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• Environmental concentration AgNPs in-
creased themicrobial community diver-
sity.

• Microbial community composition
showed changes in response to Fe(III)
and AgNPs.

• High environmental concentration Fe
(III) and AgNPs stimulated N2O emis-
sion.

• nirK gene exhibited remarkable sensi-
tivity to the co-existence of AgNPs and
Fe(III).
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The effects of environmental concentration silver nanoparticles (ecAgNPs) onmicrobial communities and the ni-
trogen cycling in river sediments remain largely uncharacterized. As a fundamental component of sediments, Fe
(III) can interact with AgNPs and participate in nitrogen transformation processes. N2O is an important interme-
diate in nitrogen transformation processes and can be a potent greenhouse gas with significant environmental
effects. However, the impacts of the co-existence of AgNPs and Fe(III) on microbial communities and N2O emis-
sion in river sediments are still unclear. In the present study, mesocosm experiments were conducted to assess
the changes of microbial communities and N2O emission in response to the co-existence of AgNPs and environ-
mental concentration Fe(III). Our results revealed that the microbial community diversity and N2O emission in
river sediments responded differently to ecAgNPs (0.05 mg/kg) and high-polluting concentration AgNPs
(hcAgNPs, 5 mg/kg), which was further regulated by the environmental concentration Fe(III) (1 mg/g and
10 mg/g). After ecAgNPs treatments, a marked increase was observed in microbial diversity compared to
hcAgNPs treatments, regardless of the Fe(III) concentration in the sediment. The β-NTI index indicated that
AgNPs had stronger impacts on phylogenetic distance of bacterial communities in sediments containing 1 mg/
g Fe(III) than that containing 10 mg/g Fe(III). In sediments containing 1 mg/g Fe(III), ecAgNPs did not affect
N2O emission, but hcAgNPs significantly inhibited the emission of N2O. However, in sediments containing
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10mg/g Fe(III), N2O emission was significantly stimulated upon exposure to ecAgNPs, but the inhibition effect of
hcAgNPswas barely observed. Functional prediction and real-time PCR analyses indicated that AgNPs and Fe(III)
predominantly affected N2O emissions by affecting the abundance of the nirK gene. Our results provide new in-
sights into the ecological impacts of the co-existence of environmental concentration AgNPs and Fe(III) in alter-
ing microbial communities and nitrogen transformation functions in river sediments.

© 2018 Published by Elsevier B.V.
1. Introduction

The mass production and widespread use of silver nanoparticles
(AgNPs) have increased the likelihood of their release into aquatic sys-
tems (Jiang et al., 2017). After a series of processes, including aggrega-
tion, transformation and sedimentation, AgNPs eventually deposit in
aquatic sediments (Garner and Keller, 2014). The environmental con-
centrations of AgNPs are ranging from 0.62 to 41.41 μg/kg in generally
polluted river sediments and are predicted to intensify in future
(Massarsky et al., 2014). Deposition of AgNPs into sediments can signif-
icantly alter ecosystem functions due to the unique property and reac-
tivity of these particles, posing potential ecological risks to natural
aquatic environments (Beddow et al., 2017).

Significant negative influences of AgNPs on microbial communities
and nitrogen transformation processes have been identified in lab
tests (Liu et al., 2018). Studies confirmed that 1–10 mg/g dry wt.
AgNPs can decrease microbial diversities in sediments, with differences
based on the AgNP species and the released Ag(I) (Bao et al., 2016;
Moore et al., 2016). As an important intermediate in nitrogen transfor-
mation processes (Henry et al., 2006; Morales et al., 2010), N2O acts as
a potent greenhouse gas, with the potential for environmental destruc-
tion (Thers et al., 2019). The effects of high concentration AgNPs on N2O
production have been demonstrated in various studies (Gruen et al.,
2019; Jeong et al., 2012). For example, the stress from 10 mg/L AgNPs
exposure can reduce N2O emissions by 67.9% compared with the
AgNP-free exposure (Liu et al., 2018). In conclusion, although various
environmental influences of AgNPs at lab-level concentrations have
been greatly focused on (Liu et al., 2018;Michels et al., 2015), the effects
of environmental concentration AgNPs on microbial communities and
N2O emissions have not been described.

When released into sediments, AgNPs tend to contact fundamental
metal components of sediments (Yu et al., 2018), and few studies
have investigated the response of the microbial community to the co-
existence of AgNPs and metal ions (Deng et al., 2017; Gruen et al.,
2018). Fe(III) is the thermodynamically stable form of iron in aquatic
environments (Schaedler et al., 2018), and is ubiquitous in natural sed-
iments (Wang et al., 2012). The Fe(III) concentration in river sediments
varies from 0.26 to 15.75 mg/g, and generally increases from the river
source to the delta (Ghrefat and Yusuf, 2006; Schaedler et al., 2018;
Xia et al., 2013). A few studies have focused on the effects of the co-
existence of AgNPs and Fe(III) on chemical processes in aquatic ecosys-
tems (Yin et al., 2017; Yu et al., 2014). Yin et al. (2017) revealed the im-
portance of light-induced redox cycling of Fe(III) in AgNPs
transformation. Yu et al. (2014) and Makwana et al. (2015) suggested
that Fe(III) could decrease the toxicity of AgNPs by altering ROS (reac-
tive oxygen species) generation. However, the effects of the co-
existence of AgNPs and Fe(III) on biological processes remain unknown,
and no study has been conducted yet to determine the microbial com-
munity response upon the exposure to AgNPs and Fe(III).

Fe(III) serves as an essential cofactor in electron transfer for enzymes
(Kuypers et al., 2018) and acts as an alternative electron acceptor in ni-
trogen transformation processes (Ding et al., 2019). Relatively higher
contents of Fe(III) (500 mg/L) could increase the emission of N2O
(Zhu-Barker et al., 2015), but environmental concentration Fe(III)
(0.26 to 15.75 mg/g) might not affect N2O production unless the nitro-
gen compound concentration in sediments is relatively high (Wang
et al., 2016). Denitrifiers harboring nirK may be one of the major
g, et al., Silver nanoparticles a
, https://doi.org/10.1016/j.sci
contributors to the N2O production (Harter et al., 2014). Zheng et al.
(2017) suggested that the expression of the nitrite reductase gene
nirKwas down-regulated upon the exposure to the lab-level concentra-
tion AgNPs (1mg/L), resulting in the decrease of N2O production. How-
ever, most studies have just focused on single Fe(III) or AgNPs exposure,
without considering the combine exposure of Fe(III) and AgNPs in sed-
iments. Further, there has been no intensive research of functional
genes in response to the co-existence of AgNP and Fe(III) on N2O
emission.

The objective of this study was to determine the effects of the co-
existence of AgNPs and Fe(III) onmicrobial communities andN2O emis-
sion in river sediments. Typical environmental concentration AgNPs
and Fe(III) were selected to elucidate 1) the effects of environmental
concentration AgNPs on microbial communities and N2O emission in
river sediments; and 2) the roles of environmental concentration Fe
(III) in the responses of microbial communities and N2O emission to
AgNPs. This research provides new insights into the ecological impacts
of AgNPs on microbial communities in complex ecosystems.

2. Methods

2.1. Experimental mesocosms and sediment sampling

This studywas conducted in the Sancha Estuary of the Yangtze River
(32.07 N, 118.73 E). Physicochemical properties of sediments are listed
in Table S1. Thirty open-topped mesocosms were installed in two rows
in the estuary (Figs. 1a, S1). Mesocosms were 1 m × 1 m in length and
width, and 20 cm in depth. Sediments in the mesocosms were 20 cm
in depth. The grooves of the mesocosm walls were used to facilitate
the installation of the chambers for gas collection (Fig. S2).

In this experiment, we defined the general polluting concentration
of AgNPs in sediments as the “environmental concentration AgNPs
(ecAgNPs)”, and set the environmental concentration of AgNPs as
0.05 mg/kg. We defined the heavy polluting concentration of AgNPs in
sediments as the “high-polluting concentration AgNPs (hcAgNPs)”,
and set the high-polluting concentration of AgNPs as 5 mg/kg. We de-
fined the general concentration of Fe(III) in sediments as the “environ-
mental concentration Fe(III)” and used 1 mg/g and 10 mg/g Fe(III) to
reflect the different concentrations of Fe(III) in natural river sediments.

Sediments were pretreated with biosurfactants (Jiangsu Xunyi Bio-
technology Co., Ltd., Shanghai, China) to remove Fe(III) until Fe(III)
could not be detected (Botero et al., 2008; Espuny et al., 1996;
Sivakami et al., 2015). Then Ferric sulfate pentahydrate (Fe2(SO4)
3·5H2O) (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was
used to regulate the concentration of Fe(III) in pretreated sediments.
Two different sizes (10 nm ± 2 nm and 100 nm ± 25 nm) of AgNPs
were synthesized as described by Martinez-Castanon et al. (2008). The
diameters of AgNPs were assessed by transmission electronmicroscopy
(TEM,Hitachi S4800, Japan). The crystal structures of AgNPswere deter-
mined by X-ray diffraction (XRD; Philips-X-Pert-MPD-Pro, Netherlands,
Cu Ka radiation, 40 kV, 100 mA) (Fig. S3).

Thirty mesocosms were divided into ten treatments to address the
research objectives. Three replicates of each treatment were performed
to avoid chance variation (Fig. 1a). Sediments in five mesocosm treat-
ments received a final concentration of 1 mg/g dry wt. Fe(III). For the
other five mesocosm treatments, a final concentration of 10 mg/g dry
wt. Fe(III) was added. In four of these five devices, ecAgNPs
nd Fe(III) co-regulatemicrobial community and N2O emission in river
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Fig. 1.Mesocosm experiments in the study. a) Thirty open-toped mesocosm fixtures with three replicates; b) Experiment designs for each treatment group in mesocosms.
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(0.05 mg/kg of 10 nm, 0.05 mg/kg of 100 nm) or hcAgNPs (5 mg/kg of
10 nm, and 5 mg/kg of 100 nm) was added to assess changes in the mi-
crobial community in response to the exposure to AgNPs and different
concentrations of Fe(III) in sediments. The experimental designs for dif-
ferent treatments are shown in Fig. 1b. Further details about the Fe(III)
and AgNPs addition methods in this study are provided in the supple-
mentary data. Three specimens of sediment samples in each mesocosm
treatment were collected using an aluminum core sampler after 5 days.
Sediments (0–5 cm) in themesocosmswere sampled and then stored in
sterile plastic bags for genomic DNA extraction.

2.2. Sampling and analysis of N2O

Static closed chambers were used to measure N2O emissions from
sediments (Fig. S2). Stainless-steel collars were carefully inserted into
the grooves of the mesocosm walls with a depth of 20 cm one day
prior to gas sampling. Transparent glass chambers covering an area of
20 cm with a height of 2 m were used to measure N2O emissions from
each treatment. During the measurement, the chambers were placed
on the notch collars (Yang et al., 2012). Air inside the chamberswas cir-
culated with battery-driven fans during the measurement to ensure
that gas samples were well mixed. Further detailed methods about the
calculation of N2O emissions are provided in the supplementary data.
Please cite this article as: Y. Li, R. Zhao, L.Wang, et al., Silver nanoparticles a
sediments, Science of the Total Environment, https://doi.org/10.1016/j.sci
After the collection of air samples, the transparent chambers were re-
moved. The collected gas sampleswere carefully stored for further anal-
ysis and the production of N2O was measured by gas chromatography
(GC, Agilent 7890, Santa Clara, CA, USA).

2.3. DNA extraction and real-time PCR for absolute quantification

Genomic DNA was extracted from each sediment sample using the
FastDNA spin kit for soil (Q-BIOgene, Carlsbad, CA), according to the
manufacturer's instructions. The isolated DNA was examined via aga-
rose gel electrophoresis to evaluate the quality of DNA. The absolute
abundance of functional genes nirK, nirS and nosZ were quantified by
real-timequantitative PCR (RT-PCR, IQ5, Bio-Rad, CA, USA). The reaction
mixtures for RT-PCR contained 10 μL of AceQ®qPCR SYBR®GreenMas-
ter Mix, 0.3 μL (each) of primers F and R (10 μM), and 1 μL of template
DNA. The base sequences of the specific primers for nirK, nirS and nosZ
and the thermal conditions for qPCR are provided in Table S2.

2.4. Pyrosequencing and data analysis

The V3-V4 region of the 16S rRNA gene was cloned using primer
pairs 341F and 806R for PCR amplification, which was performed by
ABI GeneAmp® 9700 PCR (USA). Purified PCR products were detected
nd Fe(III) co-regulatemicrobial community and N2O emission in river
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using the AxyPrep DNA Gel Extraction Kit (Axygen, USA). Amplification
of each sample amplicon was performed in triplicate, pooled in equal
amounts, and then subjected to emulsion PCR. Pyrosequencing of the
amplicon library was paired-end sequenced (2 × 300) on an Illumina
Miseq Sequencing platform at Shanghai BIOZERON Biotechnology Co.,
Ltd. (Shanghai, China). All original sequences were submitted to the
NCBI Sequence Read Archive (SRA) (accession number: SRP194100).

2.5. Statistical analysis

Illumina PE250 pyrosequencing data was processed using the chi-
mera.uchime of Mothur software package (Wu et al., 2017) and the
SILVA database. The raw FASTQ data were analyzed using the Quantita-
tive Insights into Microbial Ecology (QIIME, version 1.9.0). The reads
containing ambiguous characters, exact barcode matching, and nucleo-
tide mismatch in primer matching were removed, and then sequences
were clustered into operational taxonomic units (OTUs) with 97% sim-
ilarity identity cutoff. The diversity indices for each sample were calcu-
lated by the Vegan package in R (v. 3.12; http://www.r-project.org/).
Principal Component Analysis (PCA) was performed using PAST with
the Bray-Curtis distancemethod (Wu et al., 2019).β-NTIwas generated
depended on the null model approach, as developed by Stegen et al.
(2012), and the analyses were performed as described by Fillinger
et al. (2019). The OTU taxa lists of samples were submitted to the
LEfSe (linear discriminant analysis effect size) pipeline (http://
huttenhower.sph.harvard.edu/galaxy/). PICRUSt (phylogenetic investi-
gation of communities by reconstruction of unobserved states) was
used to predict functions based on 16S rRNA sequence and to explain
the changes of energy metabolism and nitrogen metabolic genes in
the bacterial community. Nearest Sequenced Taxon Index (NSTI) was
calculated to reflect the average phylogenetic distance, which was
used to separate 16S rRNA gene sequences in our samples from a refer-
ence genome and assess the number of available sequences. For each
function, samples in each experimental group were rarefied by random
subsampling to 112,902 reads per sample for comparison and thenwere
standardized to the AgNP-free group (set as unit 1). The means of three
repeats were calculated by SPSS 13.0, and multiple comparisons were
statistically evaluated by ANOVA in SPSS 13.0. The least significant dif-
ference (LSD) test and a correlation analysis at p b 0.001 were used to
determine significance (Yan et al., 2013).

3. Results and discussion

3.1. Microbial community diversity in response to exposure of AgNPs and Fe
(III)

Changes in microbial community diversity were determined using
Chao index, as shown in Fig. 2a. In sediments containing 1 mg/g Fe
(III), ecAgNPs treatment exhibited a substantial increase in microbial
Fig. 2.Microbial community diversity under different groups. a)α-diversity of samples under dif
bottom represent 3rd quartile, median, and 1st quartile, respectively. The dot represents the
b) Principal Component Analysis (PCA) generated using the Bray-Curtis distance method. c) V
AgNP groups and AgNP-free groups.

Please cite this article as: Y. Li, R. Zhao, L.Wang, et al., Silver nanoparticles a
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diversity compared to the hcAgNP treatment (p b 0.001). In sediments
contaminated by ecAgNPs, 10 mg/g Fe(III) reduced microbial diversity
from 11,970 ± 280 to 11,135 ± 335 compared to the dose of 1 mg/g
Fe(III) (p b 0.01). Totally, the microbial diversity under hcAgNPs expo-
sure was much lower than that under ecAgNPs exposure, regardless of
Fe(III) concentration in sediments. These results indicated a AgNPs
concentration-dependent response of microbial community to Fe(III)-
AgNPs exposure. PCA (Principal component analysis) also suggested
an obvious separation of the bacterial communities between the
ecAgNPs and hcAgNPs groups (Fig. 2b). The calculated β-NTI index for
the 1 mg/g Fe(III)-ecAgNPs treatments and 10 mg/g Fe(III)-ecAgNPs
treatments were −5.24 and −5.01, respectively. The results indicated
that compared with sediments containing 10 mg/g Fe(III), ecAgNPs
have stronger impacts on phylogenetic distance of bacterial communi-
ties in sediments containing 1 mg/g Fe(III) (Fig. 2c) (Stegen et al.,
2012). Phylogenetic distance is considered as an functional index to vi-
sualize the differences of microbial communities (Stegen et al., 2012).
Thus, present exposure scenarios at 1 mg/g Fe(III)-ecAgNPs highlight a
distinctly great potential for increasing the differences of microbial
communities. Furthermore, all β-NTI values were less than−2, indicat-
ing that the bacterial community assembly influenced by Fe-AgNPs was
phylogenetically more driven by deterministic processes than that ex-
pected by chance, which is interpreted as variable selection or homoge-
neous selection in the communities (Fillinger et al., 2019; Khalil et al.,
2017).

Results provided compelling evidences that AgNPs impacted micro-
bial diversity at environmental concentrations. Research revealed that
the presence of hcAgNPs resulted in negative effects onmicrobial diver-
sity, which has been previously reported (Liu et al., 2018). However, the
concentration of hcAgNPs was 100 times higher than the concentration
of AgNPs in actual sediments. Interestingly, exposure scenarios in the
present study revealed a potential stimulate effect of ecAgNPs on the
microbial diversity in sediments. The mechanism underlying ecAgNPs
effects on microorganisms is still largely unclear (Jiang et al., 2017).
Nevertheless, the release of Ag(I) from AgNPs may play a key role
(Tlili et al., 2017). Liu et al. (2018) revealed that low concentration Ag
(I) could increase microbial diversity and activity due to the resistance
of microbes, which might explain the enhanced microbial diversity
after exposure to ecAgNP.

Present study revealed a Fe(III) concentration-dependent response
of microbial structure to Fe(III)-AgNPs exposure. Fe(III) at environmen-
tal concentration showed limited impact on microbial diversity (Fig. 2),
butmicrobial diversity in sedimentswas sensitive to the co-existence of
Fe(III) and AgNP exposure. Deng et al. (2017) and Yin et al. (2017) sug-
gested that high concentration Fe(III) could promote the release of Ag
(I) from AgNPs, resulting in higher toxicity to bacteria (Angel et al.,
2013). The higher toxicity of ecAgNPs caused by 10 mg/g Fe(III) might
explain the observed decrease of microbial diversity compared to that
of 1 mg/g Fe(III)-ecAgNPs exposure.
ferent treatment groups inmesocosms. The horizontal lines composing thebox from top to
average value. The asterisk represents p b 0.01, the double-asterisk represents p b 0.001.
alues of β-NTI from the pairwise comparisons between the microbial community of Fe-

nd Fe(III) co-regulatemicrobial community and N2O emission in river
totenv.2019.135712

http://www.r-project.org/
http://huttenhower.sph.harvard.edu/galaxy/
http://huttenhower.sph.harvard.edu/galaxy/
https://doi.org/10.1016/j.scitotenv.2019.135712


5Y. Li et al. / Science of the Total Environment xxx (xxxx) xxx
3.2. Microbial community composition changes upon exposure to AgNPs
and Fe(III)

Bacteria that differed significantly among treatmentswere explored,
as shown in Fig. 3. LEfSe analysis revealed that two phyla Chloroflexi and
Verrucomicrobia, and two families Nitrospiraceae and
Nitrosomonadaceae exhibited significant variations between 1 mg/g Fe
(III)-AgNPs and 10 mg/g Fe(III)-AgNPs treatments (Fig. 3a). Exposure
of sediment to 1 mg/g Fe(III)-AgNPs declined the abundance of both
Chloroflexi and Verrucomicrobia (Fig. S4). Chloroflexi and
Verrucomicrobia are silver-sensitive bacteria (Gruen et al., 2018), and
their sensitivitymight be associatedwith a lack of lipid outermembrane
or specialized secretion systems (Yang et al., 2014). However, when ex-
posed to 10 mg/g Fe(III)-AgNPs, the inhibitory effect of ecAgNPs on
these bacteria was almost relieved. It was possibly due to the reduction
of bioavailable silver in the presence of a high concentration Fe(III) (Yu
et al., 2018). These results revealed the sensitivity of Chloroflexi and
Verrucomicrobia to the co-existence of Fe(III) and AgNPs.

Results also revealed the regulation of N-related bacterial commu-
nity composition by AgNP concentrations. As an important ammonia
oxidizer,Nitrosomonadaceae playsmajor roles in the control of nitrifica-
tion by oxidizing ammonia to nitrite (Daims et al., 2001).Nitrospiraceae
is a nitrite-oxidizing bacteriawhich also contributes to the biogeochem-
ical nitrogen cycle (Altmann et al., 2003; Daims et al., 2001; Hovanec
et al., 1998). Exposure of sediments to 1 mg/g Fe(III)-ecAgNPs resulted
Fig. 3. LEfSe analysis of the phylogenetic distribution of bacterial lineages associatedwith Fe-Ag
outside of the cladogram. The green and red circles represent the bacteria enriched in the s
abundance of b) Nitrospiraceae and c) Nitrosomonadaceae at the family level. (For interpret
version of this article.)

Please cite this article as: Y. Li, R. Zhao, L.Wang, et al., Silver nanoparticles a
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in no variation of both Nitrosomonadaceae and Nitrospiraceae abun-
dance. The exposure to 1 mg/g Fe(III)-hcAgNPs did not change the
abundance of Nitrosomonadaceae, however it had decreased
Nitrospiraceae abundance (Fig. 3b, c). Chinnapongse et al. (2011) ob-
served a higher resistance of Nitrosomonadaceae to AgNPs than
Nitrospiraceae, which might explain the different responses of these
bacteria in this experiments. The abundances of Nitrosomonadaceae
and Nitrospiraceae decreased in the 10 mg/g Fe(III)-AgNPs treatment,
suggesting that these bacterium aremore susceptible to the higher con-
centration of Fe(III) (Zhao et al., 2016). Studies revealed that Fe(III)
could be absorbed by cells (Galiote et al., 2019), whose activity might
be decreased by the relatively high concentration of Fe(III) (Chen
et al., 2017).

3.3. Functional characteristics upon exposure to AgNPs and Fe(III)

The functional characteristics were predicted by the bioinformatics
software package PICRUSt, and their changes upon the exposure to
AgNPs and Fe(III) are showed in Fig. 4. The NSTI scores of each sample
ranged from 0.018 to 0.155 (b0.17), indicating the availability of related
reference genomes and a high prediction accuracy for the dataset. The
remarkable changes of the whole nitrogenmetabolism among different
treatments highlighted the impact of the co-existence of AgNPs and Fe
(III) on nitrogen transformation processes (Fig. 4a), but do not reveal
their significant impacts on nitrogen transformation processes.
NP groups. (a) The phylum, class, order, and family levels are listed in order from inside to
amples of 1 mg/g Fe(III)-AgNP and 10 mg/g Fe(III)-AgNP groups, respectively. Relative
ation of the references to colour in this figure legend, the reader is referred to the web

nd Fe(III) co-regulatemicrobial community and N2O emission in river
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Fig. 4. Relative abundance of (a) energy metabolism functions; (b) genes relevant to nitrogen metabolism predicted by PICRUSt. PICRUSt predicted function data are based on KOs with
only genes classified in “metabolism”. For each function, samples were rarefied by random subsampling to 112,902 reads per sample for comparison, then the samples in experimental
group was standardized with AgNP-free groups as the standard (set as unit 1). The asterisk represents p b 0.01, the double-asterisk represents p b 0.001.
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The activities of nitrogen functional genes were further explored, as
shown in Fig. 4b. There were no remarkable changes in the ammonia
monooxygenase genes (amoA/amoB/amoC) upon the exposure to
ecAgNPs and Fe(III) (p N 0.05, Fig. 4b), but the abundance of the hao
gene encoding hydroxylamine oxidoreductase (Cui et al., 2018) was
slightly up-regulated (p b 0.05). Zheng et al. (2017) suggested that a
low concentration of Ag(I) might affect the expression of the hao
gene. Ag(I) released from the redox reaction between Fe(III) and
AgNPs might explain the enhanced abundance of the hao gene (Yin
et al., 2017; Yu et al., 2014). Up-regulated expression of hao might en-
hance the oxidation of hydroxylamine to nitrite and decrease the
amount of N2O formed by hydroxylamine (Harter et al., 2014).

Compared to the mild response of nitrifying genes, denitrifying
genes (narG, napA, nirK/nirS, nosZ, norB) showedmore intense response
to the presence of AgNPs and Fe(III) (Fig. 4b). The abundances of
denitrifying genes increased by approximately 33.3% in 10 mg/g Fe
(III)-ecAgNPs treatments compared to the one with ecAgNPs and
1mg/g Fe(III). Both Fe(III) and AgNPs can promote denitrification by al-
tering the expression of denitrifying genes (Cui et al., 2018). As an im-
portant intermediate of denitrification, N2O is usually produced in
greater amount (103–106) during denitrification process than those
produced by nitrification (Harter et al., 2014). Thus, it may bemore rea-
sonable to explore N2O emission due to denitrification after the expo-
sure to AgNPs and Fe(III).
Please cite this article as: Y. Li, R. Zhao, L.Wang, et al., Silver nanoparticles a
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3.4. N2O emission in sediments after exposure to AgNPs and Fe(III)

Fig. 5 shows that the stress fromAgNPs exposure resulted in changes
in the emission of N2O. The dose-response relationships betweenAgNPs
concentration and N2O emission revealed low-dose stimulation and
high-dose inhibition, which are consistent with previous observations
(Stebbing, 1982; Zheng et al., 2017). Exposure to 10 mg/g Fe(III)-
ecAgNPs resulted in an increased emission of N2O, while the expo-
sure of sediments containing 10 mg/g Fe(III) to hcAgNPs led to the
decrease of N2O emission by 76–91% (p b 0.001; Fig. 5). The higher
toxicity of hcAgNP mediated by nanoparticle properties would de-
crease the emission of N2O (Tlili et al., 2017). The stimulation of
N2O emission in the ecAgNPs treatment suggests a contrast stress re-
sponse (Deng et al., 2017). EcAgNPs may impair cell metabolism,
resulting in the stimulation of microbial resistance mechanisms
(Jiao et al., 2014).

Another important observation is the Fe(III) concentration-
dependent response of N2O emission to Fe(III)-AgNPs (Fig. 5). In sedi-
ments contaminated by ecAgNPs, 10 mg/g Fe(III) stimulated N2O emis-
sion by 83% compared to the dose of 1 mg/g Fe(III) (p b 0.001). N2O
emission was inhibited after exposure to 1 mg/g Fe(III)-hcAgNPs, how-
ever, this effect entirely disappeared when 10 mg/g Fe(III)-hcAgNPs
were applied. Our results suggested that a high environmental concen-
tration of Fe(III) (10mg/g) exhibited a greater accelerative effect onN2O
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Fig. 5. N2O emission after exposure to different experimental conditions during 5 days
incubation. The values for each sample are presented as averages with standard
deviations (n = 3). The different letters shown above the error bars represent
significant differences (p b 0.001).
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emission than the lower environmental concentration (1 mg/g) in sed-
iments contaminated by AgNPs.

Studies revealed that Fe(III) could act as an redox mediator to facil-
itate the electron transfer in nitrogen transformation processes and en-
hance the emission of N2O (Huang et al., 2009; Su et al., 2019). As an
electron acceptor, Fe(III) can accelerate the nitrification process and re-
sult in the accumulation of nitrite, which would benefit the denitrifica-
tion process (Kampschreur et al., 2011). Moreover, high concentration
Fe(III) might inhibit the reduction of N2O by competing with N2O on
elections, and finally result in the accumulation of N2O (Sabba et al.,
2017). However, itmust be noted that the presence of Fe(III) at environ-
mental concentrations did not directly affect N2O production in our
study (Fig. 5), because the level of nitrogen compounds in sediments
was not sufficiently high to generate N2O upon chemical reaction with
Fe(III) (Wang et al., 2016). When both AgNPs and relatively high
Fig. 6. Abundances of (a) nirK, (b) nirS, and (c) nosZ in sediments after exposing to different tr
deviations (n = 3). Correlation analysis between N2O emission rate and the abundance of (d
different letters shown above the error bars represent significant differences (p b 0.001).
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environmental concentration Fe(III) are present together, they can
drive the emission of N2O. Liu et al. (2018) suggest that a relatively
low concentration Ag(I) could effectively increase microbial viability
and cell metabolism through the hormesis effect of biphasic doses
which exhibit a stimulatory effect at low dose and an inhibitory or
toxic effect at high dose. Low doses could stimulate denitrifying cell
growth due to the immunity of some denitrifies and accelerate the
emission of N2O (VandeVoort et al., 2014). The presence of the higher
concentration Fe(III) (10 mg/g) could easily oxidize AgNPs to release
more Ag(I) (Yin et al., 2017; Yu et al., 2014), and further alter the abun-
dances of denitrification genes to modulate the emission of N2O (Liu
et al., 2018).

3.5. Denitrification genes in response to the exposure of AgNPs and Fe(III)

In the denitrification process, N2O production can be regulated by
nirK and nirS genes, and N2O reduction can be regulated by nosZ genes
(Zhu-Barker et al., 2015). The abundances of nirK, nirS and nosZ genes
may explain the mechanism driving the emission of N2O. The abun-
dances of nirK, nirS, and nosZ exhibited different sensitivities to the co-
existence of AgNPs and Fe(III). Statistical analysis revealed a positive
correlation between gene abundances andN2O emission,with R2 values
of 0.9030, 0.7551, and 0.8374 for nirK, nirS, and nosZ, respectively. This
implied that nirK is more sensitive to AgNPs and Fe(III) than nirS and
nosZ (Fig. 6). The nirK, nirS, and nosZ genes encode structurally different
periplasmic enzymes, whichmay contribute to their different responses
to AgNPs (Kim et al., 2016; Liu et al., 2018). It can be concluded that, the
changes of N2O emission in response to AgNPs and Fe(III) exposure
might be explained more accurately by changes in the abundance of
nirK.

Fe(III) concentration significantly affected the AgNP-driven changes
in gene abundances, especially for ecAgNP. The abundances of the
tested genes remained constant in the presence of 1 mg/g Fe(III)-
ecAgNP (p N 0.05), consistent with the insignificant amount of fluctua-
tion of N2O emissions in this condition. However, after exposure to
10 mg/g Fe(III)-ecAgNP, the abundance of nirK gene significantly in-
creased (p b 0.05) and that of nirS and nosZ remained unchanged
(p N 0.05). The reduction of N2O to N2 is the final step of denitrification,
eatment conditions. The values for each sample are presented as averages with standard
) nirK, (e) nirS, (f) nosZ in sediments after exposure to different treatment groups. The
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and is regulated by the product of the nosZ gene (Harter et al., 2014).
The different responses of nirK and nosZ gene to 10 mg/g Fe(III)-
ecAgNPs might stimulate the accumulation of N2O. Although both nirK
and nirS genes control nitrite reduction (Liu et al., 2018), they exhibited
different sensitivities to the presence of 10 mg/g Fe(III)-ecAgNPs. Our
genes data consistently indicated that nirK gene was more sensitive
and played a more vital role in N2O emission than nirS and nosZ genes.
Thus, we concluded that 10 mg/g Fe(III)-ecAgNP could stimulate the
emission of N2O by increasing the abundance of nirK gene.

Consequently, our study provided convincing evidences that the re-
sponses of N2O emission to the co-existence of AgNPs and Fe(III) were
based on the concentrations of both AgNPs and Fe(III). In sediments
containing relatively low concentration Fe(III) (1 mg/g), ecAgNPs had
no obvious impacts on N2O emission, but an inhibition of N2O emission
occurred after exposing to hcAgNPs. In sediments containing relatively
high concentration Fe(III) (10 mg/g), ecAgNPs greatly stimulated the
emission of N2O, but this effect entirely disappeared when hcAgNPs oc-
curred. Totally, these results imply a significant risk that the ecAgNPs
contamination would greatly enhance N2O emission from river sedi-
ments containing relatively high concentration Fe(III).

4. Conclusion

Overall, our research emphasizes the microbial sensitivities to the
exposure of Fe(III) andAgNPs in river sediments,with changes inmicro-
bial community compositions and nitrogen transformation functions.
Microbial community compositions in sediments exhibited changes in
response to the co-existence of Fe(III) and AgNPs, and the stress reac-
tion was significantly driven by the concentration of Fe(III). Compared
to other cases, the co-existence of relatively high environmental con-
centration of Fe(III) (10 mg/g) and ecAgNPs greatest stimulated the
emission of N2O, which could be explained by changes in nirK abun-
dance. This research on the recreating field concentrations of AgNPs
and Fe(III) implied their significant risks to microbial communities
and the emission of greenhouse gases in river sediments.
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