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Abstract

The spread of antibiotic resistance represents a global threat to public health, and has been 

traditionally attributed to extensive antibiotic uses in clinical and agricultural applications. As a 

result, researchers have mostly focused on clinically relevant high-level resistance enriched by 

antibiotics above the minimal inhibitory concentrations (MICs). Here, we report that two common 

water disinfection byproducts (chlorite and iodoacetic acid) had antibiotic-like effects that led to 

the evolution of resistant E. coli strains under both high (near MICs) and low (sub-MIC) exposure 

concentrations. The subinhibitory concentrations of DBPs selected strains with resistance higher 

than those evolved under above-MIC exposure concentrations. In addition, whole-genome analysis 

revealed distinct mutations in small sets of genes known to be involved in multiple drug and drug-

specific resistance, as well as in genes not yet identified to play role in antibiotic resistance. The 

number and identities of genetic mutations were distinct for either the high versus low sub-MIC 

concentrations exposure scenarios. This study provides evidence and mechanistic insight into the 

sub-MIC selection of antibiotic resistance by antibiotic-like environmental pollutants such as 

disinfection byproducts in water, which may be important contributors to the spread of global 

antibiotic resistance. The results from this study open an intriguing and profound question on the 
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roles of large amount and various environmental contaminants play in selecting and spreading the 

antibiotics resistance in the environment.

Abstract

INTRODUCTION

The spread of antibiotic resistance is a growing public health concern worldwide resulting in 

significant morbidity1 and even fatal outcomes.1,2 Antibiotic resistance has been 

traditionally attributed to the overuse or misuse of antibiotics in clinical and agricultural 

domains for human2 and livestock.3 Clinically relevant high-level resistance enriched by 

bacterial exposure to antibiotics above the minimal inhibitory concentrations (MICs) has 

been the primary research focus.4,5 However, the ability of and manifold underlying 

mechanisms for subinhibitory concentrations (tens to hundreds-fold below the MICs, 

referred to as sub-MICs) to select for bacterial resistance have recently been evidenced and 

discussed.6−8 This presents profound implications because most antibiotics exist widely in 

natural environments at relatively low concentrations in the ng/L to μg/L ranges from both 

natural and anthropogenic sources.9,10 The sub-MIC resistance selections typically occur at 

a high frequency because of the low fitness-cost mutations, and it favors the accumulation of 

broader range multiple small-step mutations in contrast to high-MIC selections that induce 

very specific mutations with higher resistant.5,7,44 Recent evidence has suggested that the 

selection of resistant mutants by sub-MIC antibiotics operates via broadly conserved cellular 

functions and pathways such as those involved in bacterial SOS response6,11 and “Reactive 

Oxygen Species” (ROS) response systems.6,8 The involvement of these conserved cellular 

pathways and mechanisms raise important questions on the possible role of antibiotic-like 

environmental chemicals in the emergence and spread of antibiotic resistance on global 

scales.

Both the identity of chemicals exerting antibiotic effects, as well as the mechanisms behind 

these effects remain largely unknown. Sparse evidence of coselection of antibiotic resistance 

by nonantibiotic chemicals have been reported for a few types of chemicals including 
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metals12,13 and disinfectants.14,15 The roles of metal ions, for example, in coselection of 

antibiotic resistance have been attributed to the shared structural and functional 

characteristics of prokaryotic antibiotic and metal resistance systems.12 ROS-induced 

mutagenesis, oxidative stress regulators activation, and horizontal transfer of transmissible 

plasmids and integrons that contain both disinfectant- and antibiotic-resistant genes have 

been suggested to contribute to high-level (at MIC levels) antibiotic resistance selection by 

certain disinfectants.14,15 The resistance selection pressures posed by the large number and 

diversity of other environmental chemicals, especially at relatively low concentrations 

(below MIC levels) in natural environments, however, have not been investigated and is a 

ripe area for systematic and mechanistic investigation.4–6

Disinfection byproducts (DBPs) are water contaminants formed during water treatment 

disinfection processes16,17 and are present in nearly all water sources, posing wide 

exposures for human and other organisms.17–19 Relatively increasing concentrations of 

antibiotic resistant bacteria (ARB) and antibiotic resistant genes (ARGs) in disinfected 

drinking water compared to raw water sources initially raised questions as to whether DBPs 

were contributing to the rise of antibiotic resistance.14,22 It had previously been thought that 

very low antibiotic concentrations typically present in water distribution systems would not 

be able to selectively cultivate antibiotic resistant bacteria.20,21 Selection of antibiotic 

resistance by a number of mutagenic DBPs has been recently reported, presumably 

associated with identified mutations in certain genes involved in either antibiotic-specific or 

multidrug resistance pathways.22,49 The role of widely present DBPs at relatively low 

concentrations (sub-MIC levels) on the selection and enrichment of antibiotic resistance is of 

great interest and importance, and the underlying mechanism remain largely unknown.

This study reports the occurrence and distinct mechanisms of antibiotic resistance selection 

by three water disinfection byproducts at both high (up to MIC) and low (sub-MIC, at 

similar order of magnitude as the highest levels detected in the environment or maximum 

contaminant level (MCL)) concentrations.16–18,47,48 Three widespread DBPs, namely, 

trichloroacetic acid (TCA), chlorite and iodoacetic acid (IAA), which are often detected in 

drinking water, swimming pool and reclaimed water,16–18,47,48 were used for the selection 

experiments (Figure 1). TCA and chlorite are regulated by the U.S. Environmental 

Protection Agency and other agencies in the world,16 and the MCL is 0.06 mg/L for 

haloacetic acid (including TCA) and 1 mg/L for chlorite in drinking water.16 IAA belongs to 

a new, and toxicologically significant class of DBP that was identified as part of the U.S. 

Nationwide Occurrence Study.16 A total concentration of 1.6 mg/L as sum of six haloacetic 

acids (HAAs) has been detected in swimming pools.47 Chlorite concentration as high as 1.1 

mg/L has been reported in a water distribution system,16 and the IAA were detected in 

waters from drinking water plants at levels near 1.7 μg/L.48 In addition to the evaluation of 

the phenotypic changes of resistance to antibiotics by the MIC measurements, we further 

investigated the genetic changes and mechanisms responsible for resistance by Illumina 

whole-genome sequencing of selected resistant colonies (Figure 1). The results 

demonstrated that DBPs, at both MIC and sub-MIC levels, can select for antibiotic 

resistance. The whole genomic analysis identified chromosomal genetic mutations known to 

be involved in multiple drug and drug-specific resistance, as well as in genes not yet 
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identified to play role in antibiotic resistance and expanded our understanding of the 

mechanisms in DBPs-induced antibiotic resistance.

MATERIALS AND METHODS

Strains and Selection Conditions.

First, −80 °C stock drug sensitive E. coli K12 (MG1655) was streaked on a Luria−Bertani 

(LB) agar plates and allowed to grow for 16 h. One single colony was picked and inoculated 

into a tube containing 10 mL of LB broth for 12 h incubation at 37 °C, which was used as 

isogenic “seeds” for selection experiments.

The resistance selection experiments were performed in two conditions, with gradually 

increasing dose concentrations up to 1 × MIC (referred as high concentration selection) and 

lower concentrations of DBPs (sub-MIC, 10 mg/L) (Figure 1). In the high concentration 

selection experiments, the concentrations of TCA, NaClO2, and IAA increased from an 

initial value of 10 mg/ L to final MIC concentrations of 64, 400, and 350 mg/L, respectively 

(MIC were predetermined, see below), in a gradually step by step fashion (Supporting 

Information, SI, Figure S1). In the low concentration selection experiments, the 

concentrations of TCA, NaClO2, and IAA were maintained consistently at 10 mg/L during 

selection cycles. All treatments and control were performed in triplicate.

The selection procedures are shown in Figure 1 as previously described.7 Initially, 0.5 mL of 

isogenic E. coli cultures (about 108 CFU) and 4.5 mL fresh LB mediums with different 

concentrations of DBPs were added into a 15 mL sterilized tube, then incubated at 37 °C for 

24 h, and then the 0.5 mL of E. coli cultures from this tube was subcultured into 4.5 mL 

fresh LB medium with DBPs. E. coli selected in fresh LB medium without DBPs for 40 

subculture cycles were also conducted in parallel as control. All the experimental tubes were 

incubated in aerated incubators without shaking, and the selection experiments were 

repeated for 40 subculture cycles of every 24 h.

Isolation of Resistant Strains and Determination of Minimum Inhibitory Concentrations 
(MICs).

After 40 selection cycles, the E. coli cultures were streaked on an LB agar plates with 

serially dilutions and were allowed to grow for 16 h at 37 °C. Then 30−40 clones were 

randomly picked up from each DBP-selected culture, as well as from the untreated control 

culture by streaking the selected colonies onto LB-agar plates. These randomly selected 

colonies were grown in 3 mL of LB for 5−6 h at 37 °C, and the minimum inhibitory 

concentrations (MICs) of E. coli K12 (MG1655) were determined against six antibiotics, 

namely: amoxicillin, ciprofloxacin, gentamicin, polymyxin B, tetracycline, and 

erythromycin. In addition, MICs for the original E. coli K12 strain before the selection 

process against the six antibiotics, as well as against each of the three DBPs, were also 

determined. The MIC determinations were carried out in 96-well plates, as previously 

described,24–26 and the initial concentrations of E. coli exposed to antibiotics were about 106 

CFU/mL. Briefly, in each 150 μL well of 96-well plates, we introduced a 5 μL of selected 

clone cultures, 15 μL of serially 2-fold diluted antibiotics or DBPs, and 130 μL of fresh LB 
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medium, and then followed growth by measuring absorbance over 20 h. Sterilized PBS was 

used as blank control. The MIC was determined as the concentration of antibiotics that 

inhibits 90% of growth in LB. Each strain was tested at least in triplicate.

DNA Extraction.

Two to three resistant strains from each of the DBPs-exposed culture and LB-control strains 

on LB plates were cultured in LB medium at 37 °C for 16 h, and the total DNA was 

extracted with the Universal Genomic DNA Extraction Kit (Takara, Dalian, China) 

according to the manufacturer’s instructions. Then the DNA concentration was determined 

on the Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, DE).

Whole-genome Sequencing and Data Analysis.

Illumina sequencing libraries were prepared from each E. coli genomic DNA (<50 ng) using 

the Nextera DNA Sample Prep Kit (Epicenter) and HiSeq2000 (Sinogene and Novogene 

Bioinformatics Institute, Beijing, China). The whole-genome shotgun library was sequenced 

across one lane (PE50 reads on Illumina Hiseq 2000, Illumina GAIIx, and Roche 454).

A reference genome for E. coli strain K12 was obtained from Genbank (Accession 

NC000913.3). Illumina reads were mapped as paired-ends to the reference genome using 

Bowtie. Unaligned reads were iteratively clipped from their 3′ ends by 5 bases until reads 

mapped or a threshold of 70 base pairs (for GAIIx) or 25 base pairs (for Hiseq) had been 

reached. Ambiguously mapped reads were discarded. Roche 454 reads were aligned using 

Newbler, proprietary alignment software from Roche, according to the manufacturer’s 

recommendation.

Alignments were converted to pileup format using SAMtools. The percentage of 

mismatched bases was calculated for each base in the reference. Bases where sequenced 

reads differed from reference by at least 50% and had at least 5X coverage were considered 

genetic changes and were kept for further analysis. A two-sided t test was performed on the 

frequencies of mutations between selected samples and reference sequences. Mutations with 

a p-value result <0.01 were considered to be enriched in samples.23,24 Genetic changes 

found to be enriched in antibiotic resistant samples were checked against Genbank RefSeq.

Transcriptomic Analysis of Impact of Disinfection Byproducts on Oxidative Stress and 
SOS Response Pathways.

A group of transcriptional fusions of GFP that include different promoters in E. coli K12 

MG1655 was employed in this study (Open Biosystem, Huntsville, AL). Each promoter is 

expressed from a low-copy plasmid, pUA66 or pUA139, which contain a kanamycin 

resistance gene and a fast-folding gfp-mut thus enabling real-time measurement of gene 

expression with high accuracy and reproducibility.45,46 For this particular study, 43 

recombinant E. coli strains with different promoters were selected, which control the 

expression of oxidative stress and SOS response related DNA damage and repair pathways 

in E. coli (Table S3).
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The recombinant E. coli strains were transferred from frozen stocks into LB medium 

supplemented with 50 μg/mL kanamycin, and incubated at 37 °C for 16−18 h. The E. coli 

were then diluted 1:100 into fresh M9 medium to a total volume of 60 μL into individual 

wells of black 384-well plates (Costar, U.S.A.), and then the plates were incubated at 37 °C 

for about 2.5 h. When the cultures reached early exponential growth (OD590 about 0.15), 

and 10 μL of DBPs (TCA, NaClO2 and IAA), negative controls ( L-glutamic acid (LG), 

dextrose (Dex)) and positive control (Mitomycin C, MMC) were added per well. Then the 

384-well plate was measured by the microplate reader (Synergy HTMulti-Mode, Biotech, 

Winooski, VT) with continuous measurement of the optical density at 590 nm (cell density, 

OD590) and fluorescence (GFP level, filters 485 nm, 528 nm) for 2 h at a time interval of 6 

min. A more detailed methods description is available in a previous study.47 All tests were 

performed in triplicates.

The data were processed according previous study analyses published by our group.45,46 

First, all data were corrected for medium control (with and without chemicals). The altered 

gene expression level is described as induction factor I (I = Pe/Pc).47 For a given strain 

(gene) at each time point due to chemical exposure, induction factor (I) is represented by the 

ratio of the normalized GFP level (Pe = (GFP/OD) experiment) in the experiments condition 

with chemicals exposure to that (Pc = (GFP/OD) control) in the control condition without any 

chemicals exposure.46 A conservative cutoff background noise threshold value of 0.4 

([Ln(I)]abs = 0.4) was chosen based on previous reproducibility and control tests. The 

significantly upregulated gene expression were analyzed based on Ln(I) > 0.4 and p < 0.05.

RESULTS AND DISCUSSION

DBPs Selected Antibiotic Resistance at both MIC and sub-MIC Concentrations.

We evaluated three DBPs (TCA, ClO −, IAA) in present study16–18 (Figure 1). The MICs 

test was used to identify phenotypic evidence of resistance to antibiotics.23 Genetic changes 

and mechanisms responsible for resistance were investigated by Illumina whole-genome 

sequencing of selected resistant colonies23,24 (Figure 1).

Compared with the MIC of the original E. coli K12 strain before selection, the untreated 

control samples grown with LB medium only did not exhibit resistance to antibiotics (Figure 

2). With both sub-MIC and high MIC levels exposure, two of the three tested DBPs, namely 

NaClO2 and IAA, selected strains that exhibited clinically relevant26 resistances to 

amoxicillin (penicillin group of β-lactam antibiotic) and ciprofloxacin (quinolone antibiotic) 

with significant increases in MICs by 4 to 8 folds (Figure 2). The resistance to other 

antibiotics including gentamycin, polymyxin B, tetracycline, and erythromycin, were to a 

lesser degree (less than 4 fold increase in MICs) (Figure S2). TCA exposure did not select 

any strains that had resistance to any of the six antibiotics tested. The average MICs for 

NaClO2 and IAA selected amoxicillin-resistant strains were more than 4-fold higher than 

that of the original or LB-control E. coli (16 mg/L; Figure 2a). For ciprofloxacin, the 

NaClO2 and IAA-selected resistant strains exhibited more than 8-fold higher MICs than that 

of the LB-control E. coli (0.053 mg/L) (Figure 2b). Surprisingly, the ciprofloxacin-resistant 

strains selected with low sub-MIC DBP concentrations showed significantly higher (by 2−3 

folds) resistance than those selected by exposure to high concentrations (Figure 2b).
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Resistance Mechanisms for High-Concentration Selection.

To identify the genetic changes responsible for antibiotic resistance to amoxicillin and 

ciprofloxacin, three randomly selected isogenic resistant clones from the evolved population 

under both high and low-selection conditions for the two DBPs were subjected to whole-

genome sequencing so that genetic changes could be counted and identified. Sequencing of 

the 4 resistant clones selected by the two DBPs at high concentrations revealed 19 genetic 

changes in 8 genes including 11 insertions, 4 deletions and 4 single nucleotide 

polymorphisms (SNPs; Figure 3a, Table S2) comparing with the reference sequence 

(Accession NC000913.3).

Genetic changes identified in those 4 strains obtained under exposure to high DBPs 

concentrations up to MIC levels were categorized into three major functional groups for: (i) 

membrane structure and transport; (ii) transcription and translation, and (iii) unknown 

functions (Figure 3a). Exposure to the two DBPs at high concentrations selected resistant E. 

coli strains that acquired resistance via different sets of small numbers of mutations in genes 

involved in membrane proteins and structures such as dsdX,27 exbB,28 frdD,29 glpF,30 and 

kup,31 related to transcription and translations such as rpoS8 and firmE,23 or with unclear 

function ylbE32 (Figure 3a, Table S2). The two genes rpoS and ylbE had mutations common 

to resistant strains selected by both NaClO2 and IAA (Figure 3a). The other genetic changes 

seemed to be chemical-specific: IAA was associated with changes in efflux pump system, 

and NaClO2 was linked to modifications in membrane proteins and structure (Figure 3a, 

Table S2).

Many of the genes that demonstrated changes under the pressure of high-level DBP 

exposure were previously identified as playing a role in both amoxicillin and ciprofloxacin 

resistances. The mechanisms underlying this resistance includes outer membrane gene exbB 

that participates in a proton pathway,28 efflux pump system gene dsdX, the second D-Serine 

transporter in ion transporter (IT) superfamily,27 and kup gene involved in transporting 

cations such as potassium ions.31 These identified mutations likely contribute to both 

ampicillin and ciprofloxacin resistances because they are related to membrane-mediated 

multidrug resistance pathways, which yield impermeability of the membrane or 

overexpressed efflux pump systems24,33 (Figure S3).

Mutations were also observed in translation- and transcription-related resistance genes. In 

particular, the exact same deletion at position 2,865,017 from GA → G causing a frameshift 

mutation in gene rpoS occurred repeatedly in the sequenced resistant strains selected by both 

IAA and NaClO2 at high concentrations (Table S2). RpoS is a transcriptional regulator, also 

called stress-response sigma factor, and it is known to play role in surviving multidrug 

resistance and various environmental stress conditions.5,8 In the ampicillin resistance model, 

it was shown that rpoS positively regulates the small RNA (sRNA) sdsR.8 This upregulation 

of rpoS led to elevated sRNA that binded to and repressed the mutS mRNA.8 As a 

consequence, cells became depleted for the MutS protein, a protein with a central role in the 

repair of replication errors, thereby leading to an increase in mutation rate.

The whole genome sequencing of resistant clones also identified mutation in 4 genes that 

were not previously known to be involved in antibiotic resistance, including ylbE, frdD, 
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fimE, and glpF (Figure 3a, Figure S3). The gene with the highest frequency of mutation 

changes was ylbE, comprising 7 out of the 19 total genetic changes identified among the 5 

sequenced clones. Changes included 5 inserts (a G insert in base 547, 835 leading to a 

frameshift mutation) and 2 SNPs (A → G in base 547,694 causing no amino acid change, 

Glu [GAA → GAG]; Table S2). Note that the 2 SNPs (A → G in base 547,694) and 2 

insertions (a G insert in base 547,831 leading to a frameshift mutation) were also identified 

in the LB-control clones, indicating their possible association with spontaneous mutations 

(i.e., incubation condition and possible stress) (Table S1). The function of the gene ylbE 

remains unclear, but it has been reported to be associated with resistance to nitric oxide and 

L-1, 2-Propanediol.32,34 Only NaClO2 at high concentrations induced mutations in frdD, 

fimE, and glpF. The gene frdD is involved in the anchoring of the catalytic components of 

the fumarate reductase complex to the cell inner membrane, which is regulated at the 

transcriptional level in response to the cellular availability of the alternate electron acceptors 

oxygen, nitrate, and fumarate.29 FimE is a surface structure regulator,35 and glpF involves in 

trans-membrane diffusion of glycerol in E. coli.30 Our results suggest that these genes may 

potentially play critical roles in antibiotic resistance, thus warranting further investigation.

Resistance Mechanisms for Low-Concentration Selection.

In contrast to studies performed at high concentrations of DBPs and LB medium only (LB-

control), a genomics analysis with selected resistant strains evolving under constant and 

lower DBP concentrations (sub-MICs) covered completely different mutations (Tables S1, 

S2, and S3). These mutations were localized to only 7 genes belonging to three major 

functional groups related to (i) transcription and translation (gryA, proS), (ii) membrane 

transport (marC, marR, secF, and uhpT), and (iii) intergenic spacer (IGS; Figure 3b, Figure 

4, Table S3). Two types of substitution mutations (T → C in base 2,339,161 causing an Asp 

→ Gly missense mutation, and C → A in base 2,339,162 causing an Asp → Tyr missense 

mutation) in gyrA gene (DNA gyrase) and a same deletion (CCC → C in base 2,173,361 

causing a frameshift mutation) in proS (prolyl-tRNA synthetase) were identified in all the 

sequenced resistant strains selected by both NaClO2 and IAA at sub-MIC concentrations 

(Figure 4; Table S3). Ciprofloxacin inhibited gyrA function by sitting in the active site of the 

enzyme.24,36 Previous research also indicated that amino acid variation in gyrA subunit of 

bacteria is potentially associated with resistance to quinolone antibiotics such as 

ciprofloxacin.24,33 The two mutations identified in this study are also likely to be 

contributing to resistance to ciprofloxacin.

Both NaClO2 and IAA at sub-MIC concentrations induced a genetic deletion in proS (CCC 

→ C in base 2,173,361) and consequently caused a frameshift mutation. The gene proS is 

involved in encoding proline-tRNA synthetase (ProRS), which plays a critical role in amino 

acid editing and is capable of misactivating and editing Ala via both the pre- and post-

transfer editing pathways.37 While the genetic changes in proS gene in bacteria have never 

been directly shown to be involved in antibiotic resistance, recent studies described two 

mutations in the cytoplasmic prolyl-tRNA synthetase (cPRS) gene that conferred resistance 

to halofuginone,38 as well its association to pyrazolopyrimidinedione (PPD) resistance.39 In 

conjunction with this finding, our results indicate for the first time that a genetic change in 

proS in bacteria may be involved in antibiotic resistance.
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Genomic mutations were also detected in four genes encoding membrane proteins among 

the resistance strains selected by the two DBPs at sub-MIC concentrations. These included 

two multiple antibiotic resistance genes (marR and marC) and two membrane transporter 

genes whose role in amoxicillin and ciprofloxacin resistance are not yet known (uhpT and 

secF) (Figure 3b, Figure 4, Table S3). The same substitution mutation of a missense A → C 

in base position 3,846,267 in uhpT (causing a Phe → Val amino acid substitution) was 

identified in all the sequenced resistance clones selected by the two low-level DBPs (Figure 

4; Table S3). Gene uhpT encodes a sugar phosphate transporter and is a component of the 

major super family (MSF) transporter complex in E. coli previously reported to export other 

antibiotics (fosfomycin), but has not been reported to be involved in amoxicillin and 

ciprofloxacin resistance.40 One clone evolved after exposure to sub-MIC NaClO2 resulting a 

missense mutation in the inner membrane protein gene marC,aA → G in base 4,277,878 

leading to an Asp → Gly mutation; (Figure 3b, Figure 4, Table S3). One resistance clone 

selected by IAA had a C → T mutation in base 1,619,399 of E. coli genome that causes a 

missense mutation of Arg → Cys in marR. MarR represses the multiple antibiotic resistance 

(mar) operon and was previously identified to be involved in resistance to both high and sub-

MIC concentrations of the quinolones antibiotics such as ciprofloxacin in E. coli.7,24,41 Only 

sub-MIC concentrations of IAA selected stains with insertions in secF gene (A → ACG in 

base 4,296,381) leading to a frameshift mutation; these insertions have been identified to be 

a part of the Sec protein translocase complex in E. coli that confers Na+-dependent protein 

translocation.42 There has been no report regarding the possible involvement of secF in 

antibiotic resistance yet.

Deletions (TT → T in base 4,542,720 causing a nonframeshift mutation) in intergenic 

spacer (IGS) were induced by both NaClO2 and IAA at sub-MIC concentrations (Figure 4, 

Table S3). IGSs comprise both noncoding and nonfunctional regions, including decaying 

pseudogenes at varying stages of recognizability, as well as functional elements such as 

genes for sRNAs and regulatory control elements.43 The noncoding regions can result from 

reductive evolution and genome decay, i.e., through the inactivation of previously functional 

regions. However, they may contain any of several classes of regulatory control elements 

that have been maintained over the history of the symbiosis.43 The functional elements 

present in intergenic regions of bacteria have not been well studied, and there has been no 

report regarding the possible involvement of IGS in antibiotic resistance.

The ubiquitous presence of disinfection byproducts (DBPs) in drinking water treatment 

units, water distributing systems, and swimming pools have resulted in widespread exposure 

for humans and other organisms.17,19 Here, we report for the first time that two DBPs can 

act like antibiotics and lead to resistance under exposure to both high (at MICs) and low 

(sub-MICs) concentrations. Additionally, through whole-genome sequencing, this 

investigation revealed distinct mutations and implied mechanisms of resistance that evolved 

under low versus high exposure concentrations. It has been hypothesized that sub-MIC 

antibiotic resistance selection typically occurs at a high frequency because of the low fitness-

cost mutations. Resistance occurring in this way favors the accumulation of a broader range 

multiple small-step mutations in contrast to high-MIC selections that induce very specific 

mutations with higher resistance.5,44 However, our results showed that the selection by sub-

MIC concentrations of the DBPs led to mutations in antibiotic-specific genetic targets (i.e., 
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gyrA and ciprofloxacin) and consequently resulted in much higher levels of resistance than 

those which evolved under higher concentrations in multidrug resistance pathways. Only 

certain DBPs at tested concentrations could select for resistance to particular antibiotics, 

suggesting chemical structure-specific actions or varying minimal selection concentrations 

(MSC)2,5 among different DBPs.22 In addition, in this proof-of-concept study, we selected 

the low DBP exposure concentration based on their maximum detected levels reported in the 

literature. Further study on larger number and wider range of DBPs classes, and at lower 

levels as those often observed in drinking water distribution systems in the U.S. would be of 

interest.

Previous studies indicated that sub-MIC antibiotics can select resistant mutants by affecting 

the mutation frequency, cellular SOS regulation, and oxidative stress response pathways, 

which consequently impact the rates of mutagenesis, horizontal gene transfer (HGT), or 

recombination in genes involved in various antibiotic resistance pathways (Figure 5a).
5–8,22,44,49 Oxidative stress has been linked to antibiotic resistance via ROS-mediated 

induction of multidrug efflux systems,6,8 interference on tRNA synthetase, and ROS-

induced DNA mutagenesis.6,8,11 The two DBPs studied here have been shown to cause 

oxidative stress and DNA damage.16,18 Our transcriptional analysis also confirmed that that 

low levels of these two DBPs (NaClO2 and IAA) induced significant expression changes in 

oxidative stress response genes (i.e., soxR, soxS, marR, and sodC genes) and SOS response 

related DNA damage and repair genes (i.e., recA, lexA) (Table S4).45,46 Therefore, our 

results suggest that these water disinfection byproducts, at both sub-MIC and high near-MIC 

concentrations, likely promoted antibiotic resistance via oxidative stress and SOS response 

related pathways-mediated mutations. Particularly, sub-MIC exposure to oxidative-DBPs 

seemed to enrich for repeated and frequent mutations in genes involve in chromosome 

replication such as proS (prolyl-tRNA synthetase) and gyrA (DNA gyrase).

This study, along with several previous reports on observations of enrichment of antibiotics 

resistance by heavy metals and disinfectants open an intriguing and profound question on 

the roles of varying concentrations and mixtures of environmental contaminants in selecting 

and spreading antibiotics resistance in the environment (Figure 5b). Most likely, the 

widespread presence of antibiotic resistant strains in the environment may have arisen in 

response to various selective pressures. The results of this study provide mechanistic 

evidence supporting the idea that the selection of resistance by antibiotic-like environmental 

pollutants could have been overlooked as potential contributors to the widespread emergence 

of bacterial resistance on a global scale. The conventional view that clinical and veterinary 

antibiotics usages are the most significant contributors to the antibiotic resistance 

phenomena should be re-evaluated. Future studies with greater numbers and larger variety of 

emerging environmental contaminants and mixtures are needed, in order to determine how 

antibiotic-like contaminants select and spread antibiotic resistant bacteria. In addition, the 

relationships among the antibiotic-like effects, exposure dose, properties, and structures of 

the chemicals should be explored (Figure 5b). Finally, a detailed delineation of the complex 

inter-relationships between more environmental contaminants and antibiotics will be critical 

to provide a cohesive and rigorous understanding of the persistence and proliferation of 

antibiotic resistance in the environment.
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Figure 1. 
Antibiotic resistance selection by water disinfection byproducts (DBPs). Flow diagram of 

antibiotic resistance selection upon exposure to three common water DBPs widely present in 

drinking water and other water sources, at both high (gradual increase to MIC) and low (sub-

MIC) concentrations, and subsequent resistance phenotypic and genomic characterization.
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Figure 2. 
Comparison of the minimum inhibition concentrations (MICs) for amoxicillin (a) and 

ciprofloxacin (b) among the original E. coli K12 (MG1655), strains selected by LB medium 

(LB-control) and three different DBPs (TCA, NaClO2 and IAA). H: resistant strains selected 

at high DBP exposure concentrations that gradually increased up to MIC levels; L: resistant 

strains selected at low DBP exposure concentrations (sub-MIC, 10 mg/L). Results shown are 

an average of triplicates with error bar indicating standard deviation. The asterisks indicate 

statistically significant (p < 0.05) increases of MICs in ciprofloxacin resistant strains 

selected at low DBPs exposure concentration compared with those evolved under high DBPs 

concentrations.
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Figure 3. 
Comparison of genetic changes identified in DBPs-selected antibiotic resistant strains under 

either high or low exposure concentrations. Three individual resistant clones from each 

selection condition are shown by three different symbols and are color-coded to differentiate 

NaClO2, IAA, and LB-selected strains. (a) Genetic changes identified in antibiotic resistant 

strains evolved under exposure to high DBPs concentrations up to MIC levels were 

categorized into three major functional groups for: (i) membrane structure and transport; (ii) 

transcription and translation, and (iii) unknown functions. (b) Genetic changes identified in 
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antibiotic resistant strains evolved under constant exposure to low DBPs concentrations 

(sub-MIC, 10 mg/L) were categorized into three major functional groups for: (i) membrane 

structure and transport, (ii) transcription and translation, (iii) intergenic spacer (IGS), and 

(iv) unknown functions. Two randomly selected LB-control clones have four spontaneous 

mutations on ylbE gene with unclear function. Mutations identified in this study that have 

not been reported to play role in antibiotic resistance to amoxicillin or ciprofloxacin were 

marked with *. The detailed information on these identified genetic changes was 

summarized in Tables S1, S2, and S3.
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Figure 4. 
Genetic changes identified in resistant strains selected under exposure to low (sub-MIC) 

DBPs concentrations. The whole genomic analysis was performed for 6 individual resistant 

clones, including three strains evolved under NaClO2 (10 mg/L) exposure (a) and three 

strains evolved under IAA (10 mg/L) exposure (b). Sequencing coverage for each isolate is 

plotted, according to color, on concentric tracks. Each genetic change, represented by circles 

colored according to isolate, is marked at the appropriate genomic position. The detailed 

information on these genetic changes is summarized in Table S3.
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Figure 5. 
Putative mechanisms of sub-MIC resistance selection and contribution of antibiotic-like 

environmental chemicals to emergence and spread of antibiotic resistance. (a) Possible 

mechanisms of antibiotic resistance selection under subinhibitory doses by antibiotic-like 

chemicals such as disinfection byproducts. Previous studies on antibiotics (e.g., quinolone, 

β-lactams, and aminoglycosides) resistance selection at subminimal inhibitory concentration 

(sub-MIC) levels indicated involvements of cellular SOS regulation and oxidative stress 

response pathways, which consequently impact the rates of mutagenesis, horizontal gene 
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transfer (HGT), or recombination in genes involved in various antibiotic resistance pathways 

(5). The asterisks indicated the relevant antibiotic resistant pathways identified in the DBP-

selected resistant strains reported by this study. (b) The hypothesis of contributions of 

antibiotic-like chemicals to emergence and spread of antibiotic resistance on global scales. 

In addition to antibiotics, greater numbers and larger variety of widely present antibiotic-like 

environmental contaminants, such as metals or DBPs, individually or as mixtures, can 

potentially select and enrich for de novo antibiotic resistance.
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