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ARTICLE INFO ABSTRACT

The widespread use of nanoparticles has triggered increasing concern and interest due to the adverse effects on
global public health and environmental safety. Whether the presence of nano-metal oxides (NMOs) could fa-
cilitate the formation of new antimicrobial resistance genes (ARGs) via de novo mutation is largely unknown.
Here, we proved that two widely used NMOs could significantly improve the mutation frequencies of CIP- and
CHL-resistant E. coli isolates; however, the corresponding metal ions have weaker effects. Distinct concentration-
dependent increases of 1.0-14.2 and 1.1-456.3 folds were observed in the resistance mutations after treatment
with 0.16-100 mg/L nano-Al,O3 and 0.16-500 mg/L nano-ZnO, respectively, compared with those in the con-
trol. The resistant mutants showed resistance to multiple antibiotics and hereditary stability after sub-culturing
for 5days. We also explored the mechanism underlying the induction of antimicrobial resistance by NMOs.
Whole-genome sequencing analysis showed that the mutated genes correlated with mono- and multidrug re-
sistance, as well as undetected resistance to antibiotics. Furthermore, NMOs significantly promoted intracellular
reactive oxygen species (ROS), which would lead to oxidative DNA damage and an error-prone SOS response,
and consequently, mutation rates were enhanced. Our findings indicate that NMOs could accelerate the muta-
genesis of multiple-antibiotic resistance and expanded the understanding of the mechanisms in nanoparticle-
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induced resistance, which may be significant for guiding the production and application of nanoparticles.

1. Introduction

Nano-metal oxides (NMOs) are attractive for numerous industrial
and consumer products because of their unique catalytic activity, op-
toelectronic properties and antimicrobial capacity (Seabra and Duran,
2015; Liu et al., 2014). Diverse NMOs, such as nano-alumina (nano-
Al,03) and nano-zinc oxide (nano-ZnO), have diffused into various
natural environments and even the microenvironment in vivo, which
have generated great concerns about their adverse effects on human
health and environmental safety (Gottschalk et al., 2009; Chalew et al.,
2013; Hristozov et al., 2016). Accumulating evidence indicates the
toxicological impacts of NMOs on microorganisms, algae, plants,
human cells, and animals (Seabra and Duran, 2015; Chen et al., 2014).
However, the impact of NMOs is still not fully understood, with one of
the biggest knowledge gaps being their effects on antimicrobial re-
sistance, which is an increasing threat to public health worldwide (Ding
et al., 2016; Aruguete et al., 2013; WHO, 2014; Larsson et al., 2018).

Certain NMOs, as well as nano-metals, fullerenes, nanotubes, and
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macromolecular antimicrobial polymers (MAPs), have been used as
broad-scale antimicrobial agents in consumer products with their as-
sumed ability to generate reactive oxygen species (ROS) and damage
the cell membrane without being toxic to the surrounding tissue in vivo
(Aruguete et al., 2013; Pelgrift and Friedman, 2013). Particularly, some
nanoparticles have been considered as new weapons against multidrug-
resistant (MDR) infectious organisms (also known as “superbugs”),
which cause worse clinical outcomes and even death (Aruguete et al.,
2013; WHO, 2014). The risks of using nanoparticles as antibacterial
agents have aroused growing attention, as exposure of bacteria to an-
timicrobial nanoparticles could lead to selective pressures that may be
beneficial to emerging antimicrobial resistance (Aruguete et al., 2013;
Hajipour et al., 2012). Therefore, the development and spread of an-
timicrobial resistance that caused by nanoparticles should be regarded
as an important aspect of nanotoxicology. However, there are only a
few recent studies in this area (Ding et al., 2016; Qiu et al., 2012). Qiu
et al. first reported that nanoalumina could stimulate the conjugation
(Qiu et al., 2012) and transformation (Ding et al., 2016) of plasmids
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Fig. 1. ROS generation in E. coli induced by nano-Al,03, nano-ZnO, AI**| and Zn?*. Nano-Al,05 and nano-ZnO had significant effects on the ROS generation in E.
coli (ANOVA, P < 0.05); significant differences in the ROS generation between individual substance-exposed groups and the control (0 mg/L of substance) were
tested with Independent-sample t-test and shown with * (P < 0.05), ** (P < 0.01), and *** (P < 0.001).

encoding antibiotic resistance, which may accelerate the spread of
antibiotic resistance in the environment.

The development and spread of antimicrobial resistance are en-
hanced by the acquisition of antimicrobial resistance genes (ARGs) via
de novo mutation (Andersson and Hughes, 2014; Lv et al., 2014) and
horizontal transfer of ARGs (Beaber et al., 2004; Hocquet et al., 2012;
Vikesland et al., 2017; Qiao et al., 2018). Specifically, genetic muta-
tions are considered important pathways through which new ARGs,
which are stable molecules encoded in the DNA, emerge, and once
established, they can spread from parents to offspring or between
neighboring bacterial cells by horizontal gene transfer (Andersson and
Hughes, 2014).

Previous studies have indicated that resistance mutations can be
stimulated by antibiotics (Zhang et al., 2011; Andersson and Hughes,
2014), disinfectants (Chapman, 2003), and disinfection by-products
(DBPs) (Li et al., 2016; Lv et al., 2014) via broadly conserved cellular
functions and pathways, such as those involved in oxidative stress and
SOS response systems (Andersson and Hughes, 2014; Chapman, 2003;
Li et al., 2016). Recent evidences suggested that the enhanced in-
tracellular ROS production and the induction of SOS response
(Baharoglu and Mazel, 2011; Baharoglu et al., 2013) can be important
mechanisms involved in antimicrobial resistance via increasing the rate
of mutagenesis during chromosome replication by the induction of
error-prone DNA polymerases and the suppression of mismatch repair
(Andersson and Hughes, 2014; Kohanski et al., 2010; Gutierrez et al.,
2013). The physical, chemical, and toxic properties of NMOs were ex-
tensively studied, and previous results showed that NMOs could induce
ROS-mediated cytotoxicity and DNA damage in both prokaryotic and
eukaryotic cells (Seabra and Duran, 2015; Misra et al., 2012; Tong
et al., 2013). Therefore, we hypothesize that NMOs can induce resistant
mutagenesis by producing intracellular ROS, and triggering oxidative
stress and the SOS response.

To test this hypothesis, the opportunistic pathogen Escherichia coli
(E. coli) K12 was exposed to two NMOs (nano-Al,03 and nano-ZnO),
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and the development of resistance phenotype to six widely used anti-
biotics was firstly evaluated. Furthermore, the mechanisms underlying
the induction of resistance mutations were investigated with regard to
intracellular ROS production, oxidative stress, SOS response, and ge-
netic changes in the whole-genome. Our findings expand the under-
standing of the mechanisms in nanoparticle-induced antimicrobial re-
sistance and are significant for guiding the production and application
of nanoparticles.

2. Material and methods
2.1. NMOs, antibiotics and E. coli strains

Nano-Al,O3 (cat. no. A119404) and nano-ZnO (cat. no. Z119436)
were purchased from Aladdin Reagent Inc., Shanghai, China. The
characteristics of the two NMOs are listed in Table S1. The stock so-
lutions were sterilized at 121 °C for 20 min. To avoid aggregation, the
suspensions of nano-Al,O; and nano-ZnO were ultrasonicated for
30 min using an ultrasonic bath before each exposure experiment. The
performance of aluminum ions (AI®") and zinc ions (Zn?™) were also
assessed in the following experiments.

Minimal inhibition concentrations (MICs, 90% inhibition of growth)
of nano-Al,03, nano-ZnO, Al*", and Zn2?" were determined based on
dose-dependent inhibitory curves of E. coli with treatments of various
concentrations of NMOs and corresponding ions (Text S1, Fig. S1, and
Table S2).

The exposure concentrations of NMOs and ions used in our study
were selected not only considering the MICs determined in this study
(Fig. S1, Table S2), but also considering the environmental exposure
relevance based on the detected and predictive environmental con-
centrations (for example, in wastewater treatments: 1 mg/L-100 g/L
nano-Al,03; and 1 mg/L-50 mg/L nano-ZnO) (Ding et al., 2016; Zheng
et al., 2011; Waseem et al., 2014), and previous studies (0-5000 mg/L
nano-Al,03; and 0-100 mg/L nano-ZnO) (Qiu et al., 2012; Song et al.,
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Fig. 2. Temporal gene expression profiles of target genes in recombinant E. coli involved in oxidative stress and SOS response by exposure to nano-Al,O3 (a), nano-

7ZnO (b), A" (¢) and Zn?" (d). (X-axis) The values of Induction factor I (depicte

d as a green-black-red color scale. Red spectrum colors indicate up-regulated

expression, while green spectrum colors indicate down-regulated expression) and monitoring time in minutes (the first time-point shown is at 20 min after exposure
due to moving average). (Y-axis left) Clusters of genes. (Y-axis right) List of genes tested. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

2010; Xu et al., 2016). The tested concentrations were summarized in
Table S2. The concentrations of NMOs and ions in present study chosen
ranged from several- to thousands-fold below the MICs (Table S2), and
represent the range of concentrations that widely present in environ-
ments, except for 500 mg/L of nano-ZnO.

The six antibiotics examined in the present study included cipro-
floxacin (CIP), chloramphenicol (CHL), tetracycline (TET), gentamicin
(GEN), ampicillin (AMP), and erythromycin (ERY), all of which were
obtained from TCI (TCI, Shanghai, China). The detailed information on
these antibiotics is listed in Table S3. The MICs of these antibiotics
against the initial drug-sensitive E. coli K12 (MG1655) strains were also
tested (shown in Table S3).

The —80 °C stock wild-type E. coli K12 MG1655 strain was streaked
on Luria-Bertani (LB) agar plates and then incubated at 37 °C over-
night. Then a single colony, which was used as the isogenic “seeds” in
following experiments, was picked from LB agar plate and then in-
cubated in 10 mL LB broth at 37 °C for 16 h with 150 rpm shaking.

2.2. Transmission electron microscope (TEM) analysis
The size, morphology of NMOs, and impact of NMOs on cell struc-
tures and morphology was evaluated by observing the interaction of

NMOs and the cells via previous procedures (Qiu et al., 2012; Zhang
et al., 2018), and the detailed protocols are presented in Text S2.
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2.3. Measurement of intracellular ROS levels induced by NMOs

The intracellular ROS levels in the E. coli were assessed by staining
with dye 2’,7’-Dichlorofluorescein diacetate (DCFH-DA) (Invitrogen;
Carlsbad, CA). The detailed protocols and data analysis were according
to our previous publications (Zhang et al., 2017, 2018) and are shown
in Text S3.

2.4. Transcriptomic analysis of the impacts of NMOs on oxidative stress and
SOS response pathways

The effects of the NMOs on oxidative stress and SOS response
pathways, which were previously shown to contribute to resistant
mutagenesis (Lv et al., 2014; Li et al., 2016), were assessed using 29
reporter strains of E. coli K12 MG1655 with transcriptional green
fluorescent protein (GFP) fused promoters (refer to Table S4 for the list
of promoters responsible for oxidative stress and SOS response genes)
according to the protocols (shown in Text S4) described in our previous
studies (Li et al., 2016; Gou et al., 2010).

2.5. Treatment with NMOs and corresponding ions, determination of
mutation frequencies, and isolation of resistant strains

The overnight culture of the isogenic E. coli K12 (approximately
108-10° CFU/mL) was diluted 1:100 in 5mL of LB broth in a 20 mL
tube containing nano-Al,O3;, nano-ZnO, A", and Zn2?* at various
concentrations, along with control groups that were not exposed to the
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Fig. 3. Mutation frequency changes induced by NMOs and corresponding ions, and the former correlation with intracellular ROS generation. Fold changes of
mutation frequency for the CIP- and CHL-resistant E. coli isolates by exposure to nano-Al,0O3 (a), nano-ZnO (b), AI®T (¢) and Zn?* (d). NMOs and corresponding ions
had significant effects on fold change of mutation frequency (ANOVA, P < 0.05); significant differences in fold change of mutation frequency between individual
NMO- or ions-exposed groups and the control (0 mg/L of NMO) were tested with Independent-sample t-test and shown with * (P < 0.05), ** (P < 0.01), and ***
(P < 0.001). (e) Correlations between the fold changes of mutation frequency and the fold changes of intracellular ROS generation in E. coli induced by nano-Al,O3

and nano-ZnO described in (a) and (b).

above-mentioned chemicals. Each treatment had three replicates, and
these cultures were incubated at 37 °C for 24 h with shaking at 200 rpm.

To isolate and determine the resistant mutations in the chemical-
treated cultures, aliquots of each treatment were plated on LB agar
plates supplemented with different antibiotics at 1 X MIC, as shown in
Table S3, and incubated for 48 h at 37 °C. The multiple solution scheme
(MSS) maximum-likelihood method was applied to estimate the fre-
quency of appearance of mutated cells in each culture (Rosche and
Foster, 2000). In this study, the mutation efficiency was calculated by
dividing the number of mutant clones in each treatment culture by the
number of total CFUs according to previous studies (Lv et al., 2014;
Kohanski et al., 2010; Rosche and Foster, 2000). The total bacterial
concentrations were enumerated by plating on the LB agar. The dif-
ference between the frequency of appearance of mutated cells in the
treatment and that of the control were considered to account for the
mutations induced by chemical treatments (Lv et al., 2014; Kohanski
et al., 2010). Fold changes in the mutation frequency were determined
for all treatments relative to an untreated control group. All treatments
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and controls were established in triplicate.

To screen the resistance phenotype of the mutant strains to six
different antibiotics, at least 4 mutant clones were randomly picked
from each treatment, as well as from the control groups. The above
colonies were regrown in 5mL of fresh LB medium at 37 °C for ap-
proximately 6 h and then subjected to MICs determination. MICs for the
original E. coli K12 strain before the treatments with NMOs against the
six antibiotics, as well as against each of the two NMOs, were also
measured. The detailed protocol and data analysis for MICs measure-
ments are shown in Text S1.

2.6. Hereditary stability of the resistant mutations

Hereditary stability of the acquired antibiotic resistance of the
evolved mutant strains was tested for five 24-h growth cycles over a
period of 5days (Lv et al., 2014; Kohanski et al., 2010). Briefly, the
mutant strains were diluted 1:100 and cultured in antibiotic-free LB
broth at 37 °C for 24 h with shaking at 180 rpm. Each mutant strain had



Y. Zhang et al.

Environment International 121 (2018) 1162-1171

6 5
a
{@ CIP CHL "TET " GEN " AMP B ERY | @ CIP CHL "TET " GEN ®AMP B ERY
5 i
@ Py |
S o)
=4 =
s e3
3 S
= =
« «
= =2
2] ]
=2 =
= (=]
= =]
. 1
0 0
OWT CG 0.6 08 4 20 100 500 OWT CG 0.6 0.8 4 20 100 500

Nano-Al O, concentrations (mg/L)

Nano-Al,O, concentrations (mg/L)

6 5
(b) m ] (@)
CIP CHL " TET " GEN " AMP ® ERY i CIP CHL "TET " GEN " AMP BRERY

5 -
@ P
S S
=4 =
B 33
S 3
e03 o0
= =
E «
= =2
< <
=? =
B =
= =] 1

1

0 0

OWT CG 016 08 4 20 100 500 OWT CG 016 038 4 20 100 500

Nano-ZnO concentrations (mg/L)

Nano-ZnO concentrations (mg/L)

Fig. 4. Fold changes of MICs of CIP-resistant (a and b) and CHL-resistant (c and d) isolates against 6 different antibiotics induced by nano-Al,O3; and nano-ZnO,
respectively. OWT means original wild-type (OWT) E. coli; CG means control group (CG). Results shown are an average of triplicates with error bar indicating

standard deviation.

undergone five such rounds of growth. The MIC values were de-
termined at the end of 5 days sub-culture and compared with the initial
MIC values to verify if the antibiotic resistance phenotype was inhered
and stable (Text S1).

2.7. DNA extraction, whole-genome sequencing, and data analysis

A detailed methods description of DNA extraction, whole-genome
sequencing and data analysis is available in Text S5.

2.8. Statistical analysis

Each experiment in this study was conducted in triplicate.
Significant differences were statistically estimated using analysis of
variance (ANOVA) and an independent sample t-test, which was run in
SPSS 16.0 for Windows (SPSS, Chicago, USA). A value of P < 0.05 was
regarded as significant, a value of P < 0.01 was regarded as very
significant, and a value of P < 0.001 was regarded as extremely sig-
nificant.

3. Results and discussion

3.1. Assessment of intracellular ROS levels, oxidative stress, and SOS
response induced by NMOs

To determine the effects of the NMOs on the ROS levels in E. coli,
intracellular ROS were measured using DCFH-DA (Zhang et al., 2017).
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It is recognized that this dye method may not be reliable for direct
quantification of ROS (Kalyanaraman et al., 2012). Therefore, in this
study, the fold changes of ROS generation were used following the si-
milar approach as suggested by others (Gupta et al., 2014; Lee et al.,
2015). Both nano-Al,05; and nano-ZnO induced concentration-depen-
dent increases in intracellular ROS levels compared with those of the
control groups (Fig. 1a-b). Control tests with metal ions of AI** and
Zn>* only led to a slight increase in ROS generation, much less than
those by their corresponding NMOs (Fig. 1c—d), suggesting little con-
tribution of metal ions to the total ROS generation, as previously re-
ported (Misra et al., 2012; Yu et al., 2013).

In addition, TEM images showed that the cell structures of the
control and tested groups exposed to 4 mg/L NMOs were intact (Fig.
S2b, e, and g). However, 100 mg/L NMOs damaged the cell membranes
of E. coli and the cytoplasm agglomerated. Additionally, parts of NMOs
entered the bacterial cells (Fig. S2c and f), which might stimulate more
intracellular ROS and consequently induce oxidative stress and SOS
response (Qiu et al., 2012; Song et al., 2010).

The temporal transcriptional profiles of E. coli K12 MG1655 sug-
gested that both NMOs and the corresponding metal ions altered the
expression of genes involved in oxidative stress and SOS response
pathways (Fig. 2). Particularly, nano-ZnO treatment significantly up-
regulated the transcriptional expression of oxidative stress-related
genes (soxS, soxR, oxyR, and ahpC) and DNA damage-inducible SOS
response-related genes (recX, sbmC, ssb, and ada) (Fig. 2b). Overall,
nano-ZnO induced more significant oxidative stress and SOS responses
than nano-Al,O5_The effects of AI** and Zn>* on the alteration of gene
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Fig. 5. Comparison of genetic changes identified
in resistant mutation isolates induced by nano-
Al,03 (a) and nano-ZnO (b). Four individual
resistant isolates from LB plates with CIP and
CHL were shown by four different symbols and
are color-coded to differentiate nano-Al,O5; and
nano-ZnO. (a) Genetic changes identified in an-

tibiotic resistant strains evolved under exposure
to nano-Al,03; were categorized into four major

0.16 mg/L CIP-R-1 ]
0.8 mg/LCIP-R2 A
20mg/LCIP-R3 O
100 mg/L CIP-R4 )
0.16 mg/L CHL-R-1 [}
0.8 mg/L CHL-R-2 A
20 mg/L CHL-R3 ©
100 mg/L CHL-R-4 {)

Nano-Al,O,

AQHA®¢

functional groups for: (i) membrane structure
and transport, (ii) transcription and translation,
(iii) intergenic spacer (IGS), and (iv) unknown
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to nano-ZnO were categorized into three major
functional groups for: (i) membrane structure
and transport, (ii) transcription and translation.
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have not been reported to play roles in antibiotic
resistance were marked with *. The detailed in-
formation on these identified genetic changes
was summarized in Tables S8-10. (For inter-
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legend, the reader is referred to the web version
of this article.)
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expression involved in oxidative stress and SOS response were to a
much less extent compared with those induced by nano-Al,0; and
nano-ZnO (Fig. 2).

Previous evidences have proved that antibiotics (Kohanski et al.,
2010), disinfection by-products (Lv et al., 2014; Li et al., 2016), and
disinfectants (Chapman, 2003) can activate ROS-mediated oxidative
stress and SOS response, consequently simulating mutagenesis and
emerging of antimicrobial resistance (Andersson and Hughes, 2014;
Kohanski et al., 2010). Here, we provided evidence that in addition to
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the above-mentioned chemicals, NMOs are also able to raise in-
tracellular ROS production, induce oxidative stress and SOS response
pathways, and therefore have the potential to induce antibiotic re-
sistance.

3.2. NMOs exposure leads to antibiotic resistance phenotype

To verify the hypothesis that NMOs lead to antimicrobial resistance,
the mutation frequencies of antibiotic resistance were firstly
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determined following exposure to NMOs and corresponding ions, as
well as the untreated control group, respectively. The spontaneous re-
sistance mutation frequencies in the untreated wild-type E. coli were
approximately 10~8-10~° mutations/cell for different antibiotics (at
1 x MIC, as shown in Table S3), which are consistent with previous
findings (Li et al., 2016; Firsov et al., 2000; CLSI, 2015). Both nano-
Al,03 and nano-ZnO treatment led to significant increases in the in-
duction of CIP- and CHL-resistant mutations compared with those in the
control groups (ANOVA, P < 0.05) (Fig. 3a-b and Table S5). The
mutation frequencies of resistance to TET, GEN, AMP, and ERY were
slightly increased, but < 2-fold increase compared to those in the
control group, which was considered as non-clinically significance (Li
et al., 2016; CLSI, 2015).

Both two types of NMOs resulted in concentration-dependent
changes in resistance mutation frequency for two specific antibiotics,
namely CIP and CHL, compared with those in the control groups
(Fig. 3a-b and Table S5), however with different trends. Nano-ZnO
treatments led to consistent increase in mutation frequencies for CIP
and CHL resistance as concentrations inclined (Fig. 3b and Table S5). In
contrast, the highest concentration of nano-Al,O5; showed sudden drop
in the fold changes in mutation frequency for both CIP- and CHL-re-
sistance (Fig. 3a and Table S5), which may be caused by the lethal
effects and sudden increase of intracellular ROS formation at 500 mg/L
of nano-Al,0O5 (Fig. 1a).

AP* and Zn** might play weaker roles in the induction of resistant
mutations, as indicated by the comparison of about 2-fold increase in
mutation frequencies in exposure to Zn?>* and AI** ions compared to
those with their NMOs (Fig. 3¢ and d, and Table S5), which might be
due to the slight increase in ROS generation induced by AlI** and Zn**
(Fig. 1c—d). The released metal ion is generally recognized as an im-
portant contributor to the toxic behavior of dissolved nanoparticles
(Misra et al., 2012). The released Zn?" is believed to account for the
toxicity of nano-ZnO, and our study was carried out based on 16-40%
Zn?* released from nano-ZnO (Yu et al., 2013; Song et al., 2010; Xu
et al., 2016; Benavides et al., 2016). Previous studies could not detect
AI** in the supernatant of nano-Al,Os;, and here, we hypothesized
38-95% AI®™ released from nano-Al,O3 (Benavides et al., 2016; Sadiq
et al., 2011).

Statistically significant positive correlations between fold changes
in the mutation frequency of the CIP- and CHL-resistant mutations and
ROS generation levels were observed for both NMOs treatments
(Fig. 3e). However, there were no significant correlations between the
changes in mutation frequencies of resistance and ROS formation after
exposure to AI®* and Zn?* (data not shown). The slopes of the corre-
lation curves varied among the different NMOs and resistance types,
reflecting the various resistance mechanisms attributed to different
antibiotics (Alekshun and Levy, 2007). To further confirm whether
NMO-induced ROS was involved in promoting resistance mutagenesis,
a potent hydroxyl radical scavenger test with thiourea (CH4N,S, TU)
was performed (Text S6) (Kohanski et al., 2010; Zhang et al., 2017).
The results showed that the mutation frequencies of CIP- and CHL-re-
sistant E. coli following the addition of TU significantly decreased to the
levels of the control group (Fig. S3). Hence, it is concluded that the
accumulation of antibiotic resistance was highly related to intracellular
ROS generated by nano-Al,03; and nano-ZnO.

The MICs of the CIP- and CHL-resistant mutational strains induced
by NMOs and corresponding ions were determined against six anti-
biotics (Figs. 4 and S4, Tables S6-7). As shown in Fig. 4, the NMO-
induced mutational strains exhibited significant resistance to CIP and
CHL, with 2-3-fold increase in MICs compared with that in the original
wild-type E. coli strain (Tables S6-7). The induced CIP- and CHL-re-
sistant strains simultaneously exhibited resistance to multiple anti-
biotics, including AMP (a B-lactam antibiotic), TET (a tetracycline an-
tibiotic), and GEN (an aminoglycoside antibiotic) (Fig. 4). AI®*- and
Zn*-induced resistant mutant strains also displayed multiple-anti-
biotic resistance (Fig. S4 and Tables S6-7). Surprisingly, the MICs of
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NMO-induced mutant strains against antibiotics were a bit higher than
that of the control group (spontaneous mutations), which indicated that
the mutations in the host chromosome had the properties of both ran-
domness and uncertainty (Lv et al., 2014; Flandrois et al., 2014). In
spite of this, NMOs increased the mutation frequencies significantly,
resulting in the enhanced development of antimicrobial resistance.
Furthermore, the accumulation of mutations stimulated by NMO-in-
duced oxidative stress might increase resistance levels to antibiotics.

3.3. The hereditary stability of resistance induced by NMOs

The hereditary stability of antibiotic resistance acquired upon ex-
posure to NMOs is of great importance for public health and environ-
mental safety. This study tested the changes in MICs of antibiotics re-
sistant mutants after 5 cub-culture cycles in LB media over 5 days. The
results provided clear evidence that the resistant mutants had good
hereditary stability (Figs. S5-6 and Tables S6-7). Owing to the constant
survival and adaptive evolution of resistant mutant pathogens, the
stable hereditary characteristics of NMO-induced multiple-antibiotic
resistance mutants certainly would aggravate the antibiotic resistance
issues in the environment and pose potential public health issues
(Andersson, 2003; Zhang et al., 2011).

3.4. Genetic insights in the multiple-antibiotic resistance induced by NMOs

To identify the genetic mutations responsible for multiple-antibiotic
resistance, 16 isogenic clones resistant to CIP and CHL randomly picked
from the population treated by NMOs (8 clones from nano-Al,O;
treatments and 8 from nano-ZnO treatments), one from the LB-control
stain, and one from the original wild-type strain were subjected to
whole-genome sequencing analysis. Four different SNPs were respec-
tively identified on atoC, rbsR, trkH, and fimA genes in the LB-control
clone, indicating their possible association with spontaneous mutations
during selection and identification processes (i.e., culturing conditions
and possible stress) (Table S8). Fifteen genetic mutations in 7 genes
comprising 8 deletions and 7 SNPs were detected in 8 resistant E. coli
strains induced by nano-Al,O3 (Fig. 5a and Tables S9-10). These ge-
netic changes were associated with transcription and translation genes
(gyrA, rob, marR, and soxR), membrane structure and transport genes
(rcsC), unknown functions (arnA), and an intergenic spacer (IGS). Si-
milarly, 16 genetic mutations in 8 genes comprising 2 insertions, 7
deletions, and 7 SNPs were detected in 8 resistant E. coli strains induced
by nano-ZnO, which were associated with transcription and translation
genes (cysE, mazG, thrS, gyrA, gyrB, and marR) and membrane structure
and transport genes (rcsC and acrR) (Fig. 5b and Tables S9-10).

3.4.1. Genetic changes common to both NMOs

Both nano-Al,03 and nano-ZnO induced genetic changes in gryA,
marR, and rcsC genes (Figs. 5-6 and Tables S9-10). Three types of
substitution mutations in the gyrA gene of CIP-resistant E. coli were
stimulated by these two NMOs (Figs. 5-6 and Table S9). Previous
findings proved that amino acid alternation in the gyrA and gyrB sub-
units of bacteria contributed to the resistance to quinolone antibiotics
such as CIP (Lv et al., 2014; Li et al., 2016; Alekshun and Levy, 2007;
Zhang et al., 2011). The three mutations in gyrA identified in the pre-
sent study were likely to be associated with resistance to CIP
(Figs. 5-6).

Four types of genetic changes in the multiple antibiotic resistance
gene (marR) were identified, including a substitution mutation in the
CHL-resistant mutant induced by nano-Al,0O3, 1 insertion, 1 deletion,
and 1 SNP in three different CHL-resistant mutants induced by nano-
ZnO (Figs. 5-6 and Table S10). The marR gene is known to encode a
negative auto-regulator of the marRAB operon, a regulatory region for
controlling multiple-antibiotic resistance (Mar) in E. coli (Domain et al.,
2007).

The same deletion of the A base at position 2,319,776 causing a
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frameshift mutation in the rcsC gene was identified in 4 out of 8 total
sequenced CIP-resistant strains induced by nano-Al,O3 and 8 total se-
quenced CHL-resistant strains induced by nano-ZnO (Figs. 5-6 and
Tables S9-10). The two-component regulators rcsB and rcsC can nega-
tively regulate the transcription of genes essential for capsular poly-
saccharide synthesis (Brill et al., 1988). Previous research showed that
the observed increased capsular polysaccharides had the potential to
protect E. coli from antibiotics, such as kanamycin, streptomycin, and
AMP (Lu et al., 2008; Chin et al., 2014). Thus, the rcsC mutation might
contribute to developing CIP resistance in E. coli.

3.4.2. Genetic changes specific to nano-Al,03

The genetic changes in soxR, rob, arnA, and IGS were specifically
induced by nano-Al,03 (Figs. 5-6). Nano-Al,05 induced a 4-base de-
letion at position 4,277,878 in soxR of one CIP-resistant E. coli and
consequently resulted in a frameshift mutation (Figs. 5-6 and Table S9).
A previous study revealed that the single-point-mutant SoxR proteins
contribute to the multiple antibiotic resistance phenotypes of E. coli
clinical isolates (Koutsolioutsou et al., 2005). The SoxR protein is ex-
pressed constitutively by oxidation and then transiently triggers tran-
scription of the soxS gene, which can enhance SoxS protein to activate
partial antibiotic resistance-regulated genes, such as micF and acrAB
(Kabir and Shimizu, 2006).

A missense of C — T in base position 4,634,844 in the rob gene was
found in one CHL-resistant clone induced by nano-Al,O3 (Figs. 5-6 and
Table S10). The DNA-binding domain of Rob is a transcriptional acti-
vator belonging to the Xlys/AraC family and exhibits conjunction with
MarA and SoxS for stimulation of the AcrAB efflux pump (Webber and
Piddock, 2001; Fabrega et al., 2009). Few studies have reported that E.
coli isolates harboring high resistance to levofloxacin (LEV) and CHL
have mutations in rob genes (Toprak et al., 2012; Zayed et al., 2015).

A genomic deletion was identified in the IGS of one CIP-resistant E.
coli induced by nano-Al,O3 (Figs. 5-6 and Table S9). IGSs, the sensitive
markers of evolutionary change, refer to the zones of noncoding DNA
sequences composed of a few nucleotides (Degnan et al., 2011). Base
pair deletions or insertions in IGSs affect the various promoter functions
and subsequent alteration of the initial stable complex with RNA
polymerase of E. coli, which has been proven in some studies (Warne
and deHaseth, 1993; Mulligan et al., 1985); however, little work has
been conducted to date on the impacts of IGS sequence changes on
antibiotic resistance.

3.4.3. Genetic changes specific to nano-ZnO

The mutations in gyrB, mazG, and acrR were specifically induced by
nano-ZnO (Figs. 5-6 and Tables $9-10). Similar to the gyrA gene, mu-
tations in the gyrB gene are also associated with antibiotic resistance. A
frameshift mutation (GATT insert in base 2,910,048) occurred in the (d)
NTP pyrophosphohydrolase-encoding mazG gene in a mutant induced
by nano-ZnO, which could prevent mutations due to the mis-
incorporation of non-canonical nucleotides into DNA (Lyu et al., 2013).
It has been reported that mutations in the mazG gene are related to
rifampin (RIF) resistance in mycobacterium tuberculosis (Lyu et al.,
2013).

Another substitution mutation in the acrR gene was induced by
nano-ZnO (Figs. 5-6 and Table S10). The AcrR protein acts as a local
repressor of acrAB expression, being located upstream of the acrA gene
yet transcribed in the contrary direction (Webber and Piddock, 2001;
Fabrega et al., 2009). Few studies have reported that E. coli with mu-
tations in the acrA and rob genes are highly resistant to LEV and CHL,
respectively (Toprak et al., 2012; Zayed et al., 2015).

4. Environmental implications
In this study, the antimicrobial resistances induced by two NMOs,

namely, nano-Al,O3 and nano-ZnO, were systematically investigated,
and the results showed that these two NMOs could lead to enhanced
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mutations frequency and increases in multi-antibiotic resistance in the
mutations compared to the controls. The mechanism underlying the
induction of antimicrobial resistance by NMOs was also identified.
Whole-genome sequencing analysis showed that the mutated genes
correlated with mono- and multidrug resistance, as well as undetected
resistance to antibiotics. Furthermore, NMOs significantly promoted
intracellular ROS, which would lead to oxidative DNA damage and an
error-prone SOS response, resulting in the increased frequency of an-
tibiotic resistance mutagenesis.

Our results, for the first time, provided evidence and mechanistic
insights show that NMOs could accelerate the mutagenesis and emer-
gence of multiple resistances, which should be considered an important
aspect of nanotoxicology and antimicrobial resistance. These findings
raise the possibility that other emerging nanoparticles may also have
risks associated with the occurrence of multiple-antibiotic resistance in
clinical pathogens, which is of great importance for public health and
environmental safety.
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