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ABSTRACT: Antibiotic resistance is one of the most challenging
issues in public health. Antibiotics have been increasingly used not
only for humans and animals but also for crop protection as
pesticides. Thus, antibiotics often coexist with pesticides in some
environments. To investigate the effects of the co-occurring,
nonantibiotic pesticides on the development of antibiotic
resistance, we conducted long-term exposure experiments using
an Escherichia coli K-12 model strain. The results reveal that (1) the
exposure to pesticides (in mg/L) alone led to the emergence of
mutants with significantly higher resistance to streptomycin; (2)
the exposure to pesticides (in yug/L) together with a subinhibitory
level (in high ug/L) of ampicillin synergistically stimulated the
selection of ampicillin resistance and the cross-resistance to other
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antibiotics (i.e., ciprofloxacin, chloramphenicol, and tetracycline). Distinct and diversified genetic mutations emerged in the resistant
mutants selected from the coexposure to both pesticides and ampicillin. The genetic mutations likely caused a holistic transcriptional
regulation (e.g., biofilm formation, oxidative stress defense) when grown under antibiotic stress and led to increased antibiotic
resistance. Together, these findings provide important fundamental insights into the development of antibiotic resistance and the
resistance mechanisms under environmentally relevant conditions where antibiotics and nonantibiotic micropollutants coexist.

B INTRODUCTION

Antibiotic resistance has become one of the most challenging
environmental and public health issues. The de novo mutation
is one important route for bacteria to acquire antibiotic
resistance, under both clinical and environmental condi-
tions." ™ Antibiotics at both inhibitory [i.e., above the minimal
inhibitory concentration (MIC); typically, in the mg/L range]
and subinhibitory concentrations (i.e., below the MIC; in the
ng/L to high pg/L range) can lead to the emergence of
increased resistance.”” This may explain the emergence of
antibiotic resistance in several nonclinically relevant environ-
ments, such as domestic sewage, water bodies receiving treated
sewage from wastewater treatment plants, as well as farm run-
offs, where antibiotics occur from tens of ng/L to a few
hundreds of pg/L.>~’

Meanwhile, in natural and built environments, a variety of
other emerging organic contaminants such as pesticides,
nonantibiotic drugs, and personal care products are usually
co-occurring with antibiotics at low levels (ng/L—ug/L
each).®”"° It is still unclear how these nonantibiotic
contaminants would affect the selection of antibiotic resistance.
If these contaminants and antibiotics have synergistic effects,
especially at environmentally relevant concentrations, the
development of antibiotic resistance in those environments
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would be overlooked or underestimated. Therefore, it is crucial
to have a better understanding of the emergence of antibiotic
resistance under long-term exposure to both antibiotics and
nonantibiotic organic contaminants at environmental levels.
Among the contaminants coexisting with antibiotics,
pesticides are one important group. They are typically found
in agricultural soils, run-offs, and the receiving water
bodies,"' ™'? which are also potentially antibiotic-impacted
environments. For example, antibiotics used in farms to treat
sick animals and boost livestock growth can be released into
the agricultural environments, leading to the co-occurrence of
pesticides and antibiotics."*'> Moreover, antibiotics can also
be applied to fight against bacterial diseases in plant farms,
where pesticides are widely used. For instance, two antibiotics,
streptomycin and oxytetracycline, are heavily used to combat
citrus greening, a bacterial infection killing orange trees.'® In
addition, pesticides are found in antibiotic-impacted environ-
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ments such as irrigation water and municipal wastewater.

The environmental levels of individual pesticide range from
less than one ng/L to tens of ug/L,""** which brings an overall
occurrence level to a high pg/L range due to the presence of
many pesticide species used for different purposes in farms and
households. Although many pesticides may not have a negative
effect on bacterial growth, certain pesticides have similar
inhibitory mechanisms to some antibiotics, such as membrane
disruption (e.g., biocides, such as chlorhexidine and fenticlor)
and inhibition of cell wall synthesis (e.g., herbicide dimethyl
tetrachloroterephthalate, DCPA).”**” Thus, exposure to
those pesticides might also affect the selection of antibiotic
resistance. Short-term exposure studies using very high levels
of herbicides (hundreds of mg/L to g/L) revealed changes
(increase or decrease) in antibiotic susceptibility and
accelerated evolution of resistance.”®*” However, it is still
unknown whether long-term exposure to pesticides at more
environmentally relevant levels could favor evolution toward
higher antibiotic resistance.

The goal of this study was to fill the knowledge gap
regarding the emergence of antibiotic resistance in environ-
ments with the occurrence of both antibiotics and pesticides.
We aimed to investigate the effects of environmental-level
pesticides alone and their interactive effects (synergistic,
antagonistic, or neutral) with sub-MIC antibiotics on the
development of antibiotic resistance and then identify the
underlying mechanisms. To accomplish our goals, we designed
evolutionary experiments with a susceptible Escherichia coli
strain exposed to pesticides only and coexposed to ampicillin
(Amp) and pesticides at environmentally relevant concen-
trations for 500 generations. The change in antibiotic
resistance of de novo mutants was determined. Genetic
mutations developed from different exposure conditions were
identified by whole-genome sequencing (WGS). Transcrip-
tional responses to antibiotics in the resistant mutants from the
coexposure and the Amp-exposure were examined using RNA
sequencing (RNA-seq) and quantitative reverse transcription
qPCR (RT-qPCR). Stimulative effects of pesticide exposure on
the development of antibiotic resistance were observed. The
distinct mechanisms of antibiotic resistance developed under
the co- and Amp-exposure were proposed and discussed.

B MATERIALS AND METHODS

Bacterial Strains, Growth, and Selection Conditions.
The antibiotic-susceptible bacterium used in this study was
Escherichia coli K-12 C3000 (E. coli). Luria-Bertani (LB)
medium was used in all exposure experiments. The detailed
cultivation method can be found in the “Supplemental
Methods” section of the Supporting Information (SI). The
pesticide mixture used for exposure experiments consisted of
23 frequently detected pesticides in various natural and
engineered environments (Table S1).*"*°7*® The concen-
trations of pesticides used in this study were based on their
environmental concentrations (1EC) (0.1—4.8 ug/L, each;
~20 pug/L in total) reported in the literature (Table S1). Two
exposure scenarios were investigated (Figure S1): (1)
Exposure to the pesticide mixture only, with a series of
concentrations at 1/125EC, 1/25EC, 1/SEC, 1EC, SEC,
2SEC, 125EC. This was taking into account the variation of
exposure levels in different environments where degradation or
accumulation of pesticides could occur. E. coli grown on LB
medium only was set up as the control. (2) Coexposure to
pesticides at 1IEC and Amp at 1/125MIC,, 1/25MIC,, or 1/

SMIC, (MIC,, the minimum inhibitory concentration of
antibiotics for the ancestor E. coli strain, GO, in LB medium.
MICy, pmp = 4 mg/L). The corresponding controls included
the exposure to ampicillin only and the exposure to pesticides
only. We used ampicillin as the representative antibiotic co-
occurring with pesticides because it is widely used in
agriculture and animal husbandry.** The exposure experiments
for each condition were conducted in 96-well plates with a
total culture volume of 200 uL. The cell cultures were serially
transferred (1:500 dilution) into another 96-well plate
(containing fresh LB medium with the same concentrations
of Amp and/or pesticides) every 24 h (~9 generations per
passage). (See Supplemental Methods in the SI.) The cultures
were incubated at 30 °C and aerated by shaking. By the serial
passage, the cultures were exposed to the designated exposure
conditions for a long-term period, i.e., SO0 generations (~56
days of passage). All the exposure conditions were performed
with three E. coli populations in parallel (biological triplicates).
The MIC of each population was determined after S00
generations. Populations that showed an increase of MIC by
more than 1.5-fold compared to MIC, were subjected to
further investigation on the MIC distribution of isolated
resistant mutants. An overall layout of the experimental setup
was illustrated in Figure S1 of the SL

Isolation of Resistant Mutants and Determination of
Minimum Inhibitory Concentrations. The MIC, of the
ancestor strain (GO) was determined by MIC tests applied to S
different types of antibiotics: Amp, tetracycline (Tet),
ciprofloxacin (Cip), streptomycin (Strep), and chlorampheni-
col (Chl) following standardized protocols of MIC tests (see
Supplemental Methods in SI).”> Briefly, the overnight cell
culture was diluted to a cell density of ODgy = 0.1 and
inoculated into fresh LB medium containing antibiotics at a
series of concentrations. These tested cell cultures were
incubated at 35 °C for 20 h, and ODg, was measured. The
MIC was determined as the lowest concentration that can
totally inhibit cell growth (i.e, < 0.1X ODgq of cell culture
without antibiotics).*®

For the isolation of resistant mutants, after 500-generation
exposure, SX diluted cell cultures were spread on LB agar
plates containing individual antibiotics at 1X MIC, (i.e., 4 mg/
L Amp, 1 mg/L Tet, 0.016 mg/L Cip, 9 mg/L Strep, and 8
mg/L Chl). Colonies grown on those selective plates were
considered as antibiotic resistant mutants. Twelve resistant
mutants were randomly picked up on the selective agar plate
inoculated with each of the three parallel populations, resulting
in a total of 36 resistant mutants for each exposure condition.
The MICs of these resistant mutants were further determined
(see Supplemental Methods in the SI). The Mann-Whitney U
test was performed to analyze the difference of MICs of
resistant mutants under different exposure conditions (p-value
<0.05, N = 36).

DNA Extraction, WGS, and SNP Calling. Susceptible
isolates from the evolved populations without chemical
exposure, Strep-resistant (Strep-R) mutants from the evolved
populations under pesticide exposure, Amp-resistant (Amp-R)
and Cip-resistant (Cip-R) mutants from the evolved
populations under the coexposure and the Amp-exposure
were selected and cultivated overnight. On the basis of the
MIC values, the top three out of the 36 resistant mutants
isolated under each exposure condition were selected for the
whole genome sequencing. Cell pellets were collected by
centrifugation. The genomic DNA was extracted using DNeasy
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Blood and Tissue Kits (Qiagen) according to the manufac-
turer’s instructions and then subjected to Illumina MiSeq 250-
bp paired-end sequencing. A dynamic sequence trimming was
done by SolexaQA software®” with a minimum quality score of
24 and a minimum sequence length of SO bp. The trimmed
reads of GO were aligned against the E. coli K-12 MGI165S
genome (NC_000913.3) using Bowtie 2 toolkit’® to assemble
the GO genome. All reads from isolated mutants were then
aligned against the assembled GO genome. SAMtools™ and
Picard Tools** were used to format and reformat the
intermediate-alignment files. SNPs and INDELs were identi-
fied using the Genome Analysis Toolkit UnifiedGenotyper,*'
with the calling criteria of >5-read coverage and >50%
mutation frequency."” Valid genetic mutations were identified
as the ones that lead to amino acid sequence changes and are
not in the susceptible isolates from the GS00 populations
without chemical exposure. Relative abundances of selected
SNPs in populations under different exposure conditions were
determined using the customized rhAmp SNP genotyping
assay (see Supplemental Methods in the SI).

RNA Extraction, RNA-Seq, and Differential Gene
Expression Analyses. One Amp-R mutant and one Cip-R
mutant were selected among the sequenced mutants from each
exposure condition. These mutants were grown to an ODy, of
0.75 in 8 mL LB broth in a shaking incubator at 35 °C for S h.
Three biological replicates were performed for each selected
mutant. The cultures were then treated with the respective
antibiotic (i.e, Amp for the Amp-R mutant and Cip for the
Cip-R mutant) at 0.8X MIC. Cultures were then allowed to
grow for 30 min, and the cell pellets were collected by
centrifugation.

Total RNA was isolated according to the acid phenol:chloro-
form extraction method™ and treated with DNase to remove
residual DNA using TURBO DNA-free kit (Thermo Fisher
Scientific). Ribosomal RNA was removed, and sample libraries
of resistant mutants with antibiotic treatment were built using
the TruSeq mRNA-Seq Library Preparation Kit (Illumina,
USA) according to the manufacturer’s recommendations.
Sequencing was performed on a HiSeq 2500 system and
produced 100-bp single-end reads. Low-quality reads (quality
score <30, sequence length <25 bp) were removed using
SolexaQA software.”” The qualified sequences were subject to
the alignment using the Bowtie 2 toolkit’ against the
assembled genome of GO. Genes were counted using
FeatureCounts software,”* and the count data were then
analyzed using R version 3.5.1 and Bioconductor package
DESeq2 version 3.8." Genes were considered to have
significantly differential expressions based on three criteria:
(i) TPM (transcripts per million) > S in at least one sample;
(ii) FDR adjusted p-value <0.0S; (iii) > 2-fold difference in
TPM values between the two exposure conditions. The RNA-
seq results were then validated by RT-qPCR (see the
Supplemental Methods in the SI) using specifically designed
primer sets (Table S2).

B RESULTS AND DISCUSSION

Effects of the Exposure to Pesticides on the Develop-
ment of Streptomycin Resistance. According to the MICs
of E. coli populations exposed to pesticides after 500
generations, the populations exposed to 125EC pesticides
showed a 1.5-fold increase in MIC of streptomycin
(MICsqp, swep = 1.5 MICq Strep). We further investigated the
MIC distribution of the 36 resistant mutants randomly picked

up from the populations exposed to 125EC pesticides and the
control populations with no exposure. Their MICs were
compared to the MIC of the ancestor strain (MIC,). Mutants
from the 12SEC pesticide exposure acquired significantly
higher Strep MICs compared to the mutants from the no
exposure control (p-value = 0.0013, N = 36) (Figure 1),
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Figure 1. MICs of mutants from the no exposure control (A) and
mutants from high-level (12SEC) pesticide exposure (B) after 500
generations. MICy g, is the MIC (9 mg/L) of the ancestor strain
(GO). The p-value of the Mann—Whitney U test is indicated (N =
36).

indicating that exposure to pesticides alone at a level as high as
12SEC stimulated the emergence of stronger streptomycin
resistance. It is worth noting that the exposure to 125EC
pesticides only selected de novo mutants more resistant to
Strep, but not to the other four tested antibiotics (i.e,, Amp,
Tet, Cip, and Chl). In addition, E. coli populations exposed to
pesticides concentrations lower than 125EC (i.e., 1/125, 1/2S,
1/5,1, S, and 25EC) did not acquire higher MICs of all tested
antibiotics compared to the no exposure control, which
showed the same resistance as the ancestor strain GO (MIC
= MIC,).

Effects of the Coexposure to Pesticides and Amp on
the Development of Antibiotic Resistance. Among the
three coexposure conditions to Amp and pesticides (i.e., (1/
125MIC,, 1EC), (1/25MIC,, 1EC), and (1/5MIC,, 1EC)),
the exposure to 1/5SMICy Amp and 1EC pesticides exhibited a
statistically significant increase in growth compared to the
Amp-exposure control (1/5 MIC,, 0) when grown in LB
medium containing 1X MIC,. Thus, E. coli populations under
this exposure condition were subject to the isolation of
resistant mutants from the populations and investigation of
MIC distributions of the isolated resistant mutants. Results
show that the 36 Amp-R mutants from the coexposure (i.e., 1/
SMIC, Amp and 1EC pesticides) exhibited a shift to higher
MICs (Figure 2B), compared to those from the exposure to 1/
SMIC, Amp only (Figure 2A). The shift of MICs was
statistically significant, according to the Mann-Whitney U test
(p-value = 0.039). As no increase in resistance was observed by
exposing the cells to 1EC pesticides only, the higher resistance
developed after the coexposure compared to the Amp-
exposure was due to the synergistic effect of pesticides when
a subinhibitory level of antibiotic selection pressure was also
present. To explore the development of cross-resistance, we
determined the MICs of the mutants from coexposed and
Amp-exposed populations (GS00) resistant to four other
antibiotics: Strep, Chl, Cip, and Tet. Except for similar Strep
resistance (i.e, MICs) of mutants from the two exposure
conditions, significantly higher (1.5—3.5 times) resistance to
the other three antibiotics was observed in the mutants from
the coexposed populations than from the Amp-exposed
populations (p-values of 1.1 X 107'°, 0.044, and 1.3 X 1077
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Figure 2. MICs of resistant mutants from the Amp-exposure (1/5MIC,, Amp) (A, C, E, G) and the coexposure (1EC pesticides +1/SMIC,, Amp) (B,
D, F, H). MIC; o, = 4 mg/L, MIC, ¢y = 8 mg/L, MIC, ¢;, = 0.016 mg/L, and MIC,, 1., = 1 mg/L. The p-values of the Mann—Whitney U tests
between the Amp-exposure and the coexposure are indicated (N = 36).

for Chl, Cip, and Tet, respectively) (Figure 2 D,F,H). Thus,
besides the acquirement of stronger resistance to Amp, the
coexposure also synergistically led to the development of
stronger cross-resistance to other antibiotics that the cells had
not been exposed to.

Genetic Mutations in Strep-Resistant Mutants from
the Pesticide Exposure. The genomes of Strep-R mutants
isolated from G500 populations exposed to 12SEC pesticides
revealed four valid genetic mutations, including two SNPs and
two deletions when compared to the genomes of the
susceptible isolates from GS00 E. coli without chemical
exposure (Figure 3, see Table S3 for a complete list of genetic
mutations). These four mutated genes encode proteins for (i)
target modification (ie., rsmG and rpsG) and (ii) regulation
(i.e., arcB and sspA). The rsmG mutation is known to cause
streptomycin resistance in E. coli and other bacterial strains
according to prior studies.*>*” All three sequenced Strep-R
mutants shared the same genetic mutation in the rpsG gene
(SNP: A — T), resulting in gaining a stop codon (*) replacing
Leul57 in the amino acid sequence (Table S3). The rpsG gene
encodes the subunit S7 of 30S ribosomal protein, which is part
of the target protein of streptomycin. The higher resistance of
mutants from the pesticide exposure could be attributed to this
target-modified mutation. Notably, this specific mutation in
rpsG has not been reported in Strep-induced mutants before
and thus might be specifically induced under the pesticide
exposure condition.

Genetic Mutations in Resistant Mutants Selected
from the Coexposure. We identified distinct mutations in
Amp-R mutants from the coexposure compared to those from
the Amp-exposure. For all three sequenced Amp-R mutants
from the coexposed cultures, the same mutation occurred in
the ftsI gene (SNP: A — T; amino acid change: GIn$36 —
Leu) (Figure 3). It encodes an Amp-binding protein, and this
genetic mutation likely altered the protein structure, hence
lowering the affinity of Amp to its target protein.*® Such
mutation on ftsI might result in the resistance to other beta-
lactam antibiotics, which act by binding to Ftsl. Notably, at the
population level, the same genetic mutation was only present
in the resistant populations (selected by 1x MIC,) from the
coexposed cultures compared to the cultures exposed to Amp
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Figure 3. Genetic mutations identified in the sequenced resistant
mutants. The links represent valid genetic mutations. The capsules
stand for mutated genes and their positions on the genome. The
darker the colors and the thicker the links, the higher are the
frequencies of the genetic mutations detected among the three
resistant mutants. Rings with dashed borders contain the genes
involved in a specific function.

only, according to the results of SNP genotyping assays (Figure
S2). It further demonstrates that the ftsI mutation was
specifically induced under the coexposure. In addition,
multiple mutations occurred in a prophage-related gene yag].
Mutations also occurred in genes encoding membrane and
flagellar structure proteins (Table S3). The structural alteration
of these proteins could potentially limit or avoid the entry of
the antibiotic into the cells, thus resulting in increased
resistance. In contrast, fewer valid genetic mutations (three
mutated genes: acrR, proV, and icd) were detected in the Amp-
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Mutants from Amp-exposure
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Figure 4. Proposed transcriptional-level mechanisms in response to antibiotic stress shared in Amp- and Cip-resistant mutants from the Amp- and
coexposure conditions (up and down arrows represent up- and down-regulated gene expression between the Amp- and coexposure conditions).

R mutants from the Amp-exposure, none of which was shared
with the resistant mutants from the coexposure (Figure 3).
The mutations in acrR have been known to be associated with
multidrug resistance.””*” The acrR gene encodes the repressor
regulating the expression of acrAB genes, which encode a
multidrug efflux pump in E. coli. The mutation of this gene
might repress its expression, which in turn would increase the
expression of acrAB and activate the efflux to increase
resistance.”” Collectively, the distinct genetic mutations
selected from the coexposure compared to those from the
Amp-exposure suggest different resistance mechanisms, which
may contribute to the higher Amp resistance developed from
the coexposure.

For Cip-R mutants isolated from the coexposed populations,
the gyrA mutations occurred in all three sequenced mutants:
two had Ser83 — Leu, and one had Asp87 — Gly (Table S3).
The DNA gyrase encoded by gyrA is the target of Cip, and the
mutations in gyrA could lead to Cip resistance.*® Along with
gyrA mutations, more diverse genetic mutations were detected
in Cip-R mutants from the coexposure compared to the Amp-
exposure (Figure 3, Table S3). The mutated genes are involved
in various functions (Table S3): (i) DNA replication and
repair, (ii) drug transporter, degrader, and efflux pumps, (iii)
membrane structure and transporter, (iv) regulator, (v)
prophage, and (vi) energy metabolism. Most of those
mutations were not known to cause Cip resistance directly.
Nevertheless, the coexposure seemed to stimulate the
evolution by diversifying the mutation sites, thus resulting in
a higher chance of selecting mutants with higher Cip
resistance. In comparison, there were only four genetic
mutations in the Cip-R mutants from the Amp-exposure,
which occurred in genes encoding proteins for target
modification, transporters, and regulators (Figure 3, Table
S3). Except for the mutation in gyrA (SNP: Asp87 — Gly) that
was also found in one mutant from the coexposure condition,
all the other three mutations only occurred in the three Cip-R
mutants selected from the Amp-exposed culture. Two mutants
had a mutation (SNP: T — C, Thr120 — Ala) in the envZ
gene that encodes a membrane-associated protein kinase,
which might reduce the production of membrane porin and
lead to antibiotic resistance.”® The same genetic mutation in
the efflux pump regulator gene acrR in the Amp-R mutants was

found in one of the three Cip-R mutants from the Amp-
exposed culture (Figure 3, Table S3), again suggesting that a
more general resistance mechanism that can cause cross-
resistance, such as extrusion of antibiotics by efflux pump, was
employed by resistant mutants developed under the Amp-
exposure.

Transcriptional Responses of Resistant Mutants from
the Coexposure and the Amp-Exposure. To further
investigate the mechanisms of higher antibiotic resistance
developed under the coexposure compared to the Amp-
exposure, differential gene expression analysis at the transcrip-
tional level was conducted using RNA-seq. Principal
component analysis using normalized transcript abundances
indicates clear differences between resistant mutants from the
coexposure and those from the Amp-exposure when grown
under antibiotic stress (0.8xX MIC) (Figure S3A,B). A total of
91 and 107 genes exhibited significantly higher/lower
expression in Amp-R mutants and Cip-R mutants from the
coexposure, respectively, compared to those from the Amp-
exposure (Figure S4). The expression results of representative
genes were validated using RT-qPCR (Figure SS). We further
grouped the differentially expressed genes into eight categories
according to their functions. We inferred the differences in
resistance mechanisms at the transcriptional level between the
resistant mutants from the Amp- and the coexposure
conditions.

For the Amp-R mutant from the Amp-exposure, the
expression of many genes encoding membrane proteins (e.g,
yhiD, yhiM) was less expressed compared to that of the
coexposure condition (Figure 4, Figure S4A). The decreased
expression of these genes may decrease the cell membrane
permeability, inhibiting the entry of antibiotics. The gene
involved in lysine decarboxylation showed higher expression in
the mutant selected from the Amp-exposure (Figure S4A). An
increase in lysine decarboxylase (CadA) activity could lead to
cadaverine accumulation, which can result in the reduction of
membrane permeability,”’ hence increasing the tolerance to
antibiotics. Meanwhile, several genes involved in cold shock
defense (e.g, cspHG) showed significantly higher expression
than those from the coexposure (Figure 4, Figure S4A). The
bacterial adaption to cold shock was found to increase the
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resistance to antibiotics and other stresses.”””” In contrast, the
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Amp-R mutant from the coexposure exhibited higher
expression of genes involved in fimbriae structure (fimBE),
cell attachment (flu), heat shock defense (ibpAB and hsIVU),
carbon starvation defense (slp), and acid stress defense (hde)
(Figure 4, Figure S4A). In addition, the histidine synthesis
genes were upregulated in the mutant from the coexposure.
Histidine may produce antioxidants in response to oxidative
stress,”" thus helping with antibiotic stress defense. Meanwhile,
many genes involved in central metabolic activities, including
arginine synthesis (e.g., argF), methionine synthesis (mmuM),
galactose transport (mglA and mglB), ferric iron reduction
(fhuF), and fatty acid f-oxidation (fadB), exhibited lower
expression (Figure S4A). The downregulation of these genes
was reported to be associated with oxidative stress
defense.>™>” Prophage genes (e.g., yag], ykgS) were
completely deactivated (Figure S4A). It has not been well
understood how the function loss of prophage genes would
affect the antibiotic resistance, and opposite effects were
observed from a limited number of studies, where the deletion
of prophages in bacterial genomes improved®”®" or reduced”
the tolerance to antibiotics and other environmental stresses.
The genes differentially expressed in the Cip-R mutants
from the Amp-exposure and coexposure conditions suggested
similar resistance mechanisms at the transcriptional level with
the Amp-R mutants. For the Cip-R mutant from the Amp-
exposure, the ompF gene, which is known to reduce membrane
permeability and lead to antibiotic resistance,”> showed lower
expression. Additionally, higher gene expression was observed
in the cold-shock defense gene cspD and the efflux gene acrB
(Figure 4, Figure S4B). As a comparison, the Cip-R mutant
from the coexposure exhibited higher expression of genes
related to fimbriae structure (fim), heat shock defense (patZ
and ygcP), oxidative stress defense (bsmA), and carbon
starvation defense (cstA and yhjX) (Figure 4, Figure S4B),
which were consistent with the types of genes differentially
expressed in the Amp-R mutant from the coexposure. The
genes involved in N-acetylneuraminate degradation (e.g.,
nanA) also exhibited higher expression in the Cip-R mutant
from the coexposure (Figure S4B), which may facilitate biofilm
formation.®* The expression of genes involved in methionine
synthesis (mmuM) and prophage genes (i.e., yag], ykgS) was
completely shut down (Figure S4B), which was the same as in
the Amp-R mutant from the coexposure, suggesting a general
transcriptional response leading to higher resistance to
multiple antibiotics. Additionally, yag] was the mutated gene
detected in both Amp-R and Cip-R mutants from the
coexposure, the deactivation of which was also observed
when grown without antibiotic stress (Figure S6). It indicates
that such differential gene expression was independent of
antibiotic treatment and was due to the mutation of yag]
(Figure S6). Similarly, the deactivation of yag] and/or the
other distinct genetic mutations in the resistant mutants from
the coexposure may cause the differential expression
independent of antibiotic stress observed for the other genes,
including fimB that controls fimbriae formation (Figure S6).
Together, the difference in transcriptional responses of
resistant mutants from the coexposure and the Amp-exposure
is likely due to the distinct genetic mutations developed under
the two exposure conditions. In addition to resistance caused
directly by the genetic mutations, the transcriptional responses
of mutants from the Amp-exposure that may contribute to the
resistance phenotype include (i) reduced membrane perme-
ability, (ii) cold shock defense, and (iii) induction of efflux

pumps. Whereas, the resistant mutants from the coexposure
may gain higher resistance via (i) increased biofilm formation,
(ii) heat shock defense, (iii) oxidative stress defense, (iv)
carbon starvation defense, and (v) deactivation of prophage-
related genes (Figure 4). Those general transcriptional-level
resistance mechanisms triggered by the exposure to one
antibiotic may also lead to resistance to other coexisting
stresses, such as multiple drug resistance.

Environmental Implications. This study reports a
previously overlooked yet critical phenomenon regarding the
development of antibiotic resistance. That is, long-term
exposure to environmental levels of pesticides alone and
together with sub-MIC levels of antibiotics can stimulate and
diversify de novo mutations toward higher resistance to certain
antibiotics. The pesticide level (mg/L), which triggered
evolution toward higher resistance to Strep, may occur in
agricultural soils, biosolids, and aquatic organisms where
pesticides can be accumulated.”®> Moreover, various levels
(ng—pug/L) of pesticides can co-occur with sub-MIC level
antibiotics'® at agricultural sites where both pesticides and
antibiotics may be applied, in the after-application run-offs as
well as in aquatic environments receiving the surface runoff
and WWTP effluents." ™" Such co-occurrence may synergisti-
cally select for de novo antibiotic-resistant mutants from a
susceptible population, with higher resistance than those that
could have been selected by antibiotic alone. If that was the
case, an observed increase in antibiotic resistance in certain
environments could be attributed to the presence of not only
antibiotics but also some nonantibiotic micropollutants such as
pesticides. Future exposure studies may be needed to
determine whether there are specific pesticides among the 23
tested ones that can exhibit the synergistic effect. In this study,
Amp, which has been widely used and detected in agriculture
and animal husbandry,”* was used in the exposure experiments
as the representative antibiotic co-occurring with pesticides.
Future studies can be conducted to investigate whether similar
synergistic effects of pesticides could be observed when
coexposed to other beta-lactams and other types of antibiotics.
The coexposure is more likely to stimulate mutations in the
genes encoding antibiotic-targeted proteins, thus resulting in
higher resistance. Mutations in nonantibiotic-resistance genes
(e.g, the prophage-related gene yagJ) may also play a role in
the acquisition of higher antibiotic resistance from the
coexposure, suggesting the need for additional indicative
biomarkers and further demonstration. In addition, the
different transcriptional responses in resistant mutants from
the coexposure could be caused by distinct genetic mutations
and contribute to the higher resistance phenotype. These
findings provide new insights into selection pressures and
mechanisms of antibiotic resistance under more environ-
mentally relevant exposure conditions as well as helpful
information to assess potential environmental impacts during
certain agricultural operations such as antibiotic application
and the reuse of biosolids and treated wastewater.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.0c011SS.

(PDF)

https://dx.doi.org/10.1021/acs.est.0c01155
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01155/suppl_file/es0c01155_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01155/suppl_file/es0c01155_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01155/suppl_file/es0c01155_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01155/suppl_file/es0c01155_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01155/suppl_file/es0c01155_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01155/suppl_file/es0c01155_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01155/suppl_file/es0c01155_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01155/suppl_file/es0c01155_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01155/suppl_file/es0c01155_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01155/suppl_file/es0c01155_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c01155?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01155/suppl_file/es0c01155_si_001.pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c01155?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

Accession Codes
All WGS and RNA sequencing data have been deposited in the
NCBI SRA database under accession no. PRJNAS530028.

B AUTHOR INFORMATION

Corresponding Author
Yujie Men — Department of Chemical and Environmental
Engineering, University of California, Riverside, California,
United States; Department of Civil and Environmental
Engineering, University of Illinois at Urbana—Champaign,
Urbana, Illinois, United States; © orcid.org/0000-0001-9811-
3828; Email: ymen@engr.ucr.edu

Authors

Yue Xing — Department of Civil and Environmental Engineering,
University of Illinois at Urbana—Champaign, Urbana, Illinois,
United States; Department of Chemical and Environmental
Engineering, University of California, Riverside, California,
United States

Shuaiqi Wu — Department of Civil and Environmental
Engineering, University of Illinois at Urbana—Champaign,
Urbana, Illinois, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.0c01155

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We would like to give thanks to Hernandez Alvaro Gonzalo
and Chris L. Wright at the Roy J. Carver Biotechnology
Center, University of Illinois at Urbana—Champaign for whole-
genome sequencing and RNA sequencing support.

B REFERENCES

(1) Andersson, D. I; Hughes, D. Microbiological effects of sublethal
levels of antibiotics. Nat. Rev. Microbiol. 2014, 12 (7), 465—478.

(2) Davies, J.; Davies, D. Origins and evolution of antibiotic
resistance. Microbiol. Mol. Biol. Rev. 2010, 74 (3), 417—433.

(3) Gullberg, E; Cao, S.; Berg, O. G.; Ilback, C.; Sandegren, L.;
Hughes, D.; Andersson, D. I. Selection of resistant bacteria at very low
antibiotic concentrations. PLoS Pathog. 2011, 7, e1002158.

(4) Long, H.; Miller, S. F.; Strauss, C.; Zhao, C.; Cheng, L; Ye, Z,;
Griffin, K;; Te, R; Lee, H; Chen, C.-C; Lynch, M. Antibiotic
treatment enhances the genome-wide mutation rate of target cells.
Proc. Natl. Acad. Sci. U. S. A. 2016, 113 (18), e2498.

(5) Brown, K. D, Kulis, J; Thomson, B; Chapman, T. H,;
Mawhinney, D. B. Occurrence of antibiotics in hospital, residential,
and dairy effluent, municipal wastewater, and the Rio Grande in New
Mexico. Sci. Total Environ. 2006, 366 (2), 772—783.

(6) McArdell, C. S; Molnar, E; Suter, M. J. F; Giger, W.
Occurrence and fate of macrolide antibiotics in wastewater treatment
plants and in the Glatt Valley watershed, Switzerland. Environ. Sci.
Technol. 2003, 37 (24), 5479—5486.

(7) Li, Y-W.; Wu, X.-L.; Mo, C.-H,; Tai, Y.-P,; Huang, X.-P.; Xiang,
L. Investigation of sulfonamide, tetracycline, and quinolone antibiotics
in vegetable farmland soil in the Pearl River Delta area, southern
China. J. Agric. Food Chem. 2011, 59 (13), 7268—7276.

(8) Luo, Y.,; Guo, W.; Ngo, H. H.; Nghiem, L. D.; Hai, F. L; Zhang,
J; Liang, S.; Wang, X. C. A review on the occurrence of
micropollutants in the aquatic environment and their fate and
removal during wastewater treatment. Sci. Total Environ. 2014, 473—
474, 619—641.

(9) Petrie, B.; Barden, R; Kasprzyk-Hordern, B. A review on
emerging contaminants in wastewaters and the environment: current

knowledge, understudied areas and recommendations for future
monitoring. Water Res. 2018, 72, 3—27.

(10) Bradley, P. M.; Journey, C. A.; Romanok, K. M.; Barber, L. B;
Buxton, H. T.; Foreman, W. T.; Furlong, E. T.; Glassmeyer, S. T;
Hladik, M. L.; Iwanowicz, L. R.; Jones, D. K.; Kolpin, D. W.; Kuivila,
K. M,; Loftin, K. A.; Mills, M. A;; Meyer, M. T.; Orlando, J. L.; Reilly,
T. J; Smalling, K. L.; Villeneuve, D. L. Expanded target-chemical
analysis reveals extensive mixed-organic-contaminant exposure in U.S.
streams. Environ. Sci. Technol. 2017, S1 (9), 4792—4802.

(11) Bortoluzzi, E. C.; Rheinheimer, D. S.; Gongalves, C. S.;
Pellegrini, J. B. R.; Maroneze, A. M.; Kurz, M. H. S.; Bacar, N. M,;
Zanella, R. Investigation of the occurrence of pesticide residues in
rural wells and surface water following application to tobacco. Quim.
Nova 2007, 30, 1872—1876.

(12) Ccanccapa, A.; Masia, A.; Navarro-Ortega, A.; Pico, Y.; Barcelo,
D. Pesticides in the Ebro River basin: occurrence and risk assessment.
Environ. Pollut. 2016, 211, 414—424.

(13) Robles-Molina, J.; Gilbert-Lopez, B.; Garcia-Reyes, J. F.;
Molina-Diaz, A. Monitoring of selected priority and emerging
contaminants in the Guadalquivir River and other related surface
waters in the province of Jaén, South East Spain. Sci. Total Environ.
2014, 479, 247—-257.

(14) Wei, R; Ge, F.; Huang, S.; Chen, M.; Wang, R. Occurrence of
veterinary antibiotics in animal wastewater and surface water around
farms in Jiangsu Province, China. Chemosphere 2011, 82 (10), 1408—
1414.

(15) Watanabe, N.; Bergamaschi, B. A.; Loftin, K. A.,; Meyer, M. T,;
Harter, T. Use and environmental occurrence of antibiotics in freestall
dairy farms with manured forage fields. Environ. Sci. Technol. 2010, 44
(17), 6591—6600.

(16) McKenna, M. Antibiotics set to flood Florida’s troubled orange
orchards. Nature 2019, 567 (7748), 302.

(17) Heeb, F.; Singer, H.; Pernet-Coudrier, B.; Qi, W.; Liu, H;
Longrée, P.,; Miiller, B.; Berg, M. Organic micropollutants in rivers
downstream of the megacity Beijing: sources and mass fluxes in a
large-scale wastewater irrigation system. Environ. Sci. Technol. 2012,
46 (16), 8680—8688.

(18) Calderén-Preciado, D.; Matamoros, V.; Bayona, J. M.
Occurrence and potential crop uptake of emerging contaminants
and related compounds in an agricultural irrigation network. Sci. Total
Environ. 2011, 412—413, 14—109.

(19) Fairbairn, D. J.; Karpuzcu, M. E.; Arnold, W. A.; Barber, B. L,
Kaufenberg, E. F.; Koskinen, W. C,; Novak, P. J; Rice, P. J;
Swackhamer, D. L. Sources and transport of contaminants of
emerging concern: a two-year study of occurrence and spatiotemporal
variation in a mixed land use watershed. Sci. Total Environ. 2016, 551,
605—613.

(20) Schwarzenbach, R. P.; Escher, B. L; Fenner, K.; Hofstetter, T.
B.; Johnson, C. A.; von Gunten, U; Wehrli, B. The challenge of
micropollutants in aquatic systems. Science 2006, 313 (5790), 1072.

(21) Xing, Y; Yu, Y; Men, Y. Emerging investigators series:
occurrence and fate of emerging organic contaminants in wastewater
treatment plants with an enhanced nitrification step. Environ. Sci.
Water Res. Technol. 2018, 4 (10), 1412—1426.

(22) Harman-Fetcho, J. A.;; Hapeman, C. J; McConnell, L. L,
Potter, T. L.; Rice, C. P.; Sadeghi, A. M.; Smith, R. D.; Bialek, K;
Sefton, K. A.; Schaffer, B. A;; Curry, R. Pesticide occurrence in
selected South Florida canals and Biscayne Bay during high
agricultural activity. J. Agric. Food Chem. 2005, 53 (15), 6040—6048.

(23) Denyer, S. P. Mechanisms of action of biocides. Int. Biodeterior.
1990, 26 (2), 89—100.

(24) Heath, R. J; Rubin, J. R; Holland, D. R;; Zhang, E.; Snow, M.
E.,; Rock, C. O. Mechanism of triclosan inhibition of bacterial fatty
acid synthesis. J. Biol. Chem. 1999, 274 (16), 11110—11114.

(25) Newton, B. A. The properties and mode of action of the
polymyxins. Bacteriol. Rev. 1956, 20 (1), 14—27.

(26) Attmannspacher, U; Scharf, B. E.; Harshey, R. M. FIiL is
essential for swarming: motor rotation in absence of FIiL fractures the

https://dx.doi.org/10.1021/acs.est.0c01155
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yujie+Men"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9811-3828
http://orcid.org/0000-0001-9811-3828
mailto:ymen@engr.ucr.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue+Xing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuaiqi+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c01155?ref=pdf
https://dx.doi.org/10.1038/nrmicro3270
https://dx.doi.org/10.1038/nrmicro3270
https://dx.doi.org/10.1128/MMBR.00016-10
https://dx.doi.org/10.1128/MMBR.00016-10
https://dx.doi.org/10.1371/journal.ppat.1002158
https://dx.doi.org/10.1371/journal.ppat.1002158
https://dx.doi.org/10.1073/pnas.1601208113
https://dx.doi.org/10.1073/pnas.1601208113
https://dx.doi.org/10.1016/j.scitotenv.2005.10.007
https://dx.doi.org/10.1016/j.scitotenv.2005.10.007
https://dx.doi.org/10.1016/j.scitotenv.2005.10.007
https://dx.doi.org/10.1021/es034368i
https://dx.doi.org/10.1021/es034368i
https://dx.doi.org/10.1021/jf1047578
https://dx.doi.org/10.1021/jf1047578
https://dx.doi.org/10.1021/jf1047578
https://dx.doi.org/10.1016/j.scitotenv.2013.12.065
https://dx.doi.org/10.1016/j.scitotenv.2013.12.065
https://dx.doi.org/10.1016/j.scitotenv.2013.12.065
https://dx.doi.org/10.1016/j.watres.2014.08.053
https://dx.doi.org/10.1016/j.watres.2014.08.053
https://dx.doi.org/10.1016/j.watres.2014.08.053
https://dx.doi.org/10.1016/j.watres.2014.08.053
https://dx.doi.org/10.1021/acs.est.7b00012
https://dx.doi.org/10.1021/acs.est.7b00012
https://dx.doi.org/10.1021/acs.est.7b00012
https://dx.doi.org/10.1590/S0100-40422007000800014
https://dx.doi.org/10.1590/S0100-40422007000800014
https://dx.doi.org/10.1016/j.envpol.2015.12.059
https://dx.doi.org/10.1016/j.scitotenv.2014.01.121
https://dx.doi.org/10.1016/j.scitotenv.2014.01.121
https://dx.doi.org/10.1016/j.scitotenv.2014.01.121
https://dx.doi.org/10.1016/j.chemosphere.2010.11.067
https://dx.doi.org/10.1016/j.chemosphere.2010.11.067
https://dx.doi.org/10.1016/j.chemosphere.2010.11.067
https://dx.doi.org/10.1021/es100834s
https://dx.doi.org/10.1021/es100834s
https://dx.doi.org/10.1038/d41586-019-00878-4
https://dx.doi.org/10.1038/d41586-019-00878-4
https://dx.doi.org/10.1021/es301912q
https://dx.doi.org/10.1021/es301912q
https://dx.doi.org/10.1021/es301912q
https://dx.doi.org/10.1016/j.scitotenv.2011.09.057
https://dx.doi.org/10.1016/j.scitotenv.2011.09.057
https://dx.doi.org/10.1016/j.scitotenv.2016.02.056
https://dx.doi.org/10.1016/j.scitotenv.2016.02.056
https://dx.doi.org/10.1016/j.scitotenv.2016.02.056
https://dx.doi.org/10.1126/science.1127291
https://dx.doi.org/10.1126/science.1127291
https://dx.doi.org/10.1039/C8EW00278A
https://dx.doi.org/10.1039/C8EW00278A
https://dx.doi.org/10.1039/C8EW00278A
https://dx.doi.org/10.1021/jf047803g
https://dx.doi.org/10.1021/jf047803g
https://dx.doi.org/10.1021/jf047803g
https://dx.doi.org/10.1016/0265-3036(90)90050-H
https://dx.doi.org/10.1074/jbc.274.16.11110
https://dx.doi.org/10.1074/jbc.274.16.11110
https://dx.doi.org/10.1128/MMBR.20.1.14-27.1956
https://dx.doi.org/10.1128/MMBR.20.1.14-27.1956
https://dx.doi.org/10.1111/j.1365-2958.2008.06170.x
https://dx.doi.org/10.1111/j.1365-2958.2008.06170.x
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c01155?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

flagellar rod in swarmer cells of Salmonella enterica. Mol. Microbiol.
2008, 68 (2), 328—341.

(27) Miryala, S. K.; Ramaiah, S. Exploring the multi-drug resistance
in Escherichia coli O157:H7 by gene interaction network: a systems
biology approach. Genomics 2019, 111, S0888—7543.

(28) Kurenbach, B.; Gibson, P. S.; Hill, A. M; Bitzer, A. S.; Silby, M.
W.; Godsoe, W.; Heinemann, J. A. Herbicide ingredients change
Salmonella enterica sv. Typhimurium and Escherichia coli antibiotic
responses. Microbiology 2017, 163 (12), 1791—1801.

(29) Kurenbach, B.; Hill, A. M.; Godsoe, W.; van Hamelsveld, S.;
Heinemann, J. A. Agrichemicals and antibiotics in combination
increase antibiotic resistance evolution. Peer] 2018, 6, e5801.

(30) Rippy, M. A,; Deletic, A.; Black, J.; Aryal, R;; Lampard, J.-L.;
Tang, J. Y.-M,; McCarthy, D.; Kolotelo, P.; Sidhu, J.; Gernjak, W.
Pesticide occurrence and spatio-temporal variability in urban run-off
across Australia. Water Res. 2017, 115, 245—255.

(31) Kolpin, D. W.; Furlong, E. T.; Meyer, M. T.; Thurman, E. M,;
Zaugg, S. D.; Barber, L. B.; Buxton, H. T. Pharmaceuticals, hormones,
and other organic wastewater contaminants in U.S. streams, 1999—
2000: a national reconnaissance. Environ. Sci. Technol. 2002, 36 (6),
1202—1211.

(32) Senseman, S. A; Lavy, T. L,; Mattice, J. D.; Gbur, E. E;
Skulman, B. W. Trace level pesticide detections in Arkansas surface
waters. Environ. Sci. Technol. 1997, 31 (2), 395—401.

(33) Pitarch, E.; Cervera, M. L; Portolés, T.; Ibafiez, M.; Barreda,
M.; Renau-Prufionosa, A.; Morell, I; Lopez, F.; Albarran, F;
Hernandez, F. Comprehensive monitoring of organic micro-pollutants
in surface and groundwater in the surrounding of a solid-waste
treatment plant of Castellon, Spain. Sci. Total Environ. 2016, 548—
549, 211-220.

(34) Economou, V.; Gousia, P. Agriculture and food animals as a
source of antimicrobial-resistant bacteria. Infect. Drug Resist. 2018, 8,
49-61.

(35) Wiegand, I; Hilpert, K; Hancock, R. E. W. Agar and broth
dilution methods to determine the minimal inhibitory concentration
(MIC) of antimicrobial substances. Nat. Protoc. 2008, 3 (2), 163—
178.

(36) Kohanski, M. A,; DePristo, M. A.; Collins, J. J. Sublethal
antibiotic treatment leads to multidrug resistance via radical-induced
mutagenesis. Mol. Cell 2010, 37 (3), 311-320.

(37) Cox, M. P.; Peterson, D. A.; Biggs, P. J. SolexaQA: at-a-glance
quality assessment of Illumina second-generation sequencing data.
BMC Bioinf. 2010, 11 (1), 48S.

(38) Langmead, B.; Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Methods 2012, 9, 357.

(39) Li, H; Handsaker, B.; Wysoker, A,; Fennell, T.; Ruan, J;
Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.;; Genome Project
Data Processing, S.. The sequence alignment/map format and
SAMtools. Bioinformatics 2009, 25 (16), 2078—2079.

(40) Tischler, G.; Leonard, S. Biobambam: tools for read pair
collation based algorithms on BAM files. Source Code Biol. Med. 2014,
9 (1), 13.

(41) McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis,
K.; Kernytsky, A.; Garimella, K; Altshuler, D.; Gabriel, S.; Daly, M;
DePristo, M. A. The genome analysis toolkit: a mapreduce framework
for analyzing next-generation DNA sequencing data. Genome Res.
2010, 20 (9), 1297—1303.

(42) Li, D; Zeng S; He, M;; Gu, A. Z. Water disinfection
byproducts induce antibiotic resistance-role of environmental
pollutants in resistance phenomena. Environ. Sci. Technol. 2016, S0
(6), 3193—3201.

(43) Mei, R.; Narihiro, T.; Nobu, M. K; Kuroda, K; Liu, W.-T.
Evaluating digestion efficiency in full-scale anaerobic digesters by
identifying active microbial populations through the lens of microbial
activity. Sci. Rep. 2016, 6 (1), 34090.

(44) Liao, Y,; Smyth, G. K; Shi, W. FeatureCounts: an efficient
general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30 (7), 923—930.

(45) Love, M. L; Huber, W.; Anders, S. Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15 (12), 550.

(46) Mikheil, D. M.; Shippy, D. C.; Eakley, N. M.; Okwumabua, O.
E.; Fadl, A. A. Deletion of gene encoding methyltransferase (gidB)
confers high-level antimicrobial resistance in Salmonella. ]. Antibiot.
2012, 65 (4), 185—192.

(47) Wistrand-Yuen, E.; Knopp, M.; Hjort, K.; Koskiniemi, S.; Berg,
O. G.; Andersson, D. L. Evolution of high-level resistance during low-
level antibiotic exposure. Nat. Commun. 2018, 9 (1), 1599.

(48) Lazar, V.; Nagy, L; Spohn, R;; Csorgo, B.; Gyorkei, A.; Nyerges,
A.; Horvath, B,; Voros, A,; Busa-Fekete, R.; Hrtyan, M.; Bogos, B.;
Mehi, O.; Fekete, G.; Szappanos, B.; Kegl, B.; Papp, B,; Pal, C.
Genome-wide analysis captures the determinants of the antibiotic
cross-resistance interaction network. Nat. Commun. 2014, S, 4352.

(49) Ma, D.; Alberti, M.; Lynch, C.; Nikaido, H.; Hearst, J. E. The
local repressor AcrR plays a modulating role in the regulation of
arcAB genes of Escherichia coli by global stress signals. Mol. Microbiol.
1996, 19 (1), 101—112.

(50) Jaffé, A.; Chabbert, Y. A,; Derlot, E. Selection and
characterization of beta-lactam-resistant Escherichia coli K-12 mutants.
Antimicrob. Agents Chemother. 1983, 23 (4), 622.

(51) Tkachenko, A. G.; Shumkov, A. V.; Akhova, A. V. Adaptive
functions of Escherichia coli polyamines in response to sublethal
concentrations of antibiotics. Microbiology 2009, 78 (1), 25—32.

(52) Al-Nabulsi, A. A.; Osaili, T. M.; Elabedeen, N. A. Z.; Jaradat, Z.
W.; Shaker, R. R;; Kheirallah, K. A; Tarazi, Y. H,; Holley, R. A.
Impact of environmental stress desiccation, acidity, alkalinity, heat or
cold on antibiotic susceptibility of Cronobacter sakazakii. Int. J. Food
Microbiol. 2011, 146 (2), 137—143.

(53) Al-Nabulsi, A. A; Osaili, T. M.; Shaker, R. R;; Olaimat, A. N.;
Jaradat, Z. W.; Zain Elabedeen, N. A.; Holley, R. A. Effects of osmotic
pressure, acid, or cold stresses on antibiotic susceptibility of Listeria
monocytogenes. Food Microbiol. 2018, 46, 154—160.

(54) Lemire, J.; Milandu, Y.; Auger, C.; Bignucolo, A.; Appanna, V.
P.; Appanna, V. D. Histidine is a source of the antioxidant, a-
ketoglutarate, in Pseudomonas fluorescens challenged by oxidative
stress. FEMS Microbiol. Lett. 2010, 309 (2), 170—177.

(55) Honn, M,; Lindgren, H.; Sjostedt, A. The role of MglA for
adaptation to oxidative stress of Francisella tularensis LVS. BMC
Microbiol. 2012, 12 (1), 14.

(56) Bearson, B. L.; Lee, L. S.; Casey, T. A. Escherichia coli 0157 : H7
glutamate- and arginine-dependent acid-resistance systems protect
against oxidative stress during extreme acid challenge. Microbiology
2009, 155 (3), 805—812.

(57) Touati, D. Iron and oxidative stress in bacteria. Arch. Biochem.
Biophys. 2000, 373 (1), 1-6.

(58) Hondorp, E. R;; Matthews, R. G. Oxidative stress inactivates
cobalamin-independent methionine synthase (MetE) in Escherichia
coli. PLoS Biol. 2004, 2 (11), e336.

(59) Doi, H.; Hoshino, Y.; Nakase, K.; Usuda, Y. Reduction of
hydrogen peroxide stress derived from fatty acid beta-oxidation
improves fatty acid utilization in Escherichia coli. Appl. Microbiol.
Biotechnol. 2014, 98 (2), 629—639.

(60) Zeng, Z.; Liu, X;; Yao, J.; Guo, Y; Li, B.; Li, Y.; Jiao, N.; Wang,
X. Cold adaptation regulated by cryptic prophage excision in
Shewanella oneidensis. ISME J. 2016, 10 (12), 2787—2800.

(61) Martinez-Garcia, E.; Jatsenko, T.; Kivisaar, M.; de Lorenzo, V.
Freeing Pseudomonas putida KT2440 of its proviral load strengthens
endurance to environmental stresses. Environ. Microbiol. 2015, 17 (1),
76—90.

(62) Wang, X; Kim, Y; Ma, Q; Hong, S. H.; Pokusaeva, K;
Sturino, J. M.; Wood, T. K. Cryptic prophages help bacteria cope with
adverse environments. Nat. Commun. 2010, 1, 147.

(63) Suzuki, S.; Horinouchi, T.; Furusawa, C. Prediction of
antibiotic resistance by gene expression profiles. Nat. Commun.
2014, 5 (1), 5792.

(64) Di Pasquale, P.; Caterino, M;; Di Somma, A.; Squillace, M;
Rossi, E.; Landini, P.; Iebba, V.; Schippa, S.; Papa, R.; Selan, L.; Artini,

https://dx.doi.org/10.1021/acs.est.0c01155
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://dx.doi.org/10.1111/j.1365-2958.2008.06170.x
https://dx.doi.org/10.1016/j.ygeno.2018.06.002
https://dx.doi.org/10.1016/j.ygeno.2018.06.002
https://dx.doi.org/10.1016/j.ygeno.2018.06.002
https://dx.doi.org/10.1099/mic.0.000573
https://dx.doi.org/10.1099/mic.0.000573
https://dx.doi.org/10.1099/mic.0.000573
https://dx.doi.org/10.7717/peerj.5801
https://dx.doi.org/10.7717/peerj.5801
https://dx.doi.org/10.1016/j.watres.2017.03.010
https://dx.doi.org/10.1016/j.watres.2017.03.010
https://dx.doi.org/10.1021/es011055j
https://dx.doi.org/10.1021/es011055j
https://dx.doi.org/10.1021/es011055j
https://dx.doi.org/10.1021/es960244c
https://dx.doi.org/10.1021/es960244c
https://dx.doi.org/10.1016/j.scitotenv.2015.12.166
https://dx.doi.org/10.1016/j.scitotenv.2015.12.166
https://dx.doi.org/10.1016/j.scitotenv.2015.12.166
https://dx.doi.org/10.2147/IDR.S55778
https://dx.doi.org/10.2147/IDR.S55778
https://dx.doi.org/10.1038/nprot.2007.521
https://dx.doi.org/10.1038/nprot.2007.521
https://dx.doi.org/10.1038/nprot.2007.521
https://dx.doi.org/10.1016/j.molcel.2010.01.003
https://dx.doi.org/10.1016/j.molcel.2010.01.003
https://dx.doi.org/10.1016/j.molcel.2010.01.003
https://dx.doi.org/10.1186/1471-2105-11-485
https://dx.doi.org/10.1186/1471-2105-11-485
https://dx.doi.org/10.1038/nmeth.1923
https://dx.doi.org/10.1038/nmeth.1923
https://dx.doi.org/10.1093/bioinformatics/btp352
https://dx.doi.org/10.1093/bioinformatics/btp352
https://dx.doi.org/10.1186/1751-0473-9-13
https://dx.doi.org/10.1186/1751-0473-9-13
https://dx.doi.org/10.1101/gr.107524.110
https://dx.doi.org/10.1101/gr.107524.110
https://dx.doi.org/10.1021/acs.est.5b05113
https://dx.doi.org/10.1021/acs.est.5b05113
https://dx.doi.org/10.1021/acs.est.5b05113
https://dx.doi.org/10.1038/srep34090
https://dx.doi.org/10.1038/srep34090
https://dx.doi.org/10.1038/srep34090
https://dx.doi.org/10.1093/bioinformatics/btt656
https://dx.doi.org/10.1093/bioinformatics/btt656
https://dx.doi.org/10.1093/bioinformatics/btt656
https://dx.doi.org/10.1186/s13059-014-0550-8
https://dx.doi.org/10.1186/s13059-014-0550-8
https://dx.doi.org/10.1038/ja.2012.5
https://dx.doi.org/10.1038/ja.2012.5
https://dx.doi.org/10.1038/s41467-018-04059-1
https://dx.doi.org/10.1038/s41467-018-04059-1
https://dx.doi.org/10.1038/ncomms5352
https://dx.doi.org/10.1038/ncomms5352
https://dx.doi.org/10.1046/j.1365-2958.1996.357881.x
https://dx.doi.org/10.1046/j.1365-2958.1996.357881.x
https://dx.doi.org/10.1046/j.1365-2958.1996.357881.x
https://dx.doi.org/10.1128/AAC.23.4.622
https://dx.doi.org/10.1128/AAC.23.4.622
https://dx.doi.org/10.1134/S0026261709010044
https://dx.doi.org/10.1134/S0026261709010044
https://dx.doi.org/10.1134/S0026261709010044
https://dx.doi.org/10.1016/j.ijfoodmicro.2011.02.013
https://dx.doi.org/10.1016/j.ijfoodmicro.2011.02.013
https://dx.doi.org/10.1016/j.fm.2014.07.015
https://dx.doi.org/10.1016/j.fm.2014.07.015
https://dx.doi.org/10.1016/j.fm.2014.07.015
https://dx.doi.org/10.1111/j.1574-6968.2010.02034.x
https://dx.doi.org/10.1111/j.1574-6968.2010.02034.x
https://dx.doi.org/10.1111/j.1574-6968.2010.02034.x
https://dx.doi.org/10.1186/1471-2180-12-14
https://dx.doi.org/10.1186/1471-2180-12-14
https://dx.doi.org/10.1099/mic.0.022905-0
https://dx.doi.org/10.1099/mic.0.022905-0
https://dx.doi.org/10.1099/mic.0.022905-0
https://dx.doi.org/10.1006/abbi.1999.1518
https://dx.doi.org/10.1371/journal.pbio.0020336
https://dx.doi.org/10.1371/journal.pbio.0020336
https://dx.doi.org/10.1371/journal.pbio.0020336
https://dx.doi.org/10.1007/s00253-013-5327-6
https://dx.doi.org/10.1007/s00253-013-5327-6
https://dx.doi.org/10.1007/s00253-013-5327-6
https://dx.doi.org/10.1038/ismej.2016.85
https://dx.doi.org/10.1038/ismej.2016.85
https://dx.doi.org/10.1111/1462-2920.12492
https://dx.doi.org/10.1111/1462-2920.12492
https://dx.doi.org/10.1038/ncomms1146
https://dx.doi.org/10.1038/ncomms1146
https://dx.doi.org/10.1038/ncomms6792
https://dx.doi.org/10.1038/ncomms6792
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c01155?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

M.,; Palamara, A. T, Duilio, A. Exposure of E. coli to DNA-
methylating agents impairs biofilm formation and invasion of
eukaryotic cells via down regulation of the N-acetylneuraminate
lyase NanA. Front. Microbiol. 2016, 7, 147.

(65) Chopra, A. K.; Sharma, M. K.; Chamoli, S. Bioaccumulation of
organochlorine pesticides in aquatic system—an overview. Environ.
Monit. Assess. 2011, 173 (1), 905—916.

https://dx.doi.org/10.1021/acs.est.0c01155
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://dx.doi.org/10.3389/fmicb.2016.00147
https://dx.doi.org/10.3389/fmicb.2016.00147
https://dx.doi.org/10.3389/fmicb.2016.00147
https://dx.doi.org/10.3389/fmicb.2016.00147
https://dx.doi.org/10.1007/s10661-010-1433-4
https://dx.doi.org/10.1007/s10661-010-1433-4
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c01155?ref=pdf



