing signaling
distribution during the development of full-scale municipal
wastewater treatment biofilms. Sci Total Environ
685:28-36.  https://doi.org/10.1016/j.scitotenv.2019.05.
249

Weissbrodt DG, Lochmatter S, Ebrahimi S et al (2012) Bacterial
selection during the formation of early-stage aerobic
granules in wastewater treatment systems operated under
wash-out dynamics. Front Microbiol. https://doi.org/10.
3389/fmicb.2012.00332

Whang L-M, Park JK (2006) Competition between polyphos-
phate- and glycogen-accumulating organisms in enhanced-
biological-phosphorus-removal systems: effect of temper-
ature and sludge age. Water Environ Res 78:4—11. https://
doi.org/10.2175/106143005X 84459

Winogradsky S (1929) Etudes sur la microbiologie du sol. Sur la
dégradation de la cellulose dans le sol. Ann Inst Pasteur
43:549-633

Xu J, Wang P, Li Y et al (2019) Shifts in the microbial com-
munity of activated sludge with different COD/N ratios or
dissolved oxygen levels in Tibet. China Sustain. https://doi.
org/10.3390/su11082284

Yamamoto E, Muramatsu H, Nagai K (2014) Vulgatibacter
incomptus gen. nov., sp. nov. and Labilithrix luteola gen.

@ Springer

nov., sp. nov., two myxobacteria isolated from soil in
Yakushima Island, and the description of Vulgatibacter-
aceae fam. nov., Labilitrichaceae fam. nov. and
Anaeromyxobacteraceae fam. Int J Syst Evol Microbiol
64:3360-3368. https://doi.org/10.1099/ijs.0.063198-0

Yoon J-H, Kang S-J, Lee S-Y et al (2011) Ohtaekwangia
koreensis gen. nov., sp. nov. and Ohtaekwangia kribbensis
sp. nov., isolated from marine sand, deep-branching
members of the phylum Bacteroidetes. Int J Syst Evol
Microbiol 61:1066-1072. https://doi.org/10.1099/ijs.0.
025874-0

Zhang D-C, Wang H-X, Liu H-C et al (2006) Flavobacterium
glaciei sp. nov., a novel psychrophilic bacterium isolated
from the China No.l glacier. Int J Syst Evol Microbiol
56:2921-2925. https://doi.org/10.1099/ijs.0.64564-0

Zhang K, Wang Y, Tang Y et al (2010) Niastella populi sp. nov.,
isolated from soil of Euphrates poplar (Populus euphrat-
ica) forest, and emended description of the genus Niastella.
Int J Syst Evol Microbiol 60:542-545. https://doi.org/10.
1099/ijs.0.012112-0

Zhang L, Wang X, Yu M et al (2015) Genomic analysis of
Luteimonas abyssi XHO31T: insights into its adaption to
the subseafloor environment of South Pacific Gyre and
ecological role in biogeochemical cycle. BMC Genom
16:1092. https://doi.org/10.1186/s12864-015-2326-2

Zhang J, Dong Q, Liu Y et al (2016) Response to shock load of
engineered nanoparticles in an activated sludge treatment
system: insight into microbial community succession.
Chemosphere 144:1837-1844. https://doi.org/10.1016/j.
chemosphere.2015.10.084

Zhang DQ, Eng CY, Stuckey DC, Zhou Y (2017) Effects of ZnO
nanoparticle exposure on wastewater treatment and soluble
microbial products (SMPs) in an anoxic-aerobic membrane
bioreactor. Chemosphere 171:446-459. https://doi.org/10.
1016/j.chemosphere.2016.12.053

Zheng X, Chen Y, Wu R (2011) Long-term effects of titanium
dioxide nanoparticles on nitrogen and phosphorus removal
from wastewater and bacterial community shift in activated
sludge. Environ Sci Technol 45:7284-7290. https://doi.
org/10.1021/es2008598

Zhou X, Huang B, Zhou T et al (2015) Aggregation behavior of
engineered nanoparticles and their impact on activated

sludge in  wastewater treatment. = Chemosphere
119:568-576. https://doi.org/10.1016/j.chemosphere.
2014.07.037

Zhou H, Wang X, Yang T et al (2016) An outer membrane
protein involved in the uptake of glucose is essential for
Cytophaga hutchinsonii cellulose utilization. Appl Environ
Microbiol 82:1933-1944. https://doi.org/10.1128/AEM.
03939-15

Zhao T, Zhang Y, Wu H et al (2018) Extracellular aminopep-
tidase modulates biofilm development of Pseudomonas
aeruginosa by affecting matrix exopolysaccharide and
bacterial cell death. Environ Microbiol Rep 10:583-593.
https://doi.org/10.1111/1758-2229.12682

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Terms and Conditions

Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature™).
Springer Nature supports a reasonable amount of sharing of research papers by authors, subscribers and authorised users (“Users”),
for small-scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are
maintained. By accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use
(“Terms”). For these purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial.

These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or
a personal subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or
a personal subscription (to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the
Creative Commons license used will apply.

We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data
internally within ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking,
analysis and reporting. We will not otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of
companies unless we have your permission as detailed in the Privacy Policy.

While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that
Users may not:

1. use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to
circumvent access control;

2. use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil
liability, or is otherwise unlawful,

3. falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by
Springer Nature in writing;

4. use bots or other automated methods to access the content or redirect messages

5. override any security feature or exclusionary protocol; or

6. share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer
Nature journal content.

In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates
revenue, royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain.
Springer Nature journal content cannot be used for inter-library loans and librarians may not upload Springer Nature journal
content on a large scale into their, or any other, institutional repository.

These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any
information or content on this website and may remove it or features or functionality at our sole discretion, at any time with or
without notice. Springer Nature may revoke this licence to you at any time and remove access to any copies of the Springer Nature
journal content which have been saved.

To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express
or implied with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or
warranties imposed by law, including merchantability or fitness for any particular purpose.

Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be
licensed from third parties.

If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other
manner not expressly permitted by these Terms, please contact Springer Nature at

onlineservice@springernature.com



mailto:onlineservice@springernature.com

