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Abstract: Titanium dioxide nanoparticle (TiO, NP) toxicity to the growth of organisms has been
gradually clarified; however, its effects on microorganism-mediated phosphorus turnover are poorly
understood. To evaluate the influences of TiO, NPs on phosphorus fractionation and the bacterial
community, aquatic microorganisms were exposed to different concentrations of TiO; NPs with
different exposure times (i.e., 0, 10, and 30 days). We observed the adhesion of TiO, NPs to the cell
surfaces of planktonic microbes by using SEM, EDS, and XRD techniques. The addition of TiO, NPs
resulted in a decrease in the total phosphorus of water and an increase in the total phosphorus of
sediments. Additionally, elevated TiO; NPs enhanced the sediment activities of reductases (i.e., dehy-
drogenase [0.19-2.25 ug/d/g] and catalase [1.06-2.92 umol/d/g]), and significantly decreased the
absolute abundances of phosphorus-cycling-related genes (i.e., gcd [1.78 x 10*-9.55 x 10° copies/g],
phoD [5.50 x 103-5.49 x 107 copies/g], pstS [4.17 x 10?-1.58 x 10° copies/g]), and sediment bacterial
diversity. TiO, NPs could noticeably affect the bacterial community, showing dramatic divergences
in relative abundances (e.g., Actinobacteria, Acidobacteria, and Firmicutes), coexistence patterns, and
functional redundancies (e.g., translation and transcription). Our results emphasized that the TiO,
NP amount—rather than the exposure time—showed significant effects on phosphorus fractions,
enzyme activity, phosphorus-cycling-related gene abundance, and bacterial diversity, whereas the
exposure time exhibited a greater influence on the composition and function of the sediment bacterial
community than the TiO, NP amount. Our findings clarify the responses of phosphorus fractions
and the bacterial community to TiO, NP exposure in the water—sediment ecosystem and highlight
potential environmental risks of the migration of untreated TiO, NPs to aquatic ecosystems.

Keywords: titanium dioxide nanoparticles; phosphorus fractionation; diversity decrease; function
shift; coexistence pattern

1. Introduction

Titanium dioxide nanoparticles are extensively employed in catalysts, composite ma-
terials, cosmetics, electronics, food, paints, plastics, sunscreens, and wastewater treatment
processes due to their special physicochemical properties [1,2]. TiO, NPs, with explosive
demand by society, inevitably migrate into aquatic and terrestrial ecosystems [2,3]. The
occurrence of TiO, NPs in the environment has raised public concern about their potential
influences on flora and fauna [4,5]. Prior studies have reported that TiO, NPs present
distinct toxicities to human cells [6], reduce nematode survival [4], and affect the root split
of the carrot [5]. However, the effects of the amount of TiO; NP and exposure time on the
composition, diversity, coexistence pattern, and functional redundancy of microorganisms
in aquatic ecosystems are poorly understood.

Aquatic microorganisms are responsible for the cycling of key nutrients (e.g., carbon
decomposition, nitrogen fixation, and phosphorus mineralization) [7]. Recent studies have
reported that TiO, NPs can accelerate methanogenesis in mangrove wetland sediments [8],
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and affect nitrogen transformation [3] and phosphorus adsorption [9]. However, it remains
unknown how TiO, NPs affect phosphorus fractionation in the water—sediment ecosystem.

Excessive phosphorus in aquatic ecosystems is one of the greatest environmental
concerns due to its significant contribution to cyanobacterial bloom [10]. The source
of phosphorus in an aquatic ecosystem is mainly from external input (e.g., aquacul-
ture wastewater and phosphorus-containing industrial wastewater) and internal input
(e.g., phosphorus release from sediments mediated by phosphorus-cycling-related microor-
ganisms) [5,11]. Previous literature studies have reported that engineered TiO; NPs can
block phosphorus release from sediments to water by adsorption [9,12,13]. In addition, it
has been reported that TiO, NPs show toxicity to planktonic microorganisms by damaging
DNA and cells via producing reactive oxygen species [14-16], and this might lead to an
increase in phosphorus content in the water. Therefore, knowing the environmental risks of
TiO, NPs in aquatic ecosystems is important for estimating dynamic changes in phosphorus
fractions and is beneficial to appealing to environmental protection policies for mitigating
the migration of TiO, NPs to water.

Riding on the boom of high-throughput sequencing, knowledge regarding the compo-
sition and diversity of the bacterial community in response to metal oxide nanoparticles
is quickly expanding. Most TiO, NP-related studies only report phosphorus adsorption
characteristics by TiO, NPs rather than TiO, NP-mediated simultaneous changes in micro-
bial diversity and phosphorus fractions [9,13]. This situation motivated us to estimate the
potential environmental risks of TiO, NP migration to aquatic ecosystems. The objectives
of this study were to investigate the effects of TiO, NPs on (i) phosphorus fractionation in
the sediment-water system, (ii) reductase activity and phosphorus-cycling-related gene
abundance, and (iii) composition, diversity, and functions of sediment bacteria. Consid-
ering that high-concentration TiO; NPs can induce cell-producing reactive oxygen [1],
we hypothesized that bacteria might lose diversity under conditions with high TiO, NP
concentrations. To achieve our targets and validate our hypothesis, we employed high-
throughput sequencing for the bacterial 165 rRNA gene and determined the content of
phosphorus fractions in both water and sediments.

2. Materials and Methods
2.1. Sample Collection, TiOy NPs Suspension, and Expose Experiment

Sediments were collected from eutrophic Lake Nanhu (Wuhan, China) by using a
sludge sampler in July 2019. The visibly large objects (e.g., stones, leaves, and glasses) were
removed, and sediments were stirred (to mix them evenly). The sediments contained 3.67%
of total carbon, 0.29% of total nitrogen, and 1.21 mg/g of total phosphorus. Lake water
was simultaneously collected by using a water sampler (LB-800). The water contained 1.26
mg/L of total phosphorus and 25.33 mg/L of total nitrogen.

Commercially available TiO, NPs (25 nm, purity > 99.8%, anatase) were purchased
from Aladdin (Shanghai, China). To prepare 1000 mg/L of TiO, NP stock suspension, 1 g
of TiO, NP was added to 1.00 L of Milli-Q water and then the mixture was sonicated at
250 W under 20 °C for 1 h [17].

About 100 g of sediments were added to 250 mL wide-mouthed glass bottles and
were spread evenly. Subsequently, 200 mL of lake water was slightly added into the
wide-mouthed glass bottles, and we let the mixtures stand for 1 h. According to TiO,
NP concentrations used in previous studies [18-20], we added different volumes of TiO,
NP stock suspensions to these bottles. The final concentrations of TiO; NPs were 5 mg/L
(Amount 2 or A2), 10 mg/L (Amount 3 or A3), 20 mg/L (Amount 4 or A4), and 50 mg/L
(Amount 5 or A5). The bottles without TiO, NP additions were treated as blank controls
(Amount 1 or Al). The bottles in the experimental and control groups were placed in
a dark place and incubated at room temperature. These five treatments contained three
replicates, and bottles were incubated at room temperature for a total of 30 days. During
incubation, we used spoons to collect about 5 g of sediments on days 1, 10, and 30. The
collected sediments were stored at —80 °C for subsequent analysis.
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2.2. Detection of TiOp NPs

To investigate whether TiO, NPs could be adsorbed by aquatic microorganisms, we
added 10 mL of 1000 mg/L TiO, NP stock into 10,000 mL of lake water. The lake water
without the TiO, NP addition was used as the blank control. The mixture was incubated at
room temperature for 24 h; we then collected planktonic microorganisms by filtering the
mixture through a 0.22-um polycarbonate membrane (Millipore Corporation, Billerica, MA,
USA). The collected planktonic microorganisms were washed 5 times using sterile water,
freeze-dried, and processed further for the detection of TiO, NPs.

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were
used to characterize cell morphology and the existence of the Ti element by applying a
SU8010 Scanning Electron Microscope (HITACHI, Japan). The X-ray diffraction (XRD)
patterns of the collected planktonic microorganisms were recorded on a Bruker D8 Advance
diffractometer (Bruker, Germany) with graphite monochromatized Cu Ka radiation.

2.3. Determination of Phosphorus Fractions and Sediment Enzyme Assay

Water samples in five groups with different TiO, addition amounts were filtered
through a 0.22-um polycarbonate membrane; part of the water was used to measure soluble
reactive phosphorus (SRP). The remaining part was digested by potassium persulfate to
determine the total soluble phosphorus (TSP) [21]. Water total phosphorus (WTP) was di-
rectly digested by potassium persulfate without filtering through a 0.22-um polycarbonate
membrane. Sediment total phosphorus (TP), Olsen P, inorganic phosphorus (IP), organic
phosphorus (OP), total apatite inorganic P (AP; P bound to calcium), and non-apatite
inorganic P (NAIP; P bound to iron and aluminum oxyhydroxides) were extracted based
on standard protocols described in a prior study [22]. Microbial biomass phosphorus (Pmb)
was extracted by applying the chloroform fumigation—-extraction approach, and a detailed
description was reported in a previous study [23]. Phosphorus content was determined by
using molybdenum-blue colorimetry. The activities of catalase and dehydrogenase were
estimated based on previous studies [24,25].

2.4. DNA Extraction, Gene Quantification, MiSeq Sequencing, and Data Processing

The total genomic DNA was extracted from 0.5 g of freeze-dried sediments using the
ISO-11063 standardized DNA extraction approach [26]. The extracted DNA was purified,
employing a DNA-EZ Reagents M Humic acid-Be-Gone B kit (Sangon Biotech, Shanghai,
China) following the manufacturer’s instructions. DNA concentrations were measured
applying a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). All extracted DNA samples were stored at —80 °C.

The absolute abundances of phosphorus-cycling-related genes in sediment bacteria
were determined by employing quantitation polymerase chain reaction (PCR) with the
SYBR green mix. Quantitation PCR conditions and primer sequences for amplifying the
inorganic phosphorus-solubilizing-related gcd gene, organic phosphorus-mineralizing-
related phoD gene, and inorganic phosphorus-transporting-related pstS gene are summa-
rized in Supplementary Method 1.

Universal primers 338F (5'-ACT CCT ACG GGA GGC AGC A-3') and 806R (5'-GGA
CTA CHV GGG TWT CTA AT-3') were used to amplify bacterial 165 rRNA gene targeting
V3-V4 region [27]. The PCR was performed in a thermal cycler (ABI 9700, Thermo, USA)
and conducted under the following conditions: a pre-denaturation at 95 °C for 5 min;
30 cycles at 95 °C for 30 s, 58 °C for 40 s, and 72 °C for 40 s; and then a final extension
at 72 °C for 10 min. The PCR products were sent for Illumina MiSeq sequencing at the
Personal Biotechnology Co., Ltd. (Shanghai, China).

The raw reads were processed using the pipeline of QIIME with the help of Vsearch [28].
To minimize the influences of any random-sequencing errors, we removed (i) sequences
that contained ambiguous bases call; (ii) sequences that did not exactly match barcodes
and primers; (iii) sequences with average quality scores less than 20; and (iv) sequences
with maximum homopolymers less than 10 base pairs. The purified sequences were clus-
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tered into operational taxonomic units (OTUs) at 97% similarity levels against the SILVA
v132 reference.

2.5. Data Analysis

Significant differences, if not specially-stated, were analyzed by analysis of variance,
and Tukey’s test was applied to compare the mean values for each variable when data
followed a normal distribution (p < 0.05). A Venn diagram and nonmetric multidimen-
sional scaling were built to reflect the community composition similarity of bacteria among
five groups with different TiO, NP addition amounts by using the “VennDiagram” and
“vegan” packages, respectively. Analysis of similarity was applied to estimate whether
there were significant differences in the community compositions among the five groups.
Permutational multivariate analysis of variance (PERMANOVA) was used to quantitatively
evaluate the effects of the TiO, NP amount and exposure time on the phosphorus com-
ponents, composition, diversity, and function of the bacterial community. Co-occurrence
networks were constructed based on Pearson’s correlations between bacterial phyla and
the false discovery rate-corrected p-values were less than 0.05 [29]. The networks were visu-
alized by using Gephi v. 0.9.2 (https://gephi.org/ (9 June 2022)). Functional prediction of
bacterial taxa was performed by applying the “Tax4Fun2” package in R, and the functional
redundancy index (FRI) of each sample was computed according to the 165 rRNA gene
sequence similarity [30].

3. Results and Discussion
3.1. Responses of Phosphorus Fractions to TiO, NP Addition

Phosphorus fractions in both water and sediments varied in different samples with
different TiO, NP addition amounts and exposure times (Table S1), including SRP (0.11-
0.27 mg/L), TSP (0.11-0.33 mg/L), WTP (0.33-0.63 mg/L), TP (1.10-1.98 mg/g), Olsen
P (0.19-0.62 mg/g), IP (0.84-1.53 mg/g), OP (0.01-0.77 mg/g), AP (0.56-0.55 mg/g),
NAIP (0.18-1.05 mg/g), and Pmb (0.19-0.41 mg/g). Most phosphorus fractions presented
significant correlations with each other (Figure S1). For instance, SRP was significantly
positively correlated with TSP, TP, Olsen P, OP, and AP, and noticeably negatively correlated
with WTP and Pmb. According to the results of PERMANOVA, the TiO, NP addition
amounts showed significantly greater effects on the phosphorus fractions (R? = 55.60%,
F =56.71; p < 0.001) than the exposure times (R% = 3.00%, F = 1.53; p > 0.05) (Figure 1).
Consequently, the ten phosphorus components presented significant differences among
five groups with different TiO, NP addition amounts (Figure 2). The content of SRP, TSP,
TP, Olsen P, OP, IP, and AP increased with greater TiO, NP addition amounts, while WTP
and Pmb decreased with elevated TiO, NPs. Previous literature has reported that TiO,
NPs can enhance phosphorus adsorption by sediments [12]. Moreover, NPs can lead to
algae aggregation and precipitation [15,31]. Therefore, the decreased WTP might be via two
pathways: (i) direct adsorption by sediments and /or TiO, and (ii) indirect immobilization
by TiO, NPs.
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Figure 1. Permutational multivariate analysis of variance (PERMANOVA) showing the effects of TiO,
NP addition amounts and exposure times on phosphorus fractions, enzyme activity, phosphorus-

cycling-related gene abundance, composition, diversity, and function of the bacterial community in

sediments. Asterisks represent significance (*, p < 0.05; ***, p < 0.001).
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Figure 2. Differences in the content of phosphorus components among five groups with different
TiO, NP addition amounts. Different letters above the columns denote significance (p < 0.05).
Abbreviations: SRP, soluble reactive phosphorus; TSP, total soluble phosphorus; WTP, water total

phosphorus; TP, total phosphorus; IP, inorganic phosphorus; AP, total apatite inorganic P; NAIP,

non-apatite inorganic P; Pmb, microbial biomass phosphorus.

Subsequently, we used SEM, EDS, and XRD techniques to investigate the distribution
of TiO, NPs. The surfaces of aquatic microorganisms presented smoothly under conditions
without the TiO; NP addition and rough under conditions with the TiO, NP addition
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based on the SEM results (Figure 3A). The Ti element was presented in cell surfaces by the
EDS analysis (Figure 3B). The collected microorganism had spinous peaks at 26 of 25.3°,
36.9°, 39.5°, and 47.9°, which corresponded to anatase (JCPDS 83-2243) (Figure 3C). It was
reported that TiO, NPs possess high protein adsorption capabilities [14] and TiO, NPs can
bind to algae cells and show rough surfaces [15].
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Figure 3. Characterization of the cell surface and TiO; by using scanning electron microscopy (A),
energy dispersive spectroscopy (B), and X-ray diffraction (C).

Additionally, it is worth mentioning that the increase in the content of SRP and
TSP might be due to the disintegration of aquatic microorganisms. Prior studies have
reported that TiO, NPs impose toxicity to cyanobacterium Synechocystis sp. by affecting
the expression levels of genes (e.g., psbA, psbD, and petF) [16]. The addition of TiO, NPs
shows oxidative damage on Microcystis aeruginosa by increasing the content of reactive
oxygen species and malondialdehyde [15]. In addition, previous literature has also reported
that the decomposition of cyanobacteria can contribute to the formation and distribution
of iron-bound phosphorus [32]. Therefore, the increases in TP, Olsen P, OP, and AP in
sediments might be attributed to phosphorus transfer from water to sediment via algae
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decomposition and phosphorus precipitation, which can also be proved by significant
correlations between sediment phosphorus components and water phosphorus fractions
(Figure S1). The increased soluble reactive phosphorus and total soluble phosphorus could
be potential phosphorus resources for cyanobacteria growth. Prior studies have reported
that TiO, NPs can weaken and even lose their toxicity to organisms by binging other
substrates and aging [17,33]. From an environmental risk viewpoint, TiO, NPs might have
both positive and negative contributions to cyanobacterial blooms.

3.2. Responses of the Bacterial Community to TiO; NP Addition

Microbial biomass phosphorus significantly decreased with a higher TiO, NP addition
(Figure 2); we thought that TiO, NPs might have adverse effects on sediment microbial
metabolism. According to the results of PERMANOVA, the TiO, NP addition amount
(R? = 71.51%, F = 108.93; p < 0.001) rather than exposure time (R? = 1.60%, F = 1.22; p >
0.05) exhibited significant effects on enzyme activity (Figure 1). Subsequently, we found
significant increases in the activities of dehydrogenase (0.19-2.25 pug/d/g) and catalase
(1.06-2.92 umol/d/g) with increases in the TiO, NP addition amounts (p < 0.05; Figure 4).
Previous literature studies have reported that the presence of metal nanoparticles (e.g.,
TiO; NPs, Ag NPs, CuO NPs, and NiO NPs) can mediate the generation of reactive oxygen
species [15,34], and the oxidative stress shows toxicity to the growth and proliferation of
cells [35,36]. Typically, the reactive oxygen species include hydroxyl radical, superoxide,
peroxynitrite, hypochlorous acid, nitric oxide, and singlet oxygen [37]. To eliminate reactive
oxygen species and survive adverse conditions, microorganisms produce and release
reductase (e.g., dehydrogenase, superoxide dismutase, and catalase) to alleviate oxidative
stress [38]. The TiO, NP addition amounts (R? = 83.95%, F = 272.47; p < 0.001) rather than
exposure times (R? = 2.84%, F = 4.60; p < 0.05) exhibited significant effects on the enzyme
activity (Figure 1). Absolute abundances of phosphorus-cycling-related genes, including
ged (1.78 x 10*-9.55 x 10° copies/g sediment), phoD (5.50 x 103-5.49 x 107 copies/g
sediment), and pstS (4.17 x 10?-1.58 x 10° copies/g sediment), significantly decreased with
the increase of the TiO, NP addition amounts (Figure 5). The gene abundances (i.e., gcd,
phoD, and pstS) were notably correlated with phosphorus fractions, except NAIP (Table 1).
To our knowledge, this is the first study to report that TiO, NPs exhibit diverse effects
on phosphorus-cycling-related gene abundance. This phenomenon might be due to the
toxicity of TiO, NPs on the sediment bacterial community.
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Figure 4. Differences in enzyme activities of dehydrogenase and catalase among five TiO, NP
addition amounts (i.e., Al, A2, A3, A4, and A5). Lowercase letters above the columns represent
significance (p < 0.05).
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-
pstS gene abundance (log10 copies/g)

Mo A A A A om a A M A B M A

Figure 5. Differences in absolute abundances of phosphorus-cycling-related genes (i.e., gcd, phoD,
and pstS) among five TiO; NP addition amounts (i.e., Al, A2, A3, A4, and A5). Lowercase letters
above the columns represent significance (p < 0.05).

Table 1. Pearson’s correlations between phosphorus fractions and dehydrogenase activity, catalase
activity, and taxonomic diversity (Shannon-Wiener index), and the effects of phosphorus fractions on
bacterial community composition based on PERMANOVA. Asterisks denote significance (*, p < 0.05;
**,p <0.01; ***, p <0.001). Abbreviations of phosphorus fractions are defined in the “Materials and
Methods” section.

Factor Dehydrogenase Catalase ged phoD pstS Diversity Composition
SRP 0.719 *** 0.351* —0.679 *** —0.776 *** —0.777 *** —0.391 ** 7.52% **
TSP 0.716 *** 0.426 ** —0.640 *** —0.731 *** —0.726 *** —0.346 * 7.21% **
WTP —0.786 *** —0.754 *** 0.801 *** 0.792 *** 0.817 *** 0.684 ** 8.46% ***

TP 0.778 *** 0.803 *** —0.743 *** —0.779 *** —0.788 *** —0.763 *** 11.07% ***
Olsen P 0.690 *** 0.580 *** —0.604 *** —0.703 *** —0.709 *** —0.515 *** 5.75% *
P 0.476 *** 0.616 *** —0.661 *** —0.496 *** —0.507 *** —0.545 *** 6.27% *
opP 0.582 *** 0.481 *** —0.357 * —0.564 *** —0.561 *** —0.495 *** 6.26% *
AP 0.802 *** 0.529 *** —0.543 *** —0.543 *** —0.699 *** —0.503 *** 5.38% *
NAIP —0.165 0.213 —0.128 —0.128 0.030 —0.202 2.56%

Large differences in the bacterial community composition were found among five
groups with different TiO, NP addition amounts (Figure 6). A total of 29,633 OTUs were
found in five groups, and they shared 4788 OTUs (Figure 6A). These OTUs were classified
into 42 phyla. The Actinobacteria, Proteobacteria, Acidobacteria, and Chloroflexi dominated
in 45 sediment samples, with relative abundances ranging from 20.70% to 40.29%, from
20.62% to 34.36%, from 7.34% to 20.08%, and from 5.20 to 15.88%, respectively (Figure 6B).
Additionally, Firmicutes, Bacteroidetes, Gemmatimonadetes, Rokubacteria, Patescibacteria, and
Planctomycetes were secondary dominant phyla. Significant differences were found in
relative abundances of Actinobacteria, Acidobacteria, Firmicutes, Gemmatimonadetes, Rokubacte-
ria, Patescibacteria, and Planctomycetes among five groups (Figure S2). Moreover, distinct
differences in the bacterial community composition were found among five groups based
on the nonmetric multidimensional scaling plot, and the analysis of similarity confirmed
the differences were significant (R = 0.694, p < 0.001) (Figure 6C). According to the PER-
MANOVA results, exposure time (R2 = 20.84%, F = 6.35; p < 0.001) exhibited a greater
effect on the bacterial community composition compared to the TiO, NP addition amount
(R? =10.54%, F = 6.12; p < 0.001) (Figure 1). Sediment total phosphorus showed a larger
influence on the bacterial community composition than other phosphorus components
based on PERMANOVA (Table 1). Previous literature studies have reported that the TiO,
NP addition affected the microbial community composition [1,17,39,40]. Apart from TiO,
NPs, other NPs (e.g., ZnO NPs, CuO NPs, and Ag NPs) also showed distinct effects on the
microbial community composition [41,42]. This phenomenon might be due to NP toxicity
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to the activity and living of microorganisms, which in turn affect the microbial community
composition.
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Figure 6. Composition and diversity of the bacterial community in sediments. The Venn diagram
shows the shared OTUs of bacteria in five groups with different TiO, NP addition amounts (A).
Relative abundance of the top ten phyla. Numerical numbers (i.e., 1, 10, and 30) denote the incubating
time (B). The nonmetric multidimensional scaling plot reflects the bacterial community composition
among the five groups. Asterisks denote significance (***, p < 0.001) (C). Differences in bacterial
taxonomic x-diversity (Shannon-Wiener index) among five groups with different TiO, NP addition
amounts. Different letters denote differences (p < 0.05) (D).

The taxonomic a-diversity represented by the Shannon-Wiener index (6.5-7.3) showed
significant divergences among five groups with different TiO, NP addition amounts
(p < 0.05; Figure 6D). The TiO, NP addition amount (R? = 69.67%, F = 98.88; p < 0.001) exhib-
ited significant effects on the bacterial diversity compared to exposure time
(R? =0.78%, F =0.57; p > 0.05) (Figure 1). The increased TiO, NP addition amount decreased
the sediment bacterial diversity, which is inconsistent with prior studies describing that
TiO, NPs increased bacterial a-diversity [43,44]. Moreover, it has been reported that the
toxicity of TiOp NPs can decrease the diversity and richness of phosphate-accumulating
organisms [17]. The divergences in the effects of TiO, NPs on bacterial diversity might
be greatly due to the discrepancy in the bacterial community composition in different
habitats. Microorganisms show different adaptation capabilities to the environment [45,46].
Furthermore, some microorganisms can produce and release reductase and, thus, might
weaken the oxidative stress of TiO; NPs on other microorganisms [15].

We found divergences in coexistence patterns of bacteria in sediments with different
TiO, NP addition amounts, showing different topological properties (e.g., node, edge,
and average degree) (Figure 7; Table S2). The core nodes, i.e., those with the highest
betweenness centralities, were GAL15 in Amount 1, Rokubacteria in Amount 2, WPS-2 in
Amount 3, Verrucomicrobia in Amount 4, Bacteroidetes in Amount 5, and Armatimonadetes
in all samples. These results imply functions of bacterial communities might vary in five
groups. For instance, Bacteroidetes phylum harbors the potential to degrade numerous com-
plex carbohydrates [47]. At KEGG pathway level 3, phosphorus-cycling-related functions
showed significant differences among five groups with different TiO, NP addition amounts
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(p < 0.05), such as streptomycin-6-phosphatase (EC 3.1.3.39), phosphinothricin acetyltrans-
ferase (EC 2.3.1.183), fructose-1,6-bisphosphatase III (EC 3.1.3.11), pyrophosphatase PpaX
(EC 3.6.1.1), c-di-GMP phosphodiesterase (EC 3.1.4.52), putative GTP pyrophosphokinase
(EC 2.7.6.5), and phosphosulfolactate synthase (EC 4.4.1.19). Consequently, noticeable
differences in the community functions at the KEGG pathway level 2 were found among
five groups (p < 0.05; Figure 8), including biosynthesis of other secondary metabolites,
the metabolism of other amino acids, metabolism of terpenoids and polyketides, energy
metabolism, lipid metabolism, xenobiotics biodegradation and metabolism, glycan biosyn-
thesis and metabolism, cell motility, membrane transport, translation, transcription, and
replication and repair. The exposure time (R? = 36.78%, F = 11.74; p < 0.001) showed a sig-
nificant effect on bacterial diversity compared to the TiO, NP addition amount (R? = 0.62%,
F = 0.40; p > 0.05) (Figure 1). Prior studies have reported that TiO, NPs can affect bacterial
community functions in both aquatic and terrestrial ecosystems [40,48]. More specifi-
cally, TiO; NPs can affect nitrogen transformation via adjusting the transcription levels of
nitrogen-cycling-related genes (e.g., nirK, nirS, and amoA) [3,17,19] and the abundances of
ammonia-oxidizing microorganisms [49]. However, limited studies have reported whether
TiO, NPs can affect the transcription levels and abundance of phosphorus-cycling-related
genes. In the future, we will explore the effects of TiO, NPs on phosphorus metabolism at
both DNA and RNA levels based on pure culture and the community scale.
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Figure 7. Co-occurrence networks of bacteria in sediments with different TiO, NP addition amounts.
Green and red lines represent significantly positive and negative correlations, respectively.

3.3. Potential Effects of Abiotic and Biotic Factors on Phosphorus Fractionation

The addition of TiO, NPs causes phosphorus (i.e., TP, Olsen P, OP, IP, and AP) accu-
mulation in sediments and affects the diversity, composition, and function of the bacterial
community. The activity, diversity, and function of the bacterial community might affect
phosphorus fractionation in the water-sediment ecosystem. Phosphorus components,
except NAIP, were significantly correlated with dehydrogenase and catalase (Table 1).
Community diversity was significantly negatively correlated with SRP, TSP, TP, Olsen P, IP,
OP, and AP, and dramatically positively correlated with WTP and Pmb (Table 1). The abun-
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dances of the top 10 phyla (e.g., Acidobacteria, Firmicutes, and Rokubacteria) showed different
correlations with phosphorus components (Table S3). Additionally, community func-
tions showed significant correlations with phosphorus components in the water—sediment
ecosystem, including lipid metabolism, xenobiotics biodegradation and metabolism, and
translation and transcription based on KEGG pathway level 2 (Table S4).
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information -
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Environment
information Signal transduction
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Figure 8. Function profiling showing divergences in bacterial functions at KEGG pathway levels 1
and 2 among five groups with different TiO, NP addition amounts. Asterisks denote significance
(*, p <0.05).

Prior literature studies have reported that microbial activity (e.g., phosphatase and phy-
tase) contributed to organic phosphorus mineralization in a farmland ecosystem [50] and
compost system [23]. Bacterial diversity mediates phosphorus immobilization in the South
China Sea [51] and can facilitate phosphorus transfer from sediments to water [29]. Some
functional bacteria, including phosphate-accumulating bacteria, phosphate-solubilizing
bacteria, and phosphate-mineralizing bacteria are responsible for phosphorus transfor-
mation in both aquatic and terrestrial ecosystems [11,22,23]. We guess that phosphorus
components could affect the diversity, composition, and function of the sediment bacterial
community, whereas the bacterial community might affect phosphorus fractionation in the
water—sediment ecosystem. Therefore, the effects of TiO, NPs on phosphorus accumulation
in sediments might be via two pathways: (i) showing toxicity to planktonic microorganisms
and resulting in phosphorus precipitation, and (ii) blocking phosphorus transfer from sedi-
ments to water by affecting activity, diversity, composition, and function of the bacterial
community in sediments.
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4. Conclusions

In this study, we characterized the distribution of TiO, NPs and estimated the effects
of TiO, NPs on phosphorus fractionation and diversity, composition, and function of the
bacterial community in sediments. We found that TiO, NPs could bind to cell surfaces
of planktonic microorganisms based on SEM, EDS, and XRD techniques. The addition
of TiO, NPs could lead to the accumulation of phosphorus (e.g., total phosphorus and
available phosphorus) in sediments, and significantly affect the composition, coexistence
pattern, and function of the bacterial community. The absolute abundances of phosphorus-
cycling-related genes and bacterial diversity decreased with the increased TiO, NP addition
amount, and significantly correlated with phosphorus components. Our findings are of
significance for understanding the environmental risks of TiOp NPs. Given the undeniable
toxicity of TiO, NPs to organisms, we will conduct more experiments to explore the effects
of TiO, NPs on functional microorganisms at both pure culture and community levels in
the future.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /microorganisms10081643/s1, Figure S1: Pearson corre-
lations among phosphorus fractions. Asterisks represent significance (*, p < 0.05; ***, p < 0.001).
Abbreviations: SRP, soluble reactive phosphorus; TSP, total soluble phosphorus; WTP, water total
phosphorus; TP, total phosphorus; IP, inorganic phosphorus; AP, total apatite inorganic P; NAIP,
non-apatite inorganic P; Pmb, microbial biomass phosphorus; Figure S2: Differences in relative
abundances of top 10 phyla among five groups with different TiO, NPs addition amounts. Different
letters above column denote significant levels (p < 0.05); Table S1: Content of phosphorus fractions in
both water and sediment; Table S2: Topological parameters of co-occurrence networks for bacteria in
sediments with different titanium dioxide nanoparticles addition (i.e., Amountl, Amount2, Amount3,
Amount4, Amount5, and Amount6); Table S3: Pearson Correlation between phosphorus components
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ponents and functions at KEGG pathway level 2. References in Supplementary materials are cited
in [52-54].

Author Contributions: D.H. designed the experiments. S.P. conducted all experiments, analyzed the
data, and wrote the manuscript. D.H. revised and submitted the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Fundamental Research Funds for Central
Universities (grant no. 2662015PY116).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets presented in this study can be found in online repositories.
The names of the repository/repositories and accession number(s) can be found at https://www.
ncbi.nlm.nih.gov/, PRJNA735373.

Conflicts of Interest: The authors declare that they have no conflict of interest.

1. Lee, C.G;; Javed, H.; Zhang, D.; Kim, ].H.; Westerhoff, P.; Li, Q.; Alvarez, PJ.J. Porous Electrospun Fibers Embedding TiO, for
Adsorption and Photocatalytic Degradation of Water Pollutants. Environ. Sci. Technol. 2018, 52, 4285-4293. [CrossRef] [PubMed]
2. Lee, YJ.; Lee, C.G.; Kang, ].K.; Park, S.J.; Alvarez, P. Simple preparation method for Styrofoam-TiO, composites and their
photocatalytic application for dye oxidation and Cr(VI) reduction in industrial wastewater. Environ. Sci. Wat. Res. 2021, 7,

222-230. [CrossRef]

3. Yang, X,; Chen, Y.; Guo, F; Liu, X,; Su, X.; He, Q. Metagenomic analysis of the biotoxicity of titanium dioxide nanoparticles to
microbial nitrogen transformation in constructed wetlands. |. Hazard. Mater. 2020, 384, 12137. [CrossRef] [PubMed]

4. Wu, Q; Wang, W,; Li, Y,; Li, Y;; Ye, B.; Tang, M.; Wang, D. Small sizes of TiO,-NPs exhibit adverse effects at predicted
environmental relevant concentrations on nematodes in a modified chronic toxicity assay system. J. Hazard. Mater. 2012, 243,

161-168. [CrossRef]


https://www.mdpi.com/article/10.3390/microorganisms10081643/s1
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://doi.org/10.1021/acs.est.7b06508
http://www.ncbi.nlm.nih.gov/pubmed/29553243
http://doi.org/10.1039/D0EW00787K
http://doi.org/10.1016/j.jhazmat.2019.121376
http://www.ncbi.nlm.nih.gov/pubmed/31611016
http://doi.org/10.1016/j.jhazmat.2012.10.013

Microorganisms 2022, 10, 1643 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Wang, Y,; Deng, C.; Cota-Ruiz, K.; Tan, W.; Reyes, A ; Peralta-Videa, ].R.; Hernandez-Viezcas, J.A.; Li, C.; Gardea-Torresdey, J.L.
Effects of different surface-coated nTiO, on full-grown carrot plants: Impacts on root splitting, essential elements, and Ti uptake.
J. Hazard. Mater. 2021, 402, 123768. [CrossRef]

Madhubala, V.; Pugazhendhi, A.; Thirunavukarasu, K. Cytotoxic and immunomodulatory effects of the low concentration of
titanium dioxide nanoparticles (TiO, NPs) on human cell lines—An in vitro study. Proces. Biochem. 2019, 86, 186-195. [CrossRef]
Arrigo, K.R. Marine microorganisms and global nutrient cycles. Science 2005, 437, 349-355. [CrossRef]

Ma, W.; Li, H.; Zhang, W.; Shen, C.; Wang, L.; Li, Y.; Li, Q.; Wang, Y. TiO, nanoparticles accelerate methanogenesis in mangrove
wetlands sediment. Sci. Total Environ. 2020, 713, 136602. [CrossRef]

Luo, Z.; Wang, Z.; Li, Z.Q.; Pan, Q.K.; Yan, C.Z. Effects of titania nanoparticles on phosphorus fractions and its release in
resuspended sediments under UV. |. Hazard. Mater. 2010, 174, 477-483. [CrossRef]

Huisman, J.; Codd, G.A.; Paerl, HW.; Ibelings, B.W.; Verspagen, ] M.H.; Visser, PM. Cyanobacterial blooms. Nat. Rev. Microbiol.
2018, 16, 471-483. [CrossRef]

Zhuo, T.; Ding, Y.; Wan, Q.; Li, S.; Chai, B.; Lei, X. Effects of hydrostatic pressure on phosphorus transformation at the water-
sediment interface of a deep reservoir: Novel insights into bacterial community and functional genes. J. Soil Sediment. 2021, 21,
3367-3379. [CrossRef]

Luo, Z.; Wang, Z.; Wei, Q.; Yan, C.; Liu, F. Effects of engineered nano-titanium dioxide on pore surface properties and phosphorus
adsorption of sediment: Its environmental implications. J. Hazard. Mater. 2011, 192, 1364-1369. [CrossRef] [PubMed]

Chen, M.; Xu, N.; Christodoulatos, C.; Wang, D. Synergistic effects of phosphorus and humic acid on the transport of anatase
titanium dioxide nanoparticles in water-saturated porous media. Environ. Pollut. 2018, 243, 1368-1375. [CrossRef] [PubMed]
Horie, M.; Nishio, K.; Fujita, K.; Endoh, S.; Miyauchi, A.; Saito, Y.; Iwahashi, H.; Yamamoto, K.; Murayama, H.; Nakano, H.; et al.
Protein adsorption of ultrafine metal oxide and its influence on cytotoxicity toward cultured cells. Chem. Res. Toxicol. 2009, 22,
543-553. [CrossRef]

Wu, D.; Yang, S.; Du, W,; Yin, Y.; Zhang, J.; Guo, H. Effects of titanium dioxide nanoparticles on Microcystis aeruginosa and
microcystins production and release. . Hazard. Mater. 2019, 377, 1-7. [CrossRef]

Xu, K.; Li, Z,; Juneau, P; Xiao, F,; Lian, Y.; Zhang, W.; Shu, L.; Jiang, H.; Zhang, K.; Wang, C.; et al. Toxic and protective
mechanisms of cyanobacterium Synechocystis sp. in response to titanium dioxide nanoparticles. Environ. Pollut. 2021, 274, 116508.
[CrossRef]

Li, K; Qian, J.; Wang, P; Wang, C.; Lu, B.; Jin, W.; He, X,; Tang, S.; Zhang, C.; Gao, P. Effects of aging and transformation of anatase
and rutile TiO; nanoparticles on biological phosphorus removal in sequencing batch reactors and related toxic mechanisms. J.
Hazard. Mater. 2020, 398, 123030. [CrossRef]

Li, L.; Li, B.; Wang, Q.; Hou, N.; Li, C.; Cheng, X. Toxicity of TiO, nanoparticle to denitrifying strain CFY1 and the impact on
microbial community structures in activated sludge. Chemosphere 2016, 144, 1334-1341. [CrossRef]

Qiu, T.A.; Meyer, B.M.; Christenson, K.G.; Klaper, R.D.; Haynes, C.L. A mechanistic study of TiO, nanoparticle toxicity on
Shewanella oneidensis MR-1 with UV-containing simulated solar irradiation: Bacterial growth, riboflavin secretion, and gene
expression. Chemosphere 2017, 168, 1158-1168. [CrossRef]

Zhai, Y.; Hunting, E.R,; Liu, G.; Baas, E.; Peijnenburg, W.J.G.M.; Vijver, M.G. Compositional alterations in soil bacterial communi-
ties exposed to TiO, nanoparticles are not reflected in functional impacts. Environ. Res. 2019, 178, 108713. [CrossRef]

APAH. Standard Methods for the Examination of Water and Wastewater, 20th ed.; American Public Health Association: Washington,
DC, USA, 1998.

Wan, W,; Li, X.; Han, S.; Wang, L.; Luo, X.; Chen, W.; Huang, Q. Soil aggregate fractionation and phosphorus fraction driven by
long-term fertilization regimes affect the abundance and composition of P-cycling-related bacteria. Soil Till. Res. 2020, 196, 104475.
[CrossRef]

Wan, W.; Wang, Y.; Tan, J.; Qin, Y.; Zuo, W.; Wu, H.; He, H.; He, D. Alkaline phosphatase-harboring bacterial community and
multiple enzyme activity contribute to phosphorus transformation during vegetable waste and chicken manure composting.
Bioresour. Technol. 2020, 297, 122406. [CrossRef] [PubMed]

Johnson, J.I.; Temple, K.L. Some variables affecting the measurement of catalase activity in soil. Soil Sci. Soc. Am. Pro. 1964, 28,
207-216. [CrossRef]

Ohlinger, R. Dehydrogenase activity with the substrate TTC. In Methods in Soil Biology; Schinner, F., Ohlinger, R., Kandler, E.,
Margesin, R., Eds.; Springer: Berlin, Germany, 1996; pp. 241-243.

Santos, S.S.; Nielsen, T.K.; Hansen, L.; Winding, A. Comparison of three DNA extraction methods for recovery of soil protist
DNA. J. Microbiol. Meth. 2015, 115, 13-19. [CrossRef] [PubMed]

Mori, H.; Maruyama, F.; Kato, H.; Toyoda, A.; Dozono, A.; Ohtsubo, Y.; Nagata, Y.; Fujiyama, A.; Tsuda, M.; Kurokawa, K. Design
and experimental application of a novel non-degenerate universal primer set that amplifies prokaryotic 16S rRNA genes with a
low possibility to amplify eukaryotic rRNA genes. DNA Res. 2014, 21, 217-227. [CrossRef] [PubMed]

Caporaso, ].G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Pefia, A.G.; Goodrich, ] K,;
Gordon, J.I; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335-336.
[CrossRef] [PubMed]

Wan, W.; Zhang, Y.; Cheng, G.; Li, X.; Qin, Y; He, D. Dredging mitigates cyanobacterial bloom in eutrophic Lake Nanhu: Shifts in
associations between the bacterioplankton community and sediment biogeochemistry. Environ. Res. 2020, 188, 109799. [CrossRef]


http://doi.org/10.1016/j.jhazmat.2020.123768
http://doi.org/10.1016/j.procbio.2019.08.004
http://doi.org/10.1038/nature04159
http://doi.org/10.1016/j.scitotenv.2020.136602
http://doi.org/10.1016/j.jhazmat.2009.09.077
http://doi.org/10.1038/s41579-018-0040-1
http://doi.org/10.1007/s11368-021-02965-4
http://doi.org/10.1016/j.jhazmat.2011.06.050
http://www.ncbi.nlm.nih.gov/pubmed/21794978
http://doi.org/10.1016/j.envpol.2018.09.106
http://www.ncbi.nlm.nih.gov/pubmed/30273863
http://doi.org/10.1021/tx800289z
http://doi.org/10.1016/j.jhazmat.2019.05.013
http://doi.org/10.1016/j.envpol.2021.116508
http://doi.org/10.1016/j.jhazmat.2020.123030
http://doi.org/10.1016/j.chemosphere.2015.10.002
http://doi.org/10.1016/j.chemosphere.2016.10.085
http://doi.org/10.1016/j.envres.2019.108713
http://doi.org/10.1016/j.still.2019.104475
http://doi.org/10.1016/j.biortech.2019.122406
http://www.ncbi.nlm.nih.gov/pubmed/31787513
http://doi.org/10.2136/sssaj1964.03615995002800020024x
http://doi.org/10.1016/j.mimet.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/25966645
http://doi.org/10.1093/dnares/dst052
http://www.ncbi.nlm.nih.gov/pubmed/24277737
http://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://doi.org/10.1016/j.envres.2020.109799

Microorganisms 2022, 10, 1643 14 of 14

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Wembheuer, F; Taylor, J.A.; Daniel, R.; Johnston, E.; Meinicke, P.; Thomas, T.; Wemheuer, B. Tax4Fun2: A R-based tool for the rapid
prediction of habitat-specific functional profiles and functional redundancy based on 16S rRNA gene marker gene sequences.
Environ. Microbiome. 2020, 15, 11. [CrossRef]

Xiong, W.; Tang, Y.; Shao, C.; Zhao, Y,; Jin, B.; Huang, T.; Miao, Y.N.; Shu, L.; Ma, W.; Xu, X.; et al. Prevention of cyanobacterial
blooms using nanosilica: A biomineralization-inspired strategy. Environ. Sci. Technol. 2017, 51, 12717-12726. [CrossRef]

Wang, Z.; Huang, S.; Li, D. Decomposition of cyanobacterial bloom contributes to the formation and distribution of iron-bound
phosphorus (Fe-P): Insight for cycling mechanism of internal phosphorus loading. Sci. Total Environ. 2019, 652, 696-708.
[CrossRef]

Horie, M.; Tabei, Y. Role of oxidative stress in nanoparticles toxicity. Free Radical Res. 2020, 55, 331-342. [CrossRef] [PubMed]
Gong, N.; Shao, K.; Che, C.; Sun, Y. Stability of nickel oxide nanoparticles and its influence on toxicity to marine algae Chlorella
vulgaris. Mar. Pollut. Bull. 2019, 149, 110532. [CrossRef] [PubMed]

Lei, C.; Zhang, L.; Yang, K.; Zhu, L.; Lin, D. Toxicity of iron-based nanoparticles to green algae: Effects of particle size, crystal
phase, oxidation state and environmental aging. Environ. Pollut. 2016, 218, 505-515. [CrossRef] [PubMed]

Chen, F,; Xiao, Z.; Yue, L.; Wang, J.; Feng, Y.; Zhu, X.; Wang, Z.; Xing, B. Algae response to engineered nanoparticles: Current
understanding, mechanisms and implications. Environ. Sci. Nano 2019, 6, 1026-1042. [CrossRef]

Gebicka, L.; Krych-Madej, J. The role of catalases in the prevention/promotion of oxidative stress. J. Inorg. Biochem. 2019, 197,
110699. [CrossRef]

Gonzdlez, J.; Castillo, R.; Garcia-Campos, M.A.; Noriega-Samaniego, D.; Escobar-Sdnchez, V.; Romero-Aguilar, L.; Alba-Lois,
L.; Segal-Kischinevzky, C. Tolerance to oxidative stress in budding yeast by heterologous expression of catalases A and T from
Debaryomyces hansenii. Curr. Microbiol. 2020, 77, 4000-4015. [CrossRef]

Jovanovi¢, B.; Milosevi¢, D.; Piperac, M.S.; Savi¢, A. In situ effects of titanium dioxide nanoparticles on community structure of
freshwater benthic macroinvertebrates. Environ. Pollut. 2016, 213, 278-282. [CrossRef]

Zhai, Y.; Chen, L.; Liu, G.; Song, L.; Arenas-Lago, D.; Kong, L.; Peijnenburg, W.; Vijver, M.G. Compositional and functional
responses of bacterial community to titanium dioxide nanoparticles varied with soil heterogeneity and exposure duration. Sci.
Total Environ. 2021, 773, 144895. [CrossRef]

Asadishad, B.; Chahal, S.; Akbari, A.; Cianciarelli, V.; Azodi, M.; Ghoshal, S.; Tufenkji, N. Amendment of agricultural soil with
metal nanoparticles: Effects on soil enzyme activity and microbial community composition. Environ. Sci. Technol. 2018, 52,
1908-1918. [CrossRef]

Zhang, H.; Huang, M.; Zhang, W.; Gardea-Torresdey, J.L.; White, ].C.; Ji, R.; Zhao, L. Silver nanoparticles alter soil microbial
community compositions and metabolite profiles in unplanted and cucumber-planted soil. Environ. Sci. Technol. 2020, 54,
3334-3342. [CrossRef]

Hou, J,; Li, T.; Miao, L.; You, G.; Xu, Y,; Liu, S. Effects of titanium dioxide nanoparticles on algal and bacterial communities in
periphytic biofilms. Environ. Pollut. 2019, 251, 407-414. [CrossRef] [PubMed]

Cervantes-Avilés, P.; Caretta, C.A.; Brito, EIM.S.; Bertin, P.; Cuevas-Rodriguez, G.; Duran, R. Changes in bacterial diversity of
activated sludge exposed to titanium dioxide nanoparticles. Biodegradation 2021, 32, 313-326. [CrossRef]

Jiao, S.; Lu, Y. Abundant fungi adapt to broader environmental gradients than rare fungi in agricultural fields. Glob. Change Biol.
2020, 26, 4506-4520. [CrossRef] [PubMed]

Wan, W.; Grossart, H.P.; He, D.; Yuan, W.; Yang, Y. Stronger environmental adaptation of rare rather than abundant bacte-
rioplankton in response to dredging in eutrophic Lake Nanhu (Wuhan, China). Water Res. 2021, 190, 116751. [CrossRef]
[PubMed]

McKee, L.S.; La Rosa, S.L.; Westereng, B.; Eijsink, V.G.; Pope, P.B.; Larsbrink, J. Polysaccharide degradation by the Bacteroidetes:
Mechanisms and nomenclature. Env. Microbiol. Rep. 2021, 13, 559-581. [CrossRef]

Hou, J.; Li, T.; Miao, L.; You, G.; Xu, Y,; Liu, S. Dynamic responses of community structure and microbial functions of periphytic
biofilms during chronic exposure to TiO, NPs. Environ. Sci. Nano 2020, 7, 665-675. [CrossRef]

Simonin, M.; Richaume, A.; Guyonnet, ].P.; Dubost, A.; Martins, ] M.F.; Pommier, T. Titanium dioxide nanoparticles strongly
impact soil microbial function by affecting archaeal nitrifiers. Sci. Rep. 2016, 6, 33643. [CrossRef]

Wan, W.; Hao, X.; Xing, Y; Liu, S.; Zhang, X.; Li, X.; Chen, W.; Huang, Q. Spatial differences in soil microbial diversity caused by
pH-driven organic phosphorus mineralization. Land Degrad. Dev. 2021, 32, 766-776. [CrossRef]

Qin, M.; Wang, X; Jiang, L.; Wu, N.; Zhou, W. Bacterial diversity in phosphorus immobilization of the South China Sea. Environ.
Technol. 2019, 41, 2844-2853. [CrossRef]

Cleton-Jansen, A.M.; Goosen, N.; Fayet, O.; van de Putte, P. Cloning, mapping, and sequencing of the gene encoding Escherichia
coli quinoprotein glucose dehydrogenase. J. Bacteriol. 1990, 172, 6308-6315. [CrossRef]

Hsieh, Y.J.; Wanner, B.L. Global regulation by the seven-component pi signaling system. Curr. Opin. Microbiol. 2010, 13, 198-203.
[CrossRef] [PubMed]

Sakurai, M.; Wasaki, J.; Tomizawa, Y.; Shinano, T.; Osaki, M. Analysis of bacterial communities on alkaline phosphatase genes in
soil supplied with organic matter. Soil. Sci. Plant Nutr. 2008, 54, 62-71. [CrossRef]


http://doi.org/10.1186/s40793-020-00358-7
http://doi.org/10.1021/acs.est.7b02985
http://doi.org/10.1016/j.scitotenv.2018.10.260
http://doi.org/10.1080/10715762.2020.1859108
http://www.ncbi.nlm.nih.gov/pubmed/33336617
http://doi.org/10.1016/j.marpolbul.2019.110532
http://www.ncbi.nlm.nih.gov/pubmed/31543479
http://doi.org/10.1016/j.envpol.2016.07.030
http://www.ncbi.nlm.nih.gov/pubmed/27449531
http://doi.org/10.1039/C8EN01368C
http://doi.org/10.1016/j.jinorgbio.2019.110699
http://doi.org/10.1007/s00284-020-02237-3
http://doi.org/10.1016/j.envpol.2016.02.024
http://doi.org/10.1016/j.scitotenv.2020.144895
http://doi.org/10.1021/acs.est.7b05389
http://doi.org/10.1021/acs.est.9b07562
http://doi.org/10.1016/j.envpol.2019.04.136
http://www.ncbi.nlm.nih.gov/pubmed/31103000
http://doi.org/10.1007/s10532-021-09939-w
http://doi.org/10.1111/gcb.15130
http://www.ncbi.nlm.nih.gov/pubmed/32324306
http://doi.org/10.1016/j.watres.2020.116751
http://www.ncbi.nlm.nih.gov/pubmed/33348071
http://doi.org/10.1111/1758-2229.12980
http://doi.org/10.1039/C9EN01036J
http://doi.org/10.1038/srep33643
http://doi.org/10.1002/ldr.3734
http://doi.org/10.1080/09593330.2019.1585479
http://doi.org/10.1128/jb.172.11.6308-6315.1990
http://doi.org/10.1016/j.mib.2010.01.014
http://www.ncbi.nlm.nih.gov/pubmed/20171928
http://doi.org/10.1111/j.1747-0765.2007.00210.x

	Introduction 
	Materials and Methods 
	Sample Collection, TiO2 NPs Suspension, and Expose Experiment 
	Detection of TiO2 NPs 
	Determination of Phosphorus Fractions and Sediment Enzyme Assay 
	DNA Extraction, Gene Quantification, MiSeq Sequencing, and Data Processing 
	Data Analysis 

	Results and Discussion 
	Responses of Phosphorus Fractions to TiO2 NP Addition 
	Responses of the Bacterial Community to TiO2 NP Addition 
	Potential Effects of Abiotic and Biotic Factors on Phosphorus Fractionation 

	Conclusions 
	References

