Featuring work from Prof. Yi Yang at State Key Laboratory of
Estuarine and Coastal Research, East China Normal University,
China. Prof Yang's group is working on nanopatrticles in the
environment: identification, behavior and environmental risk.

Impact of ZnO nanoparticles on the antibiotic resistance genes
(ARGs) in estuarine water: ARG variations and their association
with the microbial community

The occurrence of nanoparticles (NPs) in the environment may
alter the behavior of antibiotic resistance genes (ARGs). It is for
the first time reported that ZnO NPs as a selective pressure can
significantly induce the enrichment and dissemination of ARGs
in estuarine water, at environmentally relevant/low ZnO NP
concentrations. The bacterial community was considered as the
main driver for the changes in ARGs, followed by mobile genetic
elements (MGEs) and dissolved Zn.
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Environmental significance

Impact of ZnO nanoparticles on the antibiotic
resistance genes (ARGs) in estuarine water: ARG
variations and their association with the microbial
communityt

Yu-ru Chen,? Xing-pan Guo,? Jing-nan Feng,? Da-pei Lu,® Zuo-shun Niu,?
Fei-yun Tou,? Li-jun Hou,? Min Liu®® and Yi Yang @ *3°

Nanoparticles (NPs) promote the horizontal gene transfer (HGT) of plasmid-borne antibiotic resistance
genes (ARGs) in pure bacterial culture, but the impact of NPs on ARG dissemination in the natural environ-
ment remains unknown. This study focused on the impact of ZnO NPs on the variation in ARGs and the as-
sociation among ARGs, mobile genetic elements (MGEs) and microbial communities in an estuarine aquatic
environment by taking the Yangtze Estuary as a representative area. The present study showed that the
abundances of total ARGs increased after exposure to ZnO NPs, particularly at low doses (0.2 and 1 mg LY.
Relatively low and environmentally relevant concentrations of ZnO NPs likely induced the selection of sull,
tetA, ermB and gnrS, whereas a high concentration (10 mg L™ of ZnO NPs was more selective for sul2 and
tetW. After normalization of the abundances of ARGs exposed to NPs to those of the corresponding blanks,
the ARGs in the DH samples with relatively high salinity and relatively low NP doses showed the highest nor-
malized values by the end of the exposure period, which indicated the high dissemination potential of ARGs
in relatively brackish water. A significant positive correlation was found between ARGs and MGEs (Tn916/
1545 and intll), which indicated the high potential of ARG dissemination via HGT in estuarine waters after
exposure to ZnO NPs. The response of the microbial community to ZnO exposure was dose- and time-
dependent at both the phylum and genus levels. Although the absolute abundance of microbes showed a
decreasing trend after exposure to ZnO NPs, the absolute abundance values normalized to the correspond-
ing blanks generally showed a trend consisting of an initial inhibition followed by a rebound. A redundancy
analysis showed that the microbial community contributed more to the variation in ARGs in estuarine waters
after exposure to ZnO NPs than MGEs and dissolved Zn®*. A network analysis evaluated the possible host
bacteria for the detected ARGs, and the results revealed that some of these bacteria were associated with
multiple ARGs and might pose a high risk for the dissemination of ARGs in estuarine environments.

Up to now, knowledge of how NPs, including ZnO NPs, impact ARG profiles and their association with the microbial community in natural aquatic
environments, especially in estuarine and coastal areas, is very limited. This study has, for the first time, reported that ZnO NPs as a selective pressure can
significantly induce the enrichment and dissemination of ARGs in estuarine water, and this is especially true at environmentally relevant/low ZnO NP
concentrations. The bacterial community was considered as the main driver for the changes in ARGs, followed by MGEs and dissolved Zn.
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1. Introduction

Engineered nanoparticles (ENPs) have been manufactured for
and used in a wide range of products (e.g., cosmetics, paint,
medicine, and textiles) and industrial processes (e.g., agricul-
ture, energy, and electronics) that take advantage of their
novel properties, and inevitably, these nanoparticles have
been discharged into the natural environment." In particular,

t Electronic supplementary information (ESI) available: Additional explanations,
tables, and figures. See DOI: 10.1039/c9en00338;j
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zinc oxide (ZnO) NPs are produced at a quantity of 550 t per
year globally and thus rank third among metal NPs in terms
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of production.? It has been estimated that the concentrations
of ZnO NPs in European natural surface water and treated
wastewater are 0.01 and 0.43 mg L™, respectively.® Given the
notable increases in the production and application of ZnO
NPs, the potential ecological risks of their release into the en-
vironment and the subsequent impacts on human health
have been explored.*™®

Antibiotic resistance has been encountered in the human
body, particularly with respect to bacterial pathogens, and
has become a great public health concern worldwide.”® Al-
though antibiotic resistance genes (ARGs) have existed along
with natural antibiotics for billions of years, the overuse and
abuse of antibiotics have resulted in environmental exposure
to antibiotics and contributed to the selection of resistant
strains and an increase in resistome elements.’ The aquatic
environment is an ideal pool for various contaminants, in-
cluding antibiotics and ARGs.' Antibiotic-resistant bacteria
(ARB) and ARGs accompanied by various pollutants from res-
idential areas, industries, hospitals and livestock facilities
can be discharged into rivers and streams and eventually ac-
cumulate in estuaries and coastal environments."" Through
directional water transport, environmental contamination
with antibiotics might exert pressure on the selection of in-
herent microbial communities that are capable of
maintaining and spreading ARGs in the environment.”'*> The
dissemination of ARGs might occur in multiple ways in
microbial communities; for example, (1) ARGs can be passed
to the offspring of bacteria through self-replication,” (2)
ARGs can be transferred to other bacterial species via hori-
zontal gene transfer (HGT) (transduction or conjugation),'*
and (3) free ARGs can be acquired by competent bacteria via
natural transformation."?

Recent studies, although limited, have found that NPs can
promote the transfer of ARGs. For example, E. coli treated
with alumina NPs (10.9 + 3.5 nm) appear to more easily ob-
tain exogenous genes.'>'® It has been suggested that tita-
nium dioxide (TiO,) NPs (=21 nm) promotes the horizontal
transfer of the plasmid RP4,"” and ZnO NPs (50 + 10 nm) sig-
nificantly increase the conjugative frequency of the antibiotic
resistance plasmid RP4.'® Notably, most of the relevant stud-
ies have focused on pure cultures of model bacteria, which
do not represent the microbial community in the natural en-
vironment. Moreover, the impact of NPs on ARGs has mostly
been studied in wastewater treatment plants (WWTPs), which
are a quasi-natural environment. For example, Ag NPs stimu-
late a shift in the ARG profiles during wastewater treat-
ment,'® Au NPs with different morphologies impose a strong
force in shaping the ARG profile in an activated sludge se-
quencing batch reactor,”® and the bacterial community might
be a major contributor to the variation in ARGs during sludge
composting.”!

Coastal marine environments and estuarine ecosystems in
particular have important ecological service functions and re-
ceive large amounts of pollutant inputs from land-based
sources via river runoff and sewage outfalls. Previous studies
have frequently detected ARGs and found that these are ubig-
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uitous in estuarine and coastal aquatic environments.?>?* Al-
though the concentration of ZnO NPs in the estuarine envi-
ronment is currently unknown, it reaches 0.3 mg L' in
WWTP effluents, and the concentration of ZnO NPs inevita-
bly increases in the estuarine environment.”* We hypothe-
sized that ZnO NPs might place selective pressure and thus
have a significant impact on ARG profiles and the inherent
microbial community in the estuarine aquatic environment.
However, the current knowledge on how NPs, including ZnO
NPs, impact ARG profiles and their association with the
microbial community in natural aquatic environments, par-
ticularly estuarine and coastal areas, is very limited.

In the present study, the Yangtze Estuary, which is located
where the Yangtze River flows into the East China Sea past
the city of Shanghai, one of the largest cities in the world,
with a population of more than 24 million people, was taken
as the representative study area. This vitally important estu-
ary is severely influenced by anthropogenic activities, and
pollutants, including polycyclic aromatic hydrocarbons
(PAHs),> antibiotics,>® and ARGs,”® have been detected and
pose significant environmental risk to this coastal ecosystem.
The overall goals of the present study were to study the im-
pact of ZnO NPs on the variations in ARG profiles in the estu-
arine aquatic environment and to determine the mechanisms
underlying the selection of ARGs associated with mobile ge-
netic elements (MGEs) and microbial community variations
during NP exposure. The shifts in the ARG profile and the
microbial community were revealed through quantitative
PCR (qPCR) and Illumina MiSeq sequencing of the 16S rRNA
gene. The specific objectives of this study were (1) to explore
the impact of different doses of ZnO NPs on variations in the
target ARGs, MGEs and metal resistance genes (MRGs) dur-
ing a 24 h exposure time; (2) to characterize the variations in
the composition of the microbial community at the phylum
and genus levels in response to exposures to different con-
centrations of ZnO NPs for different times; and (3) to investi-
gate the roles of the microbial community and MGEs in the
propagation of ARGs under the selection of ZnO NPs.

2. Materials and methods
Estuarine water sample collection and analysis

In July 2017, water samples were collected along the Yangtze
Estuary at three sampling sites with a salinity gradient (Fig.
S17): Shidongkou (SDK, close to a sewage outfall of a WWTP
into the  Yangtze River, salinity of 0.15%),
Chaoyangnongchang (CY, tidal flat with a salinity of 1.44%)
and Donghainongchang (DH, tidal flat with a salinity of
3.38%). All the samples were collected into glass barrels that
were sequentially cleaned with tap water, filtration-sterilized
ultrapure water and acetone and immediately transported to
the laboratory. To characterize the water samples, the salin-
ity, conductivity, pH, dissolve oxide (DO), and oxidation-re-
duction potential (ORD) were measured in situ using a porta-
ble water quality analyzer (HQ 40d, HACH, USA), and the
dissolved organic carbon (DOC) was determined using a total

This journal is © The Royal Society of Chemistry 2019
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organic carbon automatic analyzer (SSM-5000A, Shimadzu,
Japan). All these parameters are provided in Table S1.}

Characterization of ZnO NPs

Commercial ZnO NPs (99.9%, 60 nm, white powder) with no
surface coating were purchased from Shanghai Chaowei
Nanotechnology Co., Ltd. (Shanghai, China), and their mor-
phology, grain size and element composition were investi-
gated using a transmission electron microscope (TEM, JEM-
2100F, JEOL, Japan) (Fig. S21). Stock solutions (1000 mg L™*
in filtration-sterilized ultrapure water) were prepared and ul-
trasonically dispersed (100 W, 40 kHz) for 30 min before use.

Experimental setup

Once transported to the laboratory, the raw water samples
were treated with ZnO NPs immediately to determine the re-
sponse of the natural microbial community. The ZnO NP
stock solution was added to a 1 L water sample in a conical
flask to a final concentration of 0, 0.2, 1 and 10 mg L™". All
the samples were maintained at 150 rpm and 25 °C under a
12 h light/12 h dark cycle. Based on the results of a related
preliminary experiment (Fig. S31), which showed the appear-
ance of a significant time-dependent variation in the bacte-
rial profile within 24 h, the impacts of ZnO on variations in
ARGs and the microbial community were thus studied over a
24 h period, and samples were collected at 0, 3, 6, 12 and 24
h. Once collected, the samples were vacuum filtered through
a 0.22 pm filter membrane (cellulose ester, SCBB-207, ANPEL,
Shanghai, China) for the immediate collection of microbial
cells. Moreover, the dissolved Zn** released from ZnO NPs
was measured according to the method described by Guo
et al.> Briefly, after filtration through a 0.45 pm syringe filter
(polyethersulfone, SCAA-102, ANPEL, Shanghai, China), the
water samples with 2% HNO; were analyzed using an induc-
tively coupled plasma-mass spectrometer (ICP-MS, Perkin-
Elmer, NexION 350D, USA). To better mimic the environmen-
tal conditions and to eliminate artificial disturbances, we did
not add any nutrients to the samples during the experiments.
In addition, three replicates were set up for each treatment
in all the experiments.

DNA extraction and Illumina MiSeq sequencing

The microorganisms retained on the membrane were
subjected to DNA extraction, and the total genomic DNA of
the samples was extracted using an OMEGA Mag-Bing Soil
DNA Kit (Omega Bio-Tek, Norcross, GA, USA) following the
manufacturer's recommended protocol. The V4-V5 region of
the 16S rRNA gene was amplified to evaluate the overall di-
versity of the samples, and the details are presented in the
SI. The purified amplicons were sequenced on an Illumina
MiSeq platform at Personal Biotechnology Co., Ltd. (Shang-
hai, China), and the sequence data were mainly analyzed
using QIIME software (v1.8.0).>° After chimera detection, the
remaining high-quality sequences were clustered into opera-
tional taxonomic units (OTUs) at 97% sequence identity

This journal is © The Royal Society of Chemistry 2019
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using UCLUST,”” and OTUs containing less than 0.001% of
the total sequences (the sum of the valid sequences of all the
samples included in this study) were discarded.

Quantitative PCR (qPCR)

According to our previous study, 22 ARGs have been detected
in water samples collected from the Yangtze Estuary (detailed
in the ESIt), and these ARGs correspond to five antibiotic
classes.>® Only six among the 22 ARGs (sull, sul2, tetA, tetW,
ermB and gnrS), which represent four antibiotic classes, were
abundant in the three estuarine water samples. Therefore,
these six genes were selected for further study of the impact
of NPs on the variations in ARGs in estuarine water samples
collected from the same study area. These six ARGs together
with two MGEs (Tn916/1545 and intI1) and two MRGs (zntA
and zntB) were subsequently quantified by qPCR using an
ABI real-time PCR system 7500 (ABI, USA). The primers and
annealing temperatures (Tables S2t) used in the PCR and
qPCR analyses and the corresponding amplification efficien-
cies (Tables S31) are summarized in the ESLj Furthermore,
the procedures used for PCR and qPCR amplification and
copy number calculation are detailed in the ESL} The abso-
lute abundances were calculated as absolute copies per milli-
liter, and the absolute abundances normalized to the corre-
sponding 16S rRNA gene copies are regarded as relative
abundances. All the samples were analyzed in triplicate.

Data analysis

Principal component analysis (PCA) and redundancy discrim-
inant analysis (RDA) were conducted using the R base pack-
ages. The significance of the differences in the microbiota
structure among groups was assessed by PERMANOVA (per-
mutational multivariate analysis of variance)*® and ANOSIM
(analysis of similarities)*>*° using the R package “vegan”. A
network analysis based on a Spearman correlation analysis
between ARGs and the microbial community (based on
OTUs) as well as MRGs and MGEs was performed using
Gephi. Comparisons of gene abundances at different sam-
pling points were performed by one-way analysis of variance
(ANOVA) followed by a least significant difference (LSD) test
using SPSS 19.0 software (SPSS; Chicago, IL, USA). Differ-
ences were considered significant at P < 0.05, and
Spearman's correlation coefficients were also calculated using
SPSS 19.0.

3. Results and discussion

3.1 Response of ARGs, MGEs and MRGs to ZnO NPs in
estuarine water

ARGs are ubiquitous in the Yangtze Estuarine aquatic system,
and six ARGs (sull, sul2, tetA, tetW, gnrS, and ermB) have
been frequently detected at abundant levels.>®> Therefore, in
the present study, these six ARGs were selected for investigat-
ing the impact of ZnO NPs on the variations in the ARG pro-
file in estuarine water. The analysis of the original water
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samples revealed that the absolute abundances of these six
ARGs and 16S rRNA in the SDK samples were significantly
higher than those in the CY and DH samples (Fig. S4,f P <
0.05), and this difference could be attributed to the influence
of sewage outfall near the SDK site.*" In particular, the abso-
lute abundance of sulfonamide resistance genes was higher
than that of the other three ARGs in the original water sam-
ples, and this difference might be attributed to the fact that
sulfonamides are one of the most commonly wused
antibiotics.**

Response of total ARGs to ZnO NPs in estuarine water. A
significant dose-response for both the absolute and the rela-
tive abundances of total ARGs was found after natural estua-
rine water was dosed with different concentrations of ZnO
NPs, and this finding was particularly observed with the
treatments with relatively low concentrations (0.2 and 1 mg
L™") of ZnO NPs (Fig. 1). The absolute abundances of total
ARGs in the three water samples dosed with 0.2 and 1 mg L™
ZnO NPs were 4-63- and 2-77-fold higher than those in the
corresponding blanks, respectively. In addition, the relative
abundances of total ARGs in all the water samples treated
with 0.2 and 1 mg L' ZnO NPs were 23-70- and 24-185-fold
higher than those of the blank samples, respectively. How-
ever, the dose-response of the biomass, as indicated by the
numbers of 16S rRNA gene copies, was generally not signifi-
cant in the estuarine water samples dosed with 0.2 and 1 mg
L™ ZnO NPs (Fig. S51). The decrease in the biomass in the

Absolute gene copies

(copies/mL)
1E+7
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water samples dosed with a relatively high concentration of
ZnO NPs (10 mg L") showed significant cytotoxicity, and this
finding was observed in all the samples except the SDK sam-
ples. In contrast, in the SDK samples, cytotoxicity was evident
at lower NP doses (0.2 and 1 mg L"), which indicated high
acute cytotoxicity in the SDK samples after exposure to ZnO
NPs. This finding is consistent with previous results, which
indicated that 3 h can be used for observations of acute toxic-
ity, and the LC50 values of the ZnO NPs in the SDK, CY and
DH water samples were 0.66, 1.27 and 3.66 mg L™, respec-
tively.*® Interestingly, although the absolute abundance of to-
tal ARGs after exposure to 10 mg L' ZnO NPs did not show a
significant difference compared with that in the blanks, their
relative abundances were 4-20-fold higher than those of the
corresponding blanks at each exposure time. The elevated rel-
ative abundance of total ARGs in the water samples after ex-
posure to ZnO NPs suggested that ARGs could be enriched in
certain microbes, even though the biomass could be reduced
by ZnO NP-induced stress, which indicated that the dissemi-
nation risk of ARGs in microbes was enhanced in estuarine
waters exposed to ZnO NPs.

Interestingly, the dose-response of ARGs was significant,
particularly within 3 h of exposure, and this finding might be
related to the hormetic response of microbes within 3 h of ex-
posure to ZnO NPs. Similarly, a previous study revealed that
weathered quantum dots significantly induce a multidrug re-
sistance gene, marC (3.6-fold), in Pseudomonas aeruginosa
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Fig. 1 Variations in the absolute gene copies and relative abundances of six detected ARGs (sum of sull, sul2, tetA, tetW, ermB and gnrS) in
different treatments during ZnO NPs exposure in SDK, CY and DH samples, respectively.
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strain PAO1 within 4 h.** In addition, five (sul1, sul2,* tetA,*®
ermB,”” and qnrS*®) of the six detected ARGs are known to be
plasmid-borne, and tetW might be located on either a plas-
mid or the chromosome.*® Heavy metals reportedly drive the
coselection of antibiotic resistance,*® and plasmid DNA can
transiently replicate within 1 h.** Thus, plasmid replication
driven by ZnO NP-induced stress could also explain the sig-
nificant increase in ARGs, regardless of the variation in bacte-
rial abundance.

The time-dependent variation in both the absolute and
relative abundances of total ARGs fluctuated over the 24 h pe-
riod; however, ARGs showed a decreasing trend, particularly
after 3 h, in the blank samples, which could be attributed to
a decrease in biomass (16S rRNA gene copies). To reduce the
influence of microbe self-variations over time, the relative
abundance of total ARGs after exposure to ZnO for different
times was normalized to the corresponding blanks (Fig. S6t).
All the normalized values (NVs) were greater than 1, which in-
dicated the enrichment of ARGs and their potentially en-
hanced dissemination in microbes after exposure to ZnO
NPs. In addition, the NVs of ARGs showed trend consisting
of an initial decrease followed by an increase in the SDK and
CY samples, whereas the NVs showed an increasing trend in
the DH samples exposed to 0.2 and 1 mg L™ ZnO NPs, which
indicated that microbes in estuarine water with relatively
high salinity might be more readily enriched with ARGs than
those in fresh water after exposure to ZnO NPs at environ-
mentally relevant concentrations. Moreover, the abundances
of ARGs in the DH samples treated with 1 mg L™ ZnO NPs
were significantly higher than those found after treatment
with 0.2 mg L™ ZnO NPs. As shown in Fig. S7,i the absolute
values of the zeta potential decreased with increases in salin-
ity. In addition, larger ZnO NP aggregates with lower surface
charges formed the water samples with higher salinity, which
could reduce the ZnO-cell interactions. However, we found
that the ARGs in DH samples, which had a higher salinity,

SDK CY
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exhibited a more increasing trend, which could be attributed
to the effect of salt. Similarly, previous studies reported that
increased salinity levels could increase the antibiotic resis-
tance of bacteria,*>** and this finding could be attributed to
the salt-mediated activation of the multiple antibiotic resis-
tance (Mar) operon, which is known to regulate the expres-
sion of a large number of genes (e.g., arcAB efflux pump).**

Response of individual ARGs in estuarine water to ZnO
NPs. To further explore the results, the responses of individ-
ual ARGs to exposure to different concentrations of ZnO NPs
were analyzed (Fig. 2). Significant dose-responses were found
for each ARG after treatment with 0.2, 1 and 10 mg L™ ZnO
NPs, and two dose-responses were generally observed, and
these are denoted type A and type B. In the type A dose-re-
sponse, the relative abundances of various ARGs, including
sull, tetA, ermB and gnrS, in all three water samples dosed
with relatively low concentrations (0.2 and 1 mg L™) of ZnO
NPs were significantly higher than those in the correspond-
ing blanks, which was similar to the results found for the to-
tal ARGs. For example, the relative abundance of su/1, which
was the most dominant ARGs, in the three water samples af-
ter exposure to 0.2 and 1 mg L™ ZnO NPs was 18-103- and
25-461-fold higher, respectively, than those in the corre-
sponding blanks, and these levels were significantly higher
than those obtained after treatment with 10 mg L™ ZnO NPs.
In the type B dose-response, the abundance of ARGs, includ-
ing sul2 and tetW, in all water samples dosed with relatively
high concentrations (10 mg L") of ZnO NPs was significantly
higher than those in the corresponding blanks. For example,
the abundance of sul2 was higher (3-15-fold higher than that
in the corresponding blanks) in the samples treated with 10
mg L™ ZnO NPs than in those treated with 0.2 and 1 mg L™
ZnO NPs.

It has been reported that heavy metals can induce antibi-
otic resistance among various microbial species,*” and a pre-
vious study confirmed that zinc ions at concentrations
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Fig. 2 Heatmap comparisons of the relative abundances of the 10 target genes (values were log,-transformed) in SDK, CY and DH samples. The

redder, the higher the values, and the bluer, the lower the values.
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ranging from 10.4 to 81.2 mg L' can induce tetracycline re-
sistance in the bacterial strain LSJC7.*® Notably, the results
obtained in our studies suggested that relatively low and en-
vironmentally relevant ZnO NP levels (0.2 and 1 mg L") in es-
tuarine waters might be sufficient to induce bacterial ARGs,
including sul1, tetA, ermB and gnrS. Moreover, the concentra-
tion of dissolved Zn>" in the three estuarine waters tested in
this study ranged from 0.07 to 2.6 mg L™* (Fig. S81), and
these concentrations are notably lower than the concentra-
tion of Zn ions that induce LSJC7 resistance.’® This finding
might be related to the joint ecotoxicity induced by multiple
pollutants in natural estuarine waters,>® which could explain
the induction of ARGs observed in our study. Additionally,
the previous studies that found that Zn can promote antibi-
otic resistance were conducted using a single bacterial strain
in culture medium with relatively high concentrations of
ZnS0,-7H,0.*”*® Thus, these experimental parameters cannot
be directly compared to those in the present study, which in-
vestigated the ARG variations in natural waters with lower nu-
trient levels, multiple contaminants and complex bacterial
communities. Furthermore, the present study found signifi-
cant positive correlations among the sul2 and tetW abun-
dances and the Zn>' concentrations in all three samples
(Table 1). In addition, sul2 and tetW showed elevated abun-
dances after exposure to relatively high concentrations of
ZnO NPs, which suggested that the dissolved Zn>* from ZnO
NPs might be responsible for the increase in these two ARGs
during exposure to ZnO NPs. Thus, the related antibiotic re-
sistances could be induced by ZnO NPs through two possible
mechanisms: (1) the dissolved Zn>" can enhance the enrich-
ment and growth of inherent ARBs in estuarine waters and
(2) the ARGs in bacteria could be induced by dissolved Zn>**
in the aquatic environment.

The time-dependent variations in the abundance of indi-
vidual ARG fluctuated over the 24 h exposure period in all of
the samples with the exception of the DH samples, in which
the ARGs showed an increasing trend during exposure to
ZnO NPs, particularly over the first 3 h. The NVs of the indi-
vidual ARGs fluctuated during the exposure period (Table
S4+); for example, sull showed a trend consisting of an initial
increase followed by a decrease in the three water samples
during exposure to 0.2 mg L' ZnO NPs and a trend
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consisting of an initial decrease followed by recovery in the
SDK and CY samples exposed to 1 and 10 mg L™" ZnO NPs.
The NVs of tetA and tetW showed an increasing trend only in
the DH samples. Moreover, the highest NVs of sul1, sul2 and
tetA were observed in the DH samples after 24 h of exposure
to ZnO NPs, particularly at the relatively low concentrations
(0.2 and 1 mg L™), which implied the enrichment and high
disseminating potential of these ARGs in brackish water com-
pared with fresh waters (SDK and CY waters with salinity
levels of 0.15 and 1.44%). It has been reported that a rela-
tively low salinity (approximately 5%) could induce typical
ARGs (encoding efflux pump genes) and enhance the HGT of
ARGs (by intI1) in bioelectrochemical systems.*’ The salinity
of the DH samples (3.38%) might be one of the dominant
factors controlling the enrichment of ARGs, particularly dur-
ing exposure to environmentally relevant concentrations of
ZnO NPs.

Response of MGEs and MRGs to ZnO NPs in estuarine wa-
ter. Microbes can obtain ARGs via the HGT of MGEs to ac-
quire resistance,”® and thus, two MGEs (intI1 and Tn916/
1545) were analyzed in this study. As shown in Fig. 2, intI1
showed a dose-response to ZnO NPs that was similar to that
found for type A dose-response of ARGs, whereas the dose-
response of Tn916/1545 was similar to the type B dose-re-
sponse of ARGs. Notably, in all the samples, the abundances
of intI1 and Tn916/1545 in all ZnO NP-treated groups were
higher than those of the corresponding blanks at all tested
exposure time, which indicated that the addition of ZnO NPs
might be conducive to the enrichment of MGEs. The correla-
tion coefficients between ARGs and MGEs are shown in
Table 1. Significant positive correlations (P < 0.01) were
found between intI1 and various ARGs, including sull, tetA,
ermB and qnrS, in all three samples, which suggested that
intI1 might impact the dissemination of these four ARGs.
This finding was consistent with those obtained in previous
studies, which found that intI1 is related to several ARGs.>*"*
Therefore, intIl is likely an indicator of the acquisition and
spread of these four ARGs in bacteria in estuarine waters ex-
posed to relatively low concentrations (0.2 and 1 mg L") of
ZnO NPs. In addition, Tn916/1545, which represents the com-
mon conjugative transposon, exhibited a significant correla-
tion with the two other ARGs (sul2 and tetW) (P < 0.01), and

Table 1 Correlation coefficients among ARGs (gene copies/16S rRNA copies), MGEs (gene copies/16S rRNA copies) and dissolved Zn?* (mg L™ in SDK,

CY and DH samples, respectively

SDK CY DH

intll Tn916/1545 Zn** intll Tn916/1545 Zn** intll Tn916/1545 Zn**
sull 0.858° 0.279 0.324 0.814° -0.287 0.047 0.944° 0.272 0.413
sul2 0.265 0.772° 0.6257 0.252 0.797° 0.500° 0.502¢ 0.770? 0.7367
tetA 0.966° 0.252 0.468 0.877° 0.341 0.363 0.787° 0.402 0.330
tetW 0.348 0.806” 0.843% 0.267 0.8317 0.684° 0.037 0.890” 0.771%
ermB 0.880° 0.304 0.395 0.620° 0.270 0.221 0.669” 0.498% 0.562¢
qnrs 0.8757 0.230 0.301 0.895° 0.115 0.326 0.843% 0.404 0.426
ZntA 0.8247 0.473 0.588¢ 0.081 0.206 0.588¢ 0.206 0.865” 0.9117
ZntB 0.718° 0.346 0.385 0.100 0.387 0.654° 0.233 0.799” 0.853%

“ Significant at P < 0.05. ? Significant at P < 0.01.
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tetW has often been found to be related to the presence of
Tn916/1545.>* This finding suggested that during exposure to
a relatively high concentration (10 mg L") of ZnO NPs,
Tn916/1545 might have a significant impact on the variations
in sul2 and tetW in estuarine waters. Furthermore, as shown
in Table S5, both MGEs were positively correlated with Zn>*
(P < 0.05) in the SDK samples, whereas only Tn916/1545
showed a positive correlation with the Zn ion concentrations
in the CY (P < 0.05) and DH (P < 0.01) samples. Haritha
et al. reported that MGEs can be induced by 16.25 mg L™
Zn**,>* and this concentration is substantially higher than
the dissolved Zn>" concentrations in the three estuarine water
samples used in this study. In addition, the present study
showed that Tn916/1545 could be induced by the dissolved
Zn”* released from ZnO NPs during exposure to relatively
high doses, and consequently promoted the dissemination of
sul2 and tetW. The increased abundance of MGEs observed
after exposure to ZnO NPs together with the significant corre-
lations among ARGs, MGEs and Zn>" found in the present
study indicate the high potential of ARGs dissemination via
HGT in estuarine waters during exposure to ZnO NPs.

The presence of zinc levels that surpass the cellular de-
mand will activate the expression of the zinc efflux genes
(e.g., zntA and zntB).>" In the three water samples investi-
gated in the present study, the abundances of zntA and zntB
after treatment with ZnO NPs were higher than those in the
corresponding blanks and showed a similar dose-response to
the type B dose-response found for ARGs (Fig. 2). The NVs of
zntA showed a time-dependent trend (initial inhibition
followed by recovery) that was similar to that of the ARGs,
but the trend found for zntB consisted of an initial increase
followed by a decrease (Table S4t). Furthermore, zntA and
zntB showed significant positive correlations with Zn>*
(Table 1), which indicated that zntA and zntB were sensitive
to the Zn>" concentrations during exposure to ZnO NPs. It
has been reported that selection by zinc could lead to the
coselection of ARGs.>* The abundances of zntA and zntB were
generally positively correlated with ARGs in the three estua-
rine waters tested in the present study, particularly in the
SDK samples (Table S6t). These results confirmed that ZnO
NPs can exert selective pressures on microbes and increase
antibiotic resistance in estuarine water samples.

3.2 Different taxa-level responses of the microbial community
in estuarine water to ZnO NPs

The effect of ZnO NPs on the microbial community in estua-
rine water was analyzed through Illumina MiSeq sequencing.
Table S7+ summarizes the richness (ACE and Chao1l) and di-
versity indices (Simpson and Shannon) of the microbial com-
munity in each sample, and the results suggested that the
presence of ZnO NPs affected the microbial diversity and
richness. According to the PCA analysis, the microbial com-
munities in the three estuarine samples were scattered by ex-
posure to different ZnO NP concentrations for different times
(Fig. S91). Thus, the microbial community structure was

This journal is © The Royal Society of Chemistry 2019
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influenced by the addition of ZnO NPs, which coincided with
the results from a previous study that demonstrated that the
diversity and richness of the microbial community in an inte-
grated OCO reactor changes during exposure to ZnO NPs.>

Phylum-level variations in the microbial community in es-
tuarine water after treatment with ZnO NPs. A phylum-level
analysis identified 26, 32 and 40 phyla in the SDK, CY and
DH samples, respectively, and the dominant four phyla were
Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes,
which accounted for 82.3-99.7% of the total composition of
the microbial community in the water collected from the
Yangtze Estuary (Fig. S1071). This result was in agreement
with previous studies that found that these four phyla were
usually dominant in aquatic microbial communities.”®>®

The relative abundances of the four dominant phyla fluc-
tuated during exposure to different concentrations of ZnO
NPs (Fig. S10t). However, we considered that relative abun-
dance data cannot provide direct information on the growth
or decline in the profiles of microbes at different taxa levels
during exposure to different ZnO NP doses. Therefore, we in-
troduced the absolute abundance metric, which was calcu-
lated by multiplying the relative abundance of each microbe
with the corresponding 16S rRNA level in each treatment
sample. As shown in Fig. S10,f a significant dose-response
was found for the four dominant phyla in estuarine waters
during exposure to ZnO NPs at different concentrations. The
absolute abundance of Proteobacteria, the most dominant
phylum, generally decreased after the addition of ZnO NPs
compared with its abundance in the corresponding blanks.
In addition, the absolute abundances of Proteobacteria in the
CY and DH samples treated with a high concentration (10
mg L) of ZnO NPs were relatively low, whereas the absolute
abundance of Proteobacteria in the SDK samples after expo-
sure to this high concentrations of NPs was higher than
those found after exposure to the low concentrations (0.2 and
1 mg L") of ZnO NPs. Liu et al. also found a slight decrease
in Proteobacteria in activated sludge after exposure to high
ZnO NP concentrations (0.25-4 mg L™").>® The Firmicutes was
sensitive to ZnO NP exposure, as demonstrated by decreases
in both their absolute and relative abundances in the sam-
ples after treatment with ZnO NPs, and similar results were
observed in the gut microflora of worms (Eisenia fetida)™
and the microbial community in an OCO reactor.”>® Addition-
ally, the presence of ZnO likely causes an increase in the rela-
tive abundance of Bacteroidetes,®® and a similar result was
also observed in this study. As a known host for ARGs,*"*
Actinobacteria are likely responsible for carrying and dissemi-
nating ARGs.”"® Notably, the relative abundances of
Actinobacteria in the SDK samples after treatment with 0.2
and 1 mg L' ZnO NPs was 1.4-3.1- and 1.9-5.4-fold higher
than those of the corresponding blanks, which is in agree-
ment with the increasing trend obtained for the total ARG
abundance during exposure to relatively low ZnO NP
concentrations.

Interestingly, during the 24 h exposure period to 10 mg
L™ ZnO NPs, Proteobacteria showed a trend consisting of an
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initial inhibition followed by a rebound at 24 h, and this phe-
nomenon was particularly evident in the DH samples with
high salinity. The absolute abundance of Proteobacteria in
the DH samples during exposure to 10 mg L™ NPs decreased
sharply during the first 3 h and increased gradually through-
out the rest of the exposure period. The absolute abundance
of each phylum at each time point after each treatment was
normalized to that of the corresponding blanks to eliminate
microbe variations with exposure time. As shown in Fig.
S11,7 the NVs for all four phyla generally showed an evident
time-dependent variation, i.e., an initial inhibition followed
by a rebound, and the most significant rebound was observed
in the SDK samples after exposure to high ZnO NP doses. An
exception was found for Firmicutes in the DH samples: al-
though exposure to 0.2 mg L™ ZnO NPs resulted in the same
inhibition-rebound trend, all Firmicutes species were
inhibited by exposure to higher NP concentrations (1 and 10
mg L"), which indicated that these microbes were sensitive
to ZnO NPs in relatively brackish water.

Genus-level variations in the microbial community in estu-
arine water after treatment with ZnO NPs. The relative abun-
dances of the 50 most abundant genera in each sample
showed a significant dose-response during exposure to dif-
ferent concentrations of ZnO NPs, and the genera in the ZnO
NP-treated groups that are marked in red in Fig. S12t repre-
sent those microbes that survived after exposure to relatively
high abundances of ZnO NPs. In general, the absolute abun-
dances of most genera in the SDK, CY and DH samples
tended to decrease after treatment with different concentra-
tions of ZnO NPs compared with that found in the corre-
sponding blanks at 0 h, and this trend was more evident in
the CY and DH samples treated with 10 mg L™ ZnO NPs
(Fig. 3). This finding could be attributed to the decrease in
total biomass (16S rRNA gene copies). A Venn diagram was
drawn based on the 50 most abundant genera to determine
the similarities and differences among the three estuarine
samples. As shown in Fig. S13,f among the 50 most abundant
genera, 14 genera were found in all three samples, which
could be attributed to the ubiquitous nature of these 14 gen-
era due to interactions among these three sampling sites
caused by hydrodynamics, such as tides.*>**

Most microbes belonging to the 14 genera found in all
three samples showed a clear dose-response to ZnO NPs
(Fig. 3). For example, compared with the values at 0 h, the ab-
solute abundance of Nocardioides in the CY and DH samples
increased after the addition of low concentrations (0.2 and 1
mg L") of ZnO NPs, whereas a decreasing trend was ob-
served in the SDK samples, and these values were higher
than those obtained in the corresponding blanks. Streptomy-
ces is the largest genus belonging to Actinobacteria and is an
important antibiotic resistance genus.®> The increase in the
absolute abundances of Streptomyces in the three estuarine
waters after exposure to relatively low doses (0.2 and 1 mg
L™) of ZnO NPs compared with those in the corresponding
blanks at 0 h likely contributes to the increase in ARGs. Fur-
thermore, the absolute abundance of Microbacterium showed
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an increasing trend after exposure to elevated ZnO NP con-
centrations, which suggested that these microbes exhibit rela-
tively high resistance to ZnO NPs, and this phenomenon was
particularly true in the SDK and DH samples. The relatively
high resistance of Microbacterium to ZnO NPs might be due
to the following three facts: (1) Microbacterium species are re-
portedly capable of solubilizing Zn0,*® which could result in
reduced toxicity after direct contact with ZnO NPs; (2) Micro-
bacterium species are able to synthesize ZnO NPs®” and can
thus exhibit resistance to ZnO NP exposure by maintaining
zinc homeostasis; and (3) biosurfactants produced by Micro-
bacterium®® could protect the cells by functioning as a physi-
cal barrier and removing zinc.

As shown in Fig. S12t and 3, either the relative abundance
or the absolute abundance of the top 50 genera showed varia-
tions depending on the ZnO NP exposure time in the three
estuarine water samples. The NVs for the top 50 genera in all
the samples generally showed a time-dependent variation
(i.e., a trend consisting of an initial inhibition followed by a
rebound) that was similar to that found at the phylum level.
For example, the NVs of Nocardioides in the three estuarine
water samples showed a trend consisting of an initial inhibi-
tion followed by a rebound from 3 to 24 h after exposure to
lower doses (0.2 and 1 mg L") of ZnO NPs. These values
gradually increased during exposure to high doses of ZnO
NPs, particularly in the SDK samples, which had an NV value
up to 3.7, and this finding indicated the acclimatization of
the samples to ZnO NPs (Table S87). In general, the microbial
community in the estuarine water samples, particularly the
SDK samples, showed robust performance during exposure to
ZnO NPs. In fact, 17, 23 and 33 out of 50 genera with NVs >
1 were found in the SDK samples after 24 h of exposure to
0.2, 1 and 10 mg L™ ZnO NPs, respectively, which indicated
that an increasing number of microbes in this sample accli-
mated to ZnO NP-induced stress with increases in the ZnO
NP doses. In contrast, 24 h after exposure to 0.2, 1 and 10 mg
L™" ZnO NPs, 26 and 36 out of 50 genera showed NVs < 1 in
the CY samples, and 30, 39 and 40 genera had NVs < 1 in
the DH samples, respectively. These findings indicated that
higher ZnO NP doses exhibited higher cytotoxicity, particu-
larly in the samples with relatively high salinity. In addition,
the microbial community in the DH samples was more vigor-
ously disrupted by exposure to ZnO NPs than the two other
freshwater samples, which may be due to synergistic cytotox-
icity with higher salinity in DH water.*®

3.3 Relationships between ARGs and microbial communities

To investigate the key factors that control the variation in
ARGs during exposure to ZnO NPs at different concentra-
tions, a RDA was conducted based on the ARGs, MRGs, MGE
abundances, dissolved Zn** concentrations and the microbial
community (relative abundance >1%). The results showed
that the selected variables contributed 69%, 56% and 74% to
the total variations in the ARG and MRG profiles in the SDK,
CY and DH samples during exposure to ZnO NPs, respectively

This journal is © The Royal Society of Chemistry 2019
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(Fig. 4). Among the selected variables, six phyla explained
most of the variation, ie., 31.9%, 67.6% and 60.7% in the
SDK, CY and DH samples, respectively, whereas MGEs
explained 9.7%, 17.7% and 5.9% of the total variation, re-
spectively, and the dissolved Zn** concentration accounted
for 0.3%, 12.2% and 2.4% of the total variation, respectively.
The enhanced abundance of Actinobacteria obtained after ex-
posure to relatively low doses (0.2 and 1 mg L™) of ZnO NPs
was most related to the increases in sull, tetA, ermB and qnrS
in the SDK water samples, whereas the Planctomycetes abun-
dance was most positively related to the increase in these
four ARGs in the CY and DH samples. Furthermore, the in-
crease in sul2 and tetW after 10 mg L' ZnO NP treatment
was most significantly correlated with microbes belonging to
Chloroflexi in the SDK and DH samples, and Proteobacteria
was related to the variations in su/2 and tetW in the CY sam-
ples. Recent studies have also revealed that Proteobacteria are
involved in the dissemination of ARGs’® and that
Planctomycetes and Chloroflexi are significantly correlated
with genes conferring resistance to sulfonamide, tetracycline
and chloramphenicol in microbial communities in organi-
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cally produced lettuce.”* The results of our RDA analysis
demonstrated that the main driver contributing to the
changes in ARGs was the evolution of the microbial commu-
nity induced by the addition of ZnO NPs. In addition, Tn916/
1545 together with the dissolved Zn*>* concentration could be
responsible for the elevated concentrations of tetW and sul2
in estuarine water samples after exposure to 10 g mL™" ZnO
NPs, and this finding was particularly true in the SDK and
CY samples. In contrast, intI1 was more related to the in-
crease in the other four ARGs, including sul1, tetA, qnrS and
ermB, after exposure to lower concentrations (0.2 and 1 mg
L™") of ZnO NPs. This finding was consistent with the results
discussed in the “Response of ARGs, MGEs and MRGs to
ZnO NPs in estuarine water” section. Therefore, ZnO NPs
might impact the ARG profiles mainly by affecting the abun-
dance of potential host bacteria and enhancing the potential
of ARG dissemination among microbial communities via
HGT in estuarine water. A recent related study based on a
single bacterium in culture revealed that nanoalumina can
induce the conjugative transfer of the RP4 plasmid from E.
coli to Salmonella spp. in PBS media, and this result was
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likely mainly due to the damage to bacterial membranes
caused by oxidative stresses, an enhancement of the expres-
sion of conjugative genes and the repression of global regula-
tory factor genes involved in RP4 plasmid conjugation.®

A network analysis was conducted to obtain ARGs and
coexisting bacterial genera in the SDK, CY and DH sam-
ples.”"”> As shown in Fig. 5, tetracycline resistance genes (tetA
and tetW) had the most potential hosts. Tetracycline resis-
tance genes are reportedly present in Streptomyces,”> and
Streptomyces species were found to be negatively related to
tetW in the SDK samples, which might have been due to the
inhibition of these bacteria by ZnO NPs. Interestingly, tetA,
which encodes tetracycline efflux proteins, is harbored by
Aeromonas,”* but the genus Aeromonas was found to be nega-
tively related to tetA in the present study. A possible reason
for this finding could be that the abundance of Aeromonas de-
creased during exposure to ZnO NPs, and the variation in tetA
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might be attributed to other identified hosts (e.g,
Nocardioides). Notably, the co-occurrence of MGEs and ARGs
indicates a high dissemination potential of ARGs via HGT
among microbial communities. Most of these potential hosts,
such as Nocardioides, belong to the phylum Actinobacteria,
which suggested that Actinobacteria played an important role
in the variations in the ARG profile and the dissemination of
ARGs during ZnO NP exposure. A recent study found that
Nocardioides exhibits a significant positive correlation with
sulfonamide and tetracycline resistance genes,”> which sug-
gests a potential risk of multiantibiotic-resistant Nocardioides.
In the current study, Nocardioides was identified as a potential
host for an MGE (intI1) and three ARGs (tetA, ermB and gnrS)
and was distributed in all three water samples. In addition, as
described in the previous section, the Nocardioides abun-
dances were enhanced after exposure to ZnO NP at relatively
low concentrations. Therefore, all the results indicate a severe
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ARG risk related to the promotion of bacteria with
multiantibiotic resistance potential induced by the release of
ZnO NPs into the natural environment. Furthermore, poten-
tial host bacteria for sul/1 and sul2 were not found in the pres-
ent study, but these two ARGs were highly abundant. As de-
scribed previously, the significant correlation between sull
and sul2 and MGEs indicated the high mobility of these ARGs
via HGT.”® Therefore, in the present study, we concluded that
although the changes in ARGs mainly resulted from the evolu-
tion of the microbial community driven by ZnO NPs, a high
risk of ARG dissemination through HGT via MGEs could also
be induced by ZnO NPs in estuarine waters. In addition, a pre-
vious study revealed that salinity impacts the potential hosts
of ARGs in wastewater,*® and the shifts in the potential hosts
of ARGs in the DH samples observed in this study could also
be driven by salinity. Some moderately halotolerant bacteria
were identified in the DH samples, such as Haliangium spe-
cies, which are known as extremophilic microbes, and these
bacteria reportedly survive under many extreme conditions.*’
As a potential host for MGE (intI1) and ARGs (gnrS and tetA),
Haliangium would highly enhance the risk of ARGs dissemina-
tion in the DH samples.

4. Conclusions

The ubiquitous distribution of NPs in the environment has
caused scientific and public concerns, and the interaction be-
tween NPs and other environmental contaminants, such as
ARGS/ARBs in the aquatic environment, is not fully under-
stood. To the best of our knowledge, the present study consti-
tutes the first effort to characterize the responses of ARGs
and microbial communities in a complex estuarine environ-
ment to exposure to ZnO NPs at different concentrations. We
found that ZnO NPs exert selective pressure and thereby in-
duce the enrichment and dissemination of ARGs in estuarine
water, and this finding was particularly observed with rela-
tively low ZnO NP concentrations. Moreover, the ARG abun-
dances in the DH water samples normalized to those of the
corresponding blanks tended to increase after exposure to
low ZnO NP doses, which indicated that microbes in estua-
rine water with relatively high salinity are more readily
enriched in and more easily disseminate ARGs than those in
fresh water during exposure to ZnO NPs at environmentally
relevant concentrations. A correlation analysis showed that
MGEs induced by ZnO NPs were significantly correlated with
the abundance of ARGs during exposure to ZnO NPs, which
indicated the high potential of ARG dissemination via HGT
in estuarine waters during exposure to ZnO NPs.

According to the RDA analysis performed in the present
study, the bacterial community can be considered the main
driver for the changes in ARGs, followed by MGEs and
dissolved Zn>". Actinobacteria and Planctomycetes are likely
largely responsible for the enhanced abundances of sull,
tetA, ermB and gnrS in estuarine water samples observed after
exposure to low doses (0.2 and 1 mg L") of ZnO NPs. A net-
work analysis determined the potential host bacteria for vari-
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ous ARGs. Although microbes were generally inhibited after
exposure to ZnO NPs, dose- and time-dependent variations
were detected. For example, the absolute abundances of bac-
teria, such as Nocardioides, which belong to Actinobacteria,
normalized to that in the corresponding blanks showed a
trend consisting of an initial inhibition following by a re-
bound, particularly after exposure to low ZnO NP doses. Fur-
thermore, Nocardioides species were identified as hosts for
multiple ARGs and MGEs. Therefore, the severe risk of ARGs
dissemination might be related to the promotion of these
type of bacteria induced by the release of ZnO NPs in the nat-
ural environment and the dissemination of multiple ARGs to
different ecological niches. Furthermore, in the present
study, we investigated the impact of ZnO NPs on the varia-
tions in ARG profiles in the estuarine aquatic environment
and attempted to elucidate the mechanisms underlying the
selection of ARGs by analyzing the relationship among the
variations in ARGs, MGEs and the microbial community
throughout the NP exposure period. However, due to the
complexity of the natural aquatic environment, which in-
volves various chemical and bacterial compositions, it is diffi-
cult to accurately elucidate the regulatory mechanism that
controls the propagation of ARGs in a natural environment.
Further studies in which single/multiple environmental fac-
tors of microbial communities are controlled are required to
delineate the mechanism underlying the impact of NPs on
ARGs and the microbial community.
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