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ABSTRACT: This work investigated degradation (measured 
by qPCR) and biological deactivation (measured by culture-
based natural transformation) of extra- and intracellular 
antibiotic resistance genes (eARGs and iARGs) by free 
available chlorine (FAC), NH2Cl, O3, ClO2, and UV light 
(254 nm), and of eARGs by •OH, using a chromosomal ARG 
(blt) of multidrug-resistant Bacillus subtilis 1A189. Rate 
constants for degradation of four 266−1017 bp amplicons 
adjacent to or encompassing the acfA mutation enabling blt 
overexpression increased in proportion to #AT+GC bps/ 
amplicon, or in proportion to #5′-GG-3′ or 5′-TT-3′ doublets/amplicon, with respective values ranging from 0.59 to 2.3 (×1011 

M−1 s −1) for •OH, 1.8−6.9 (×104 M−1 s −1) for O3, 3.9−9.2 (×103 M−1 s −1) for FAC, 0.35−1.2(×101 M −1 s −1) for ClO2, and 
2.0−8.8 (×10−2 cm 2 /mJ) for UV at pH 7, and from 1.7−4.4 M−1 s −1 for NH2Cl at pH 8. For FAC, NH2Cl, O3, ClO2, and UV, 
ARG deactivation paralleled degradation of amplicons approximating a ∼800−1000 bp acfA-flanking sequence required for 
natural transformation in B. subtilis, whereas deactivation outpaced degradation for •OH. At practical disinfectant exposures, 
eARGs and iARGs were ≥90% degraded/deactivated by FAC, O3, and UV, but recalcitrant to NH2Cl and ClO2. iARG 
degradation/deactivation always lagged cell inactivation. These findings provide a quantitative framework for evaluating ARG fate 
during disinfection/oxidation, and support using qPCR as a proxy for tracking ARG deactivation under carefully selected 
circumstances. 
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■ INTRODUCTION 

The proliferation of antibiotic resistance since the early 20th 
century has decreased the therapeutic effectiveness of anti-
biotics,1 leading to associated increasing mortality, morbidity, 
and economic losses worldwide.2,3 Antibiotic resistant bacteria 
and resistance genes (ARB and ARGs) are now known to be 
widespread in aquatic environments. For example, ARBs and 
ARGs have been found in liquid animal wastes and manure 
derived from confined animal feed operations,4,5 municipal 
wastewaters,4,6−8 surface waters and associated sediments,4,6,9 

and drinking water treatment and distribution systems. 4,10,11 

In this context, (waste)water treatment could potentially 
provide an important barrier to ARB/ARG dissemination. 
(Waste)water disinfection processes may play a particularly 
critical role by inactivating ARB. However, even if ARB are 
fully inactivated during disinfection, intact DNA remnants 
within the resulting cell debris could possibly confer resistance 
to downstream bacterial populations via horizontal gene 
transfer (HGT). For example, through natural transformation, 
ARGs carried on extracellular plasmid or genomic DNA 

originating from a donor cell can be taken up by a “competent” 
nonresistant recipient cell, incorporated into the latter’s 
genome, and expressed by the transformed recipient cell.12,13 

A wide variety of naturally competent strains have been 
identified,13,14 including many important human pathogens.15 

In addition, while natural transformation is typically most facile 
among the same species, interspecies transformation is also 
possible.13,16 Because extracellular DNA molecules may persist 
within aquatic systems over extended periods via adsorption 
onto or complexation with cellular debris, clay, sand, or humic 
constituents,13,17,18 natural transformation could also mediate 
ARG transfer to bacterial populations temporally or spatially 
distant from donor cells.13 

Previous studies have demonstrated that ARGs are degraded 
with widely varying efficiencies by disinfectants/oxidants 
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including free available chlorine (FAC),19 monochloramine 
(NH2Cl),

20,21 chlorine dioxide (ClO2),
22 ozone (O3),

23,24 

ultraviolet (UV) light,19,21,25−29 and hydroxyl radical (•OH).19 

However, few have elucidated the fundamental kinetic 
parameters governing ARG degradation,19,24,27 making it 
difficult to compare prior results obtained under different 
experimental conditions. In addition, relatively few have 
investigated the impacts of disinfection processes on ARG 
biological activities,27,60 in turn hindering assessment of the 
environmental/biological implications of ARG degradation 
during these processes. Furthermore, recent attention has 
focused primarily on reactions of disinfectants/oxidants with 
plasmid-borne ARGs19,24,27 rather than chromosomal ARGs, 
even though natural transformation with chromosomal DNA is 
generally far more efficient than with plasmid DNA.13 

This work was therefore undertaken to provide a 
comprehensive investigation of the fundamental kinetic 
parameters and mechanisms governing ARG degradation and 
deactivation by common (waste)water disinfectants/oxidants, 
including FAC, NH2Cl, ClO2, O3, 254 nm UV light (hereafter 
simply UV), and •OH, using a model chromosomal ARG (blt) 
harbored by multidrug-resistant Bacillus subtilis strain 1A189. 
blt is a widely studied member of the major facilitator 
superfamily of multidrug transporters with broad substrate 
specificity, and a close homologue of the clinically relevant 
norA gene conferring fluoroquinolone resistance in Staph-
ylococcus aureus.30−32 B. subtilis was selected as a model 
bacterium on account of its ease of culturing and natural 
competence, widely available gene sequence data, and the 
relevance of it and related Bacilli−including pathogenic strains 
of Streptococcus, Enterococcus, and Staphylococcus spp., with 
which B. subtilis may exchange ARGs−as important members 
of soil, water, and human gastrointestinal microflora.33 

The ability of each disinfectant to degrade and deactivate 
extracellular and intracellular ARGs was assessed by subjecting 

purified B. subtilis 1A189 DNA and intact B. subtilis 1A189 
cells to increasing disinfectant exposures representative of 
(waste)water practice. A combination of culture-based and 
molecular microbiological techniques was used in parallel to 
monitor ARG degradation (i.e., decreases in ARG copy 
numbers measured by qPCR), ARG deactivation (i.e., 
elimination of ARG transforming activities), and donor ARB 
cell inactivation. Degradation kinetics were quantified for each 
disinfectant using a set of four 266−1017 bp amplicons with 
different nucleotide contents located adjacent to or encom-
passing the acfA mutation that enables blt overexpression in B. 
subtilis 1A189. Observed rate constants for the four amplicons 
were compared to their specific nucleotide contents to enable 
determination of fundamental sequence-independent rate con-
stants for DNA reaction with each disinfectant. These 
fundamental kinetics parameters were in turn applied to 
predict the kinetics with which the DNA region responsible for 
blt transformation was degraded and deactivated during extra-
and intracellular treatment by each disinfectant. 

 

Scheme 1. Procedures for Treatment of eARGs and iARGs with Each Disinfectant and Subsequent Analyses to Quantify ARG 
Degradation, ARG Deactivation, and ARB Inactivation 

■ MATERIALS AND METHODS 

Chemicals and Materials. All chemicals and growth 
media were purchased from commercial suppliers, certified-
nuclease free, and of at least reagent-grade purity. Molecular 
biology grade water (Corning, NY) was utilized in DNA 
standard preparations, transformation assays and qPCR 
analyses. Milli-Q grade (≥18.2 MΩ cm) water was otherwise 
used to prepare chemical reagents and growth media, which 
(except disinfectants/oxidants and actinometry reagents) were 
then autoclaved or filter-sterilized prior to use. Preparations of 
aqueous stocks of FAC, NH2Cl, ClO2, O3 and hydrogen 
peroxide (H2O2), as well as other reagents and culture media, 
are described in Supporting Information (SI) Text S1. 

Bacterial Strains. B. subtilis strains 1A1 (nonresistant) and 
1A189 (multidrug-resistant) were obtained from the Bacillus 
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Genetic Stock Center (BGSC; Ohio State University), revived, 
and cultured according to BGSC instructions. Genomic DNA 
of B. subtilis 1A189 exhibits a point mutation (acfA − an A-T 
base-pair deletion) in the promoter region of the 1203-bp wild-
type blt gene, which is part of the bltR-blt-bltD genome 
segment characteristic of B. subtilis, as illustrated in Scheme 1. 
The mutant genome segment encodes constitutional efflux-
mediated resistance to a wide variety of antibiotics (including 
fluoroquinolones, chloramphenicol, doxorubicin, and acrifla-
vine), whereas the wild-type segment does not.34 

DNA Extraction. High molecular weight DNA was isolated 
from B. subtilis 1A189 cells by phenol-chloroform-isoamyl 
alcohol extraction,35 with additional purification steps. Detailed 
extraction procedures and recovery yields are provided in SI 
Text S2. 
Natural Transformation Assay. Transforming activity of 

B. subtilis 1A189 DNA was quantified by natural trans-
formation, using B. subtilis 1A1 as the recipient,36,37 with key 
steps depicted in Scheme 1 and detailed protocols provided in 
SI Text S3. Transformation f requency was calculated as 
transformant cell density (CFU/mL) measured on selective 
media (with 4 mg/L acriflavine) over total recipient cell 
density (CFU/mL) on nonselective media (SI Text S4). 
Quantitative Polymerase Chain Reaction (qPCR). 

qPCR assays were performed using an Eppendorf RealPlex4 

Mastercycler (Hauppauge, NY) with SsoFast EvaGreen 
Supermix29 (Bio-Rad, Hercules, CA) to quantify gene copy 
numbers of 266−1017 bp blt amplicons. Primers were 
designed based on the B. subtilis 168 bltR-blt-bltD gene 
sequence (GenBank accession number: AL009126.3), and 
purchased from Eurofins (Huntsville, AL). The 266 and 832 
bp amplicons target the blt gene, whereas the 870 and 1017 bp 
amplicons encompass the acfA mutation and span the blt 
promoter region between the bltR and blt genes (Scheme 1). 
Locations and sequences of the amplicons with corresponding 
primers are shown in SI Text S5. Their nucleotide contents, 
including numbers of interstrand AT, GC, and AT+GC base 
pairs (bps), and numbers of intrastrand 5′-GG-3′, and 5′-TT-
3′doublets per amplicon, are summarized in SI Table S1. 
qPCR assay protocols (including amplification efficiencies, 
limits of detection and quantification (LODs & LOQs), etc.) 
are provided in SI Text S6. 
Other DNA Analyses. DNA fragment sizes were analyzed 

by pulsed-field gel electrophoresis (PFGE) (SI Text S7). 
Double-stranded DNA (dsDNA) and monomeric deoxyribo-
nucleoside 5′-monophosphate (dNMP, or nucleotide) con-
centrations were measured by (i) Hoechst 33258 fluorescence 
assay with a DNA Quantitation Kit (Bio-Rad) and (ii) 
nuclease P1 (Sigma) digestion followed by high performance 
liquid chromatography,38 respectively. 
Treatment of Extracellular ARGs (eARGs). B. subtilis 

1A189 DNA was diluted and exposed to each disinfectant in 
autoclaved 10 mM phosphate buffer (PB) at pH 7 for FAC, 
ClO2, O3, UV, and •OH, and pH 8 for NH2Cl to minimize 
NH2Cl self-decomposition (see SI Text S8 for discussion of 
limited NH2Cl experiments at pH 7), with FAC, NH2Cl, ClO2, 
and O3 at ≥10-fold molar excess of DNA (as [dNMPs]). For 
FAC, NH2Cl, and ClO2, disinfection was performed in 
continuously stirred batch reactors by adding disinfectant 
stocks to 1 mg/L DNA solutions (3.2 × 10−6 M as total 
dNMPs). At predefined time intervals, reaction solutions were 
sampled and quenched with sodium thiosulfate (Na2S2O3) 
(≥20-fold molar excess of [disinfectant]). For O3, reactions 

were undertaken with 1 mg/L DNA solutions in the presence 
of 50 mM tert-butanol (t-BuOH) using a continuous-flow, 
quenched-reaction system (SI Text S8).39 For UV, 1 mg/L 
DNA solutions contained in quartz tubes were irradiated with 
a low-pressure Hg lamp emitting monochromatic UV light at 
254 nm in a “merry-go-round” photoreactor apparatus, and 
sampled at predefined times (SI Text S8). For •OH, 10 mg/L 
DNA solutions containing 10 mM H2O2 and 1 μM para-
chlorobenzoic acid (pCBA, a •OH probe) were irradiated with 
near-UV wavelengths (290−400 nm) to enable photolysis of 
H2O2 to •OH while precluding DNA damage by direct 
photolysis (SI Text S8). At predefined times, samples were 
collected and residual H2O2 quenched with bovine liver 
catalase (Sigma; ≥ 10 units/μmole H2O2). 
Residual disinfectant concentrations were monitored colori-

metrically using DPD for FAC and NH2Cl,
40 ABTS for 

ClO2,
41 and indigo trisulfonate for O3.

42 Fluence rates (I, in  
mW/cm2) for UV irradiation experiments were quantified 
using atrazine,43 iodide/iodate,44 and/or ferrioxalate44 actino-
metry. Pathlength was determined according to Zepp 
(1978),45 using ferrioxalate actinometry.44 Cumulative inte-
grated exposures (or CT values) for chemical disinfectants 
were calculated as ∫ 0

t [Disinfectant]dt (in mg/L·min or mol/L· 
s), whereas fluences (or IT values) for UV were calculated as I 
× t (in mJ/cm2). •OH exposures were determined by 
monitoring pCBA degradation in near-UV/H2O2 experi-
ments.46 Details of reactor configurations, additional experi-
ments, disinfectant exposure measurements, actinometry 
procedures, and pathlength measurements are provided in SI 
Text S8. 

Treatment of Intracellular ARGs (iARGs). Vegetative 
cells of B. subtilis 1A189 were dosed into autoclaved 10 mM 
PB solutions and exposed to each disinfectant at the same pH 
as in eARG treatment (B. subtilis intracellular pH has been 
reported to be ∼7.4 with an extracellular pH maintained at 6− 
8).47 Disinfectant stocks were dosed to 1-L, 106-CFU/mL cell 
suspensions in batch reactors under stirring to yield 2 mg/L of 
FAC, NH2Cl, or ClO2, and 1 mg/L of O3. O3 experiments 
were performed with and without 50 mM t-BuOH (•OH 
scavenger) to evaluate potential contributions of •OH to iARG 
degradation/deactivation during ozonation. At predefined times, 
each 1-L reaction suspension was quenched with Na2S2O3. For 
UV experiments, 100 mL volumes of a 106-CFU/mL cell 
suspension were each subdivided into four quartz tubes, 
irradiated for predefined times, and then recombined for 
subsequent analyses. Disinfectant exposures were determined 
as described above. 
Treated cell viabilities were determined by direct spread-

plating or spot-titering48 of sample aliquots on selective media, 
with LODs permitting measurement of ∼5.5- or ∼5.1-log10 
inactivation, respectively. Treated cells were recovered by 
vacuum filtration of full sample volumes through 0.2 μm track-
etched polycarbonate membranes (Whatman, NJ) and 
processed for DNA extraction as described in SI Text S2. 
Intracellular DNA recovery was determined by measuring 
dsDNA concentration or dNMP concentrations if the former 
was below the fluorescence assay LOQ. 
Scheme 1 provides an overview of the above experimental 

procedures. All experiments were performed in at least 
duplicate at 25 ± 1 °C (UV) or 20 ± 1 °C (other 
disinfectants). ARG transforming activities, ARG copy 
numbers, and DNA fragment sizes of collected DNA samples 
were analyzed as specified above. Normalized gene copy 
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numbers (N/N0) or normalized transformation frequencies (f/ 
f0) were calculated as gene copy number or transformation 
frequency of a given sample divided by that of a corresponding 
untreated control, respectively. 
Statistical Analysis. Data from independent replicate 

experiments were pooled in order to perform least-squares 
linear regressions (using SigmaPlot 12.0) or nonlinear 
regressions (using Microsoft Excel SOLVER; SI Text S9) for 
determining first- or second-order rate constants (and 
associated uncertainties) of each blt amplicon in its reaction 
with each disinfectant. The method of weighted linear 
regression was applied to perform uncertainty-weighted 
regression analyses of first-order rate constants for each 
amplicon versus disinfectant concentrations, or for amplicon-
specific second-order rate constants versus amplicon nucleo-
tide contents, since the rate constants derived in each of these 
cases carry associated standard errors (since they are 
themselves obtained by linear regressions of measured 
data).49 Here, for an n-number data set with y-direction 
standard errors, ei, for each xi, yi pair (i.e., xi, yi ± ei), the 
individual weights (wi) were defined as, 

w
e 
e n/i 
i 

i i 

2 

2 = 
∑

−

−
(1) 

The slope and intercept of the weighted regression line, their 
associated standard errors, and the coefficient of determination 
(R2), were calculated as below, 
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where x̅w and y̅w are the weighted mean values of xi and yi, 
which equal ∑iwixi/n and ∑iwiyi/n, respectively; and yi, p is 
predicted from the weighted regression line as slope·xi + 
intercept. In this work, the weighted linear regressions were 
undertaken either by using Minitab 18 or by manually 
establishing eqs 1−6 in a Microsoft Excel spreadsheet, which 
have each been confirmed to yield consistent results. 
Slopes of linear regressions obtained for data sets from 

selected UV experiments were compared using two-tailed t-
tests with statistical significance defined as p < 0.05, and null 
hypothesis as no significant difference existing between slopes 
from the two data sets. Statistical analyses pertaining to 
determination of LODs and LOQs for qPCR assays are 
provided in SI Text S6. 

 

Figure 1. Normalized (natural log-scale) qPCR amplicon copy numbers (upper) and blt transformation frequencies (lower) versus CT values for 
(a) FAC, (b) NH2Cl, (c) ClO2, (d) O3, and (f) •OH; and versus IT values for (e) UV. All data were obtained by treatment of extracellular B. 
subtilis 1A189 DNA in 10 mM phosphate buffer at pH 7 (FAC, ClO2, O3, 

•OH, and UV) or 8 (NH2Cl only). LODs of normalized qPCR amplicon 
copy numbers were all below the lower y-axis limits (i.e., ln(N/N0) <  −6.5), and are thus not shown, while LODs of normalized transformation 
frequencies are shown with star symbols for each disinfectant. Error bars represent one standard deviation from the mean, obtained from at least 
duplicate experiments conducted independently. 

■ RESULTS AND DISCUSSION 
ARG Amplicon Degradation: Reaction Kinetics and 

Rate Constants. Degradation rates of the 266−1017 bp blt 
amplicons were monitored by employing qPCR to quantify 
damage to DNA sequences in the vicinity of the acfA point 
mutation responsible for B. subtilis 1A189 multidrug-resistance 
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during treatment of eARGs with each disinfectant. Previous 
work has confirmed that various types of DNA lesionsfor 
example, 5′-TT-3′ cyclobutane pyrimidine dimers (TT-CPDs, 
the primary UV-induced lesions), 8-oxo-7,8-dihydro-2′-deox-
yadenosine (8-oxoA) sites, and abasic sitescan block or 
greatly hinder Taq polymerase (utilized in the qPCR assays 
here) from reading along a stretch of dsDNA.50,51 Although it 
has been reported that certain lesions (e.g., a single 8-oxo-7,8-
dihydro-2’-deoxyguanosine, or 8-oxoG, site) can be bypassed 
by the Taq polymerase, and are thus effectively nondetectable 
by qPCR,51 such lesions would most likely also be bypassed or 
even repaired by B. subtilis polymerases.52 Thus, detectable 
losses in qPCR signal were tentatively taken to correspond to 
the introduction of one or more biologically relevant lesions, 
which would also block native B. subtilis polymerases, in the 
population of targeted amplicons within a given sample. Plots 
of ln(N/N0) of the four amplicons versus CT or IT (to 
normalize for differences in disinfectant/oxidant concentra-
tions and experimental timeframes) are presented for each 
disinfectant in Figure 1. 
For FAC and NH2Cl, amplicon degradation rates were 

observed to accelerate with increasing CT values for all four 
amplicons (Figure 1a,b). To explain these trends, it is 
hypothesized that FAC and NH2Cl react with DNA in a 
sequential reaction pathway, with two steps, each following 
second-order kinetics: (i) initial N-chlorination at an amino 
group of a nucleotide (reversible by Na2S2O3, and hence, not 
directly detectable by qPCR), characterized by the rate 
constant kFAC, Amp or kNH2Cl, Amp, and leading to organochlor-
amine formation, H-bond disruption, and exposure of the 
nucleotide and its pairing partner toward subsequent attack by 
FAC or NH2Cl, followed by (ii) irreversible C-chlorination at a 
carbon of one of the non-H-bonded nucleotides of an N-

chlorinated nucleotide base pair (N−Cl bp), characterized by 
the rate constant kFAC, N‑Cl bp or kNH2Cl, N‑Cl bp, and leading to 
formation of stable halogenated products (with 5-chloro- and 
8-chloro-derivatives likely prevailing for pyrimidines and 
purines, respectively),53,54 and blockage of amplification during 
qPCR. Further discussion on the complex kinetics of FAC and 
NH2Cl, as well as determination of kFAC, Amp, kFAC, N-Cl bp, 
kNH2Cl, Amp, and kNH2Cl, N‑Cl bp, is provided in SI Text S9 and 
Figures S3−S11. 
ln(N/N0) was linearly related to CT or IT for the four 

amplicons during treatment with ClO2, O3, UV, and •OH 
(Figure 1c−f), indicating that amplicon degradation by these 
disinfectants followed second-order or fluence-based first-order 
kinetics, according to eqs 7 or 8, respectively. 

k t k CTln(N/N ) disinfectant d
t 

0 Disinfectant, Amp 
0 

Disinfectant, Amp∫= −  [ ] = −  

(7) 

k I t k ITln(N/N ) ( )0 Disinfectant, Amp Disinfectant, Amp = −  ×  = −  (8) 

Determinations of the rate constants kDisinfectant, Amp for ClO2, 
O3, UV and •OH from linear regression of the data are 
presented in SI Figures S12−S15, respectively. Note that linear 
regressions of UV data were performed only up to 45 mJ/cm2 

to  exclude moderate tailing  in  the data at higher  ITs 
(potentially due to CPD photoreversal,55 as discussed later). 
The measured values of kDisinfectant, Amp for degradation of the 

four amplicons by each disinfectant are summarized in Table 1, 
and compared with available literature values in SI Table S3. 
For a given amplicon, the DNA reactivity toward the chemical 
disinfectants declines in the order •OH ≫ O3 > FAC ≫ ClO2 

> NH2Cl. The measurements of kO3, Amp and kUV, Amp both 
agree well with literature values,19,24,27 while the measured 

Table 1. Summary of Kinetics Parameters (as Mean ± Standard Error) for ARG Degradation Measured in This Study 

Environmental Science & Technology Article 

k a 
Disinfectant, Amp 266 bp 832 bp 870 bp 1017 bp kDisinfectant, d 

 Specific k d 
Disinfectant, 0 

k b 3 
FAC, Amp 3.9(±0.3)×103 8.5 (±0.5)×103 7.2(

0.5) 3 0.5)
×10  9.2(± ×103 ±  2.1(±0.4)×10

8.1(± 0.5)
(M−1 s−1) ((M AT+GC)−1s−1) (M−1 s −1)
kFAC, c 

 N‑Cl bp −1   
(M−1 3.9(±0.2)×10 NA NA

s−1) 

k b 3.6(±0.1)×10−3 6.9( −1
NH2Cl, Amp ±0.6)×10  

1.7(±0.1) 3.6(±0.1) 3.8(±0.2) 4.4(±
 

0.2) 
(M−1 s−1) ((M AT+GC)−1s−1) (M−1 s −1)

k c
NH2Cl, N‑Cl bp 1.6(±0.1)×10−4 NA NA 
(M−1 s−1) 

k −1 −1 
ClO2, Amp ×10 −

±  ± × 1 ±0.1)
 ± × 1 2.6( 8.1(±1.7)×10

±
(M−1 

3.5( 0.3) 1.2( 0.2) 10 8.9( 0.2) 1.2( 0.1) 10
s−1) ((M 5′-GG-3′)−1s−1) (M−1 s −1)

kO3, Amp 4 4 ±0.7)×101 
4 4 6.5( 0.5(±4.5)×103 

1.8(±0.5)×10 6.1(±1.2)×10 5.3(±0.8)×10 6.9(±0.8)×
 

10
(M−1 s−1) ((M AT+GC)−1s−1) (M−1 s −1)
k −4 −3 
UV, Amp 2.0(±0.1)×10−2 5.2(±0.2)×10−2 −2 8.8(±0.4)×10 2 2.8(±0.3)×− 10 5.0(±3.3)×10

7.8(±0.4)×10
(cm2/mJ) ((M 5′-TT-3′/M amplicon)−1 (cm2/mJ)) (cm2/mJ) 
k· OH, Amp 10 11 11 11 2.3(±0.1)×108 −1.4(±2.2)×109 

−1 −1 5.9(±0.8)×10 1.9(±0.2)×10 2.0(±0.2)×10 2.3(±0.3)×10
(M s ) ((M AT+GC)−1s−1) (M−1 s −1)

aAll data were obtained by treatment of extracellular B. subtilis 1A189 DNA in 10 mM phosphate buffer at pH 7 (FAC, ClO2, O3, 
•OH, and UV) or 

8 (NH2Cl only). Significands of standard errors of kDisinfectant, Amp were rounded up to 0.1 if below 0.1. bRate constant for the first step in the 
sequential reaction, i.e., reversible N-chlorination of amplicons (see SI eqs S1 and S6 for FAC and NH Cl, respectively). c2 Rate constant for the 
second step in the sequential reaction, i.e., irreversible C-chlorination of N-chlorinated amplicons−assumed to represent an “average” value per N-
chlorinated bp, and to be the same for N-chlorinated bps in all four amplicons (see SI eqs S4 and S8 for FAC and NH2Cl, respectively). 

dFor each 
disinfectant, kDisinfectant, Specific and kDisinfectant, 0 are, respectively, the slope and intercept of the correlations obtained by linear regression of the rate 
constants, kDisinfectant, Amp, for the four amplicons versus corresponding specific nucleotide contents (Figure 2). kDisinfectant, Specific represents the 
sequence-independent, bp- or doublet-specific rate constant for each disinfectant, and k flDisinfectant, 0 is attributed to factors in uencing DNA reactivity 
(e.g., secondary targets, specific sequence elements) that are not fully accounted for by eq 9 (see further discussion in SI Text S11). Significands of 
standard errors of kDisinfectant, Specific were rounded up to 0.1 if below 0.1. 
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kFAC, Amp values (for initial N-chlorination by FAC) are >10× 
higher than those reported by Yoon et al. for 806−850 bp 
amplicons on the pUC4K plasmid.19 Although it cannot be 
ruled out that this is due to inherent differences in plasmid and 
genomic DNA reactivities, it is worth noting that the prior 
values were determined according to an assumption of pseudo-
first-order kinetics rather than the sequential-reaction model 
here. The k•

OH, Amp values determined here are ∼10× higher 
than measurements by Yoon et al.19 for plasmid-borne ARGs, 
but agree well with estimates of theoretical diffusion-controlled 
rate constants for polymeric (linear or supercoiled) DNA (SI 
Text S10). 

Figure 2. Second-order rate constants for (a) FAC, (b) NH2Cl, (c) ClO2, (d) O3, and (f) •OH, and fluence-based first-order rate constants for (e) 
UV, plotted versus molar contents of nucleotide bps or specific doublets for 266 bp, 832 bp, 870 bp, and 1017 bp amplicons. All data were obtained 
by treatment of extracellular B. subtilis 1A189 DNA in 10 mM phosphate buffer at pH 7 (FAC, ClO2, O3, 

•OH, and UV) or 8 (NH2Cl only). Panels 
(g) and (h) depict weighted linear regressions of UV data from this study, combined with data from prior studies by Chang et al. (2017),27 Yoon et 
al. (2017),19 and Yoon et al. (2018),60 as well as theoretical rate constants, kTT-CPD, f, of TT-CPD formation (panel (g) only) as a function of mol 
5′-TT-3′/mol Amp calculated using data either from Patrick (1977),61 or from Douki (2006)62 and Tataurov et al. (2008),63 according to the 
method of Yoon et al. (2018)60 (see SI Text S12 for details). Regressions in (g) and (h) were performed without kUV, Amp measurements obtained 
for >800 bp eARG amplicons from the works by Yoon et al. (indicated by red circles), as these latter measurements may have been influenced by 
incidental photochemical generation of radicals from trace transition metals remaining in DNA extracts.60 The values of the rate constants from the 
three prior works and the theoretical rate constants of TT-CPD formation for blt 266−1017 bp amplicons can be found in SI Table S3. Error bars 
represent standard errors from the mean for values determined in this work (Table 1) and either standard deviations or 95% confidence intervals 
from the mean as specified in the prior studies (SI Table S3). Trendlines and R2 in panels (a)−(h) were obtained by weighted linear regressions of 
k Disinfectant, Amp fic nucleotide contents. versus speci
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Several prior investigators have also reported rate constants 
for reactions of DNA with FAC, O3, and •OH in terms of 
[dNMPs]; namely, ∼10 (M dNMP)−1s−1 for FAC (an 
estimated value specifically for dsDNA denaturation by 
FAC),56 410 (M dNMP)−1s−1 for O3,

57 and 1.1−4.6(×108) 
(M dNMP)−1s−1 for •OH.57−59 If the values of kFAC, Amp, 
kO3, Amp, and k•

OH, Amp measured here are each normalized to 
[dNMPs] (i.e., by dividing kDisinfectant, Amp by the total number 
of dNMPsor twice the number of AT+GC bpsin each 
amplicon), they yield values ranging from 4.5 to 7.4 (M 
dNMP)−1s−1, 30−36 (M dNMP)−1s−1, and 1.1−1.2(×108) (M  
dNMP)−1s−1, respectively. While the dNMP-normalized values 
for FAC and •OH agree well with the prior measurements, the 
reason for the differences for O3 is uncertain. Several 
possibilities are that the presence of impurities within or 
partial denaturation of the calf thymus DNA utilized within the 
prior work (which was conducted under pseudo-first-order 
conditions, with DNA in excess of O3) could have resulted in 
adventitious acceleration of O3 decomposition (and over-

estimation of kO3
), or that the qPCR analyses utilized here did 

not capture all DNA lesions generated by reaction with O3 
(e.g., 8-oxoG). Investigation of these possibilities is recom-
mended for future work. 
With respect to the FAC rate constants determined here 

(Table 1), it is important to note that under various 
conditions, the kinetics of FAC reactions with organic 
molecules can be driven in part by chlorine species other 
than HOCl and OCl−, namely Cl2 and Cl2O, where Cl2 

becomes more important at higher [Cl−] and lower pH, 
while Cl2O becomes more important at higher [HOCl].69,70 In 
cases for which Cl2O contributions to observed reaction 
kinetics are important, deviations from first-order dependences 
on [FAC] can be expected, on account of the second-order 
dependence of Cl2O formation on [HOCl].69,70 As the FAC 
kinetics measurements obtained here indicated a clear first-
order dependence on [FAC] (SI Text S9, Figure S9), it seems 
unlikely that Cl2O contributed significantly to the observed 
rates of qPCR amplicon degradation. With regard to possible 
Cl2 contributions−under the conditions used here, [Cl−] levels 
should not have exceeded 1−2 mM (due primarily  to  
background Cl− from the saline citrate used in preparing 
DNA stock solutions). Prior work suggests that under similar 
conditions (pH 7, 1 mM Cl−), Cl2 is unlikely to contribute to 
more than ∼10% of the observed degradation of aromatic 
compounds with measured rate constants, kHOCl, of greater 
than ∼600 M−1 s−1 during treatment with FAC.70 As values of 
kFAC, Amp were all in excess of 103 M−1 s−1 , it seems unlikely 
that Cl2 could have contributed significantly to the proposed 
initial step of DNA chlorination (N-chlorination and H-bond 
disruption). However, a contribution of Cl2 to the proposed 
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slower second step of DNA chlorination (irreversible 
nucleotide halogenation) cannot be ruled out on the basis of 
the available data. Although this does not alter the conclusions 
reached here, it is an important possibility that should be 
investigated in future work on DNA reactions with FAC. 
ARG Amplicon Degradation: Influence of Amplicon 

Length and Nucleotide Content. Variations in 
kDisinfectant, Amp with amplicon composition were investigated 
by comparing measured kDisinfectant, Amp values with the length 
and nucleotide content of each amplicon, in order to 
determine whether consistent, predictable dependences of 
the magnitudes of kDisinfectant, Amp values on DNA sequence 
content could be identified. For each disinfectant, 
kDisinfectant, Amp generally increased in proportion to amplicon 
length (AT+GC bps), indicating that a larger number of 
nucleotides per amplicon results in a higher probability of an 
amplicon sustaining damage that prevents qPCR amplification 
(Figure 2a−f). Weighted linear regressions showed strong 
linear relationships of kDisinfectant, Amp with numbers of AT+GC 
bps per amplicon (R2 ≥ 0.98) for FAC, NH2Cl, O3, and •OH
(Figure 2a,b,d,f), while weaker relationships (R2 ≤ 0.95) were 
observed for ClO2 and UV (Figure 2c, e). 
The strengths of the regressions for FAC, NH2Cl, O3, and 

•OH suggest that their reactivities toward a given amplicon
depend on both the AT and GC bp content of the amplicon.
While no prior measurements of NH2Cl-nucleobase kinetics
appear to be available for comparison, these trends are
consistent with prior observations that FAC and O3 react
relatively rapidly (k ∼ 103−104 M−1 s−1) with both thymine
and guanine nucleotides,56,57 and that •OH exhibits very high,
nonselective reactivity (k ∼ 109−1010 M−1 s−1) toward all
nucleobases.64,65 The relatively weaker relationships of
kDisinfectant, Amp with AT+GC bp content observed for ClO2
and UV suggest that their reactivities toward a given amplicon
likely depend more specifically on either AT or GC bp
contents, or on the content(s) of some other sequence
element(s) (e.g., nucleotide doublets or triplets) not captured
by more general correlations of kDisinfectant, Amp with amplicon 
length. 
This latter possibility was evaluated by undertaking addi-

tional weighted linear regressions of kClO2, Amp and kUV, Amp 

versus numbers of interstrand AT bps, GC bps, and all possible 
intrastrand nucleotide doublet and triplet permutations within 
each amplicon (regression parameters and statistics are 
summarized in SI part D). kClO2, Amp was indeed found to 
correlate much more strongly with intrastrand 5′-GG-3′ 
doublet content (R2

5′‑GG‑3′ > 0.99) in each amplicon (Figure 
2c). This observation is in agreement with prior findings that 
guanine is the most susceptible nucleobase in dsDNA toward 
one-electron oxidants such as ClO2 (kClO2, 5’‑GMP = 4.5 × 102

M−1 s−1 at pH 7),66 and that one-electron oxidation reactions 
preferentially lead to damage at the 5′-guanine of 5′-GG-3′ 
doublets.67 (Note that the counts of intrastrand 5′-GG-3′ 
doublets used in SI part D for correlations exclude those within 
5′-GGG-3′ or 5′-GGGG-3′ sequences (SI Table S1), which 
have been reported to react by single-electron transfer ∼5−9× 
slower than isolated 5′-GG-3′ doublets at pH 7.0.68) 
kUV, Amp was likewise found to correlate much more strongly 

with intrastrand 5′-TT-3′ doublet content (R2 
5′-TT-3′ = 0.98)

(Figure 2e). This result agrees with previous findings, 19,27−29,60

and can be explained by the tendency of UV to generate 
lesions at intrastrand 5′-bipyrimidine-3′ sites, with 5′-TT-3′ 

more susceptible than 5′-TC-3′, 5′-CT-3′ and 5′-CC-3′ 
(R2

5′-TC-3′ = 0.96, R2 
5′-CT-3′ = 0.95, and R2 

5′-CC-3′ = 0.71; SI 
part D).29,62 Although DNA can also sustain damage at 5′-TC-
3′, 5′-CT-3′, and 5′-CC-3′, model predictions of the relative 
photoreactivities of each of the four 5′-bipyrimidine-3′ 
doublets indicate that TT-CPDs are likely to account for the 
majority of UV-induced lesions in the 266−1017 bp amplicons 
under the conditions applied here (SI Text S12). Consistent 
with this, kUV, Amp values measured for the 266−1017 bp 
amplicons are within the ranges of theoretical rate constants, 
kTT-CPD, f, for TT-CPD formation in each amplicon, calculated 
as described in SI Text S12 (Figure 2g, SI Table S3). 
Values of kUV, Amp from three recent studies investigating 

various plasmid-borne ARGs19,27,60 are also shown in Figure 2g 
for comparison with the values measured here. These data 
indicate that the values from all four studies correlate with 5′-
TT-3′ content, though considerable spread is apparent in the 
trends, with the plasmid-borne amplicons from the prior 
studies appearing to exhibit higher photoreactivities per unit of 
molar 5′-TT-3′ content than the chromosomal 266−1017 bp 
amplicons investigated here. While the possibility of inherent 
differences in chromosomal vs plasmid-borne amplicon 
photoreactivities cannot be excluded, it should be noted that 
these differences may instead arise from wide variations in the 
amplicons’ proportions of 5′-TT-3′ doublets relative to their 

total 5′-bipyrimidine-3′ doublet contents 
i 

k 
jjjf 5 TT  3  

5 bipyrimidine 3
= ′‐ ‐ ′ 

‐ ‐ ′ 

)5 TT 3
5 TT  3 5 TC  3  5 CT  3  5 CC  3

# ′‐ ‐ ′ 
#  ′‐  ‐ ′ + #  ′‐  ‐ ′ + #  ′‐ ‐ ′ + #  ′‐ ‐ ′  

. Compared t o the

266−1017 bp amplicons, the amplicons from the previous 
three studies are significantly more enriched in GC bps relative 
to AT bps, and are thus also more enriched in 5′-TC-3′, 5′-
CT-3′, and 5′-CC-3′ doublets relative to 5′-TT-3′, with 
f 5 TT 3

5 bipyrimidine 3
′‐ ‐ ′ 

‐ ‐ ′ 
varying from 0.14−0.29 for the Chang et al. 

(2017)27 data set and 0.21−0.38 for the Yoon et al. (2017, 
2018) 19,60 data sets, compared to 0.37−0.48 for the 266−1017 
bp amplicons investigated in this work. Consequently, the 
simple correlation of kUV, Amp with 5′-TT-3′ − which works
very well for the 266−1017 bp amplicons − may not fully 
account for the role of the 5′-TC-3′, 5′-CT-3′, and 5′-CC-3′ 
doublets in governing photoreactivities of the amplicons from 
the prior works. This is supported by the stronger aggregate 
correlation of the k UV, Amp values from all four studies with 
overall molar 5′-bipyrimidine-3′ content (Figure 2h). In 
accord with these observations, Figure S16 and the discussion 
in Text S12 show that theoretical rate constants for TT-CPD 
formation, kTT-CPD, f, cannot reconcile the differences in 
kUV, Amp values of the amplicons investigated across all four 
studies, whereas theoretical predictions of rate constants for 
overall bipyrimidine lesion formation, kall lesions, f (based on data 
from Douki (2006)62 and Tataurov (2008)63 ), align well with 
the measured values of kUV, Amp across the whole set of 
amplicons (aside from the apparent outliers noted from the 
Yoon et al. studies19,60 ). This suggests that for ARGs that are 
significantly more enriched in GC bps than the bltR-blt-bltD 
genome segment investigated here, it may be important to 
account for the photoreactivities not only of 5′-TT-3′, but also 
of 5′-TC-3′, 5′-CT-3′, and 5′-CC-3′. 
Interestingly, as shown in SI part D, correlations between 

kDisinfectant, Amp and various nucleotide bps, doublets, or triplets 
for FAC, NH2Cl, O3, and •OH indicated that each of these
oxidants may also exhibit preferential reactivities toward 
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specific target sites within a given DNA sequence (e.g., FAC 
for GC bps and/or 5′-GT-3′ doublets, NH2Cl for AT bps and 
5′-AG-3′ doublets, O3 for GC bps and 5′-GT-3′ doublets, and 
•OH for 5′-TG-3′ doublets). Although more extensive 
evidence is needed to confirm the preferential occurrence of 
reactions at these sites (as has been demonstrated for attack of 
5′-GG-3′ and 5-TT-3′ doublets by ClO2 and UV),62,67,68 these 
correlations may prove useful in guiding identification of 
reactive sites in future work. 
The strong linear relationships of kDisinfectant, Amp with AT 

+GC bps for FAC, NH2Cl, O3, and •OH; 5′-GG-3′ doublets 
for ClO2; and 5′-TT-3′ doublets for UV suggest that the 
reactivity of a given DNA segment toward each disinfectant 
can be predicted using a model such as eq 9, 

k k k(mol X/mol Amp) Disinfectant, Amp Disinfectant, Specific Disinfectant, 0 = · + (9) 

where kDisinfectant, Specific and kDisinfectant, 0 are the respective slopes 
and intercepts of the corresponding regression lines in Figure 
2a−f. kDisinfectant, Specific represents the rate constant for a given 
disinfectant normalized to nucleotide bps or doublets of type X 
(where X = AT+GC bps for FAC, NH2Cl, O3, and •OH; 5′-
GG-3′ doublets for ClO2; and 5′-TT-3′ doublets for UV), and 
kDisinfectant, 0 is attributed to factors influencing DNA reactivity 
(e.g., secondary targets, specific sequence elements) that are 
not fully accounted for in the relatively simple single-parameter 
model represented by eq 9 (see further discussion in SI Text 
S11). The resulting kDisinfectant, Specific and kDisinfectant, 0 values are 
summarized in Table 1. 
Relationship of ARG Transforming Activity to qPCR 

Signals. While qPCR is a rapid, widely accessible, and 
affordable analytical tool to quantify damage within a DNA 

segment, direct measurement of changes in biological activity 
via culture-based transformation assay represents a “gold 
standard” approach for evaluating the impact of treatment 
processes on ARG dissemination risk.27,71 In order to ascertain 
whether one measurement can be directly related to the other, 
changes in qPCR measurements for each of the investigated 
amplicons were compared with changes in measurements of 
residual transforming activities during exposure of B. subtilis 
1A189 DNA to each disinfectant. As shown in Figure 1a−e, for 
FAC, NH2Cl, ClO2, O3, and UV, ARG deactivation kinetics 
were significantly faster than for 266 bp amplicon degradation, 
but generally close to 832 bp, 870 bp, and/or 1017 bp 
amplicon degradation kinetics over the monitored exposure 
ranges (except for ClO2 at CTClO2 > ∼0.2 M·s and UV at IT > 
∼45 mJ/cm2). Figure 3 depicts measurements of residual 
transforming activity versus residual amplicon copy number 
(each normalized to untreated controls) during treatment with 
each disinfectant. For FAC, NH2Cl, ClO2, O3, and UV, Figure 
3a−e clearly illustrates that the 266 bp amplicon under-
estimates damage as measured by the transformation assay, 
while the 832−1017 bp amplicons generally capture damage at 
similar (∼1:1) rates as the transformation assay (except at 
>70% or >90% deactivation by ClO2 or UV, respectively). 
Results observed for NH2Cl at pH 7 were consistent with 
those at pH 8 (SI Figure S17). In contrast, for •OH treatment, 
ARG deactivation greatly outpaced degradation of all four 
amplicons (Figures 1f and 3f). 

Figure 3. Normalized transformation frequency (f/f0) plotted versus normalized copy number (N/N0) of 266 bp, 832 bp, 870 bp, and 1017 bp 
amplicons for eARG treatment with (a) FAC, (b) NH2Cl, (c) ClO2, (d) O3, (e) UV, and (f) •OH. All data were obtained by treatment of 
extracellular B. subtilis 1A189 DNA in 10 mM phosphate buffer at pH 7 (FAC, ClO2, O3, 

•OH, and UV) or 8 (NH2Cl only). The CTs used for 
NH2Cl and ClO2 were much greater than CTs typically applied in practice. The narrow range of O3 data is attributable to the inability to collect 
samples at lower exposure ranges using the continuous flow, quenched-reaction method (SI Text S8), on account of the very rapid kinetics of the 
O3-DNA reaction. Sets 1, 2, and 3 (plotted using different symbol shapes) represent independent experiments undertaken under the same 
conditions but on different dates, each in at least duplicate. Error bars represent one standard deviation from the mean, obtained from at least 
duplicate experiments conducted independently on the same date. The dotted lines represent theoretical 1:1 relationships, as opposed to regression 
lines. 

The above relationships between ARG degradation and 
deactivation can be understood in light of DNA integrity 
requirements for bacterial natural transformation driven by 
homologous recombination. Prior studies have reported that a 
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minimum length of homology (∼400−500 bp) is required on 
each side of a nonhomologous sequence (here a point 
mutation, acfA, so  ∼800−1000 bp in total) for successful 
natural transformation in B. subtilis, in analogy with require-
ments observed for various other bacterial species.72,73 Damage 
within the requisite homologous flanking sequence would be 
anticipated to disable or hinder transformation. It has also been 
shown that a decrease in donor DNA size from several kbps 
down to the minimum required length causes a continual 
decrease in transforming activity−potentially due to a decrease 
in attachment and/or donor−acceptor complexation efficien-
cies. 72,74 

For FAC, NH2Cl, ClO2, O3, and UV, which attack DNA 
primarily through selective nucleotide modification without 
impacting DNA strand size (as confirmed by PFGE; SI Figure 
S18a−e), ARG transforming activity would not be diminished 
unless lesions occur within the ∼800−1000 bp flanking region 
noted above. In an analogous manner, one or more lesions 
within the targeted amplicon would result in detectable loss of 
qPCR signals, while those outside would have no influence. If 
the monitored qPCR amplicon comprises either the homol-
ogous flanking region itself, or another region with similar 

nucleotide content at a different locus (even far from the 
flanking region), synchronization in the kinetics of amplicon 
degradation and ARG deactivation would therefore be expected. 
Here, the 832−1017 bp amplicons incur damage by FAC, 
NH2Cl, ClO2, O3, and UV at similar rates as ARG deactivation 
(Figure 3a−e) because they have nucleotide contents similar 
to (but only partly overlapping with) the ∼800−1000 bp 
homologous flanking sequences centered on the acfA mutation 
(Scheme 1, SI Text S5 and Table S1). 
In contrast, •OH damages DNA predominantly by strand 

fragmentation (via phosphate backbone cleavage), resulting in 
decreased DNA length and most likely diminished attachment 
and/or donor−acceptor complexation efficiencies with in-
creasing exposure (SI Figure S18f).75 Consequently, even if 
•OH damages a DNA strand at a location outside of the 
requisite flanking region (or the region encompassed by the 
monitored amplicon), ARG transforming activity can be 
lowered due to a decrease in strand length, while monitored 
amplicons may remain undamaged, leading to consistently 
faster rates of ARG deactivation than amplicon degradation 
(Figures 1f and 3f). 

Figure 4. Normalized (log10-scale) measured transformation frequency, cell survival, and modeled (predicted) transformation frequency (with the 
latter obtained using 800 bp, 900 bp, and 1000 bp homologous acfA-flanking sequences) versus disinfectant exposure for (a) FAC, (b) NH2Cl, (c) 
ClO2, (d) O3, and (e) UV, during treatment of extracellular B. subtilis 1A189 DNA or intact B. subtilis 1A189 cells with each disinfectant in 10 mM 
phosphate buffer at pH 7 (FAC, ClO2, O3, and UV) or 8 (NH2Cl only). Typical CT and IT ranges applied in drinking water practice when using 
each disinfectant to inactivate Giardia cysts83 or viruses84 are indicated by light gray-shaded and dark gray-shaded areas, respectively. Kinetics-based 
predictions of transformation frequency losses were obtained using the model in SI Text S9 for FAC and NH2Cl, eq 7 for ClO2 and O3, and eq 8 
for UV, where theoretical degradation rate constants, kDisinfectant, Amp, for the 800 bp, 900 bp ,and 1000 bp homologous acfA-flanking sequences 
(Scheme 1, SI Text S5) were calculated by means of eq 9, using the values of kDisinfectant, Specific and kDisinfectant, 0 provided in Table 1, and specific 
nucleotide contents of the homologous sequences (SI Table S1). The relatively high LOD for transformation frequency during UV treatment of 
iARGs is attributable to the lower total sample volume treated in UV experiments (100 mL) compared to other iARG experiments (1 L), which 
resulted in a lower sample preconcentration factor during the workup for analyses in the UV experiments. Error bars (representing one standard 
deviation from the mean) for transformation frequency and cell survival were obtained from duplicate experiments conducted independently, 
except that cell viabilities for (c) ClO2 were only measured for one of the duplicate experiments (and are thus shown without error bars). 
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The tailing in ARG deactivation by ClO2 and UV (Figure 
1c,e) and consequent deviation from 1:1 degradation:deactiva-
tion relationships (Figure 3c,e) may be partly due to dark-
repair of lesions likely to result from ClO2 or UV exposure − 
such as 8-oxoG76 or TT-CPDs26,77 − in damaged DNA upon 
uptake by the B. subtilis 1A1 recipient cells during trans-
formation assays. Photorepair can be excluded since trans-
formation assays were conducted with only brief exposures to 
indoor light (only during sample handling at room temper-
ature, prior to/between incubations in the dark) and yielded 
results consistent with controls conducted fully in the dark 
(data not shown). For UV, the tailing effect (also observable to 
a lesser degree in qPCR results; SI Figure S14) may also be 
partly explained by CPD photoreversal at higher fluences.55 

Prior work has likewise demonstrated tailing in ARG 
degradation27,29 and deactivation25 profiles during UV irradi-
ation. 
The correlations of qPCR analyses with genomic ARG 

transforming activity measurements observed here may extend 
to a number of other bacteria. In addition to Bacillus, many 
other naturally competent bacterial generaincluding im-
portant pathogens (e.g., Haemophilus, 78 Streptococcus, 79 

Neiserria,80 Acinetobacter81)exhibit minimum flanking ho-
mology requirements for natural transformation with genomic 
DNA, suggesting that deactivation of ARGs encoded within 
their genomes could likewise depend on damage to identifiable 
“critical sequences” of DNA. For cases involving plasmid 
transformation (not generally driven by homologous recombi-
nation), ARG deactivation appears less likely to correlate 
directly with qPCR measurements of ARG degradation.27,60 In 
such cases, plasmids’ origins of replication, which are critical to 
plasmid function, may represent an alternative target for 
tracking ARG activity loss.60 

iARG Deactivation and ARB Inactivation. Degradation 
and deactivation of iARGs by each disinfectant was also 
investigated as a comparison to eARG results, and to evaluate 
the possible influence of cell constituents on ARG degradation/ 
deactivation. Direct exposure of iARGs to •OH was not 
included, as •OH has previously been shown to have negligible 
effect on iARGs, even under conditions typical of advanced 
oxidation processes (e.g., UV/H2O2).

19 

As shown in Figure 4, iARG deactivation lagged ARB 
inactivation for all of the five disinfectants investigated. 
Analogous results were observed for iARG degradation (SI 
Figure S19), clearly demonstrating that iARGs may “survive” 
disinfection processes even if the associated ARB cells are 
effectively inactivated. Similar results have been reported in 
previous studies of iARG degradation by various disinfec-
tants,19,22,24,29 These findings can be explained by the fact that 
disinfectants often react with other vital cellular components 
(e.g., cell-envelope lipids or proteins, cellular enzymes, etc.) 
before reaching DNA within the cytoplasm, as for FAC, 
NH2Cl, ClO2, and O3. In the case of UV, damage to the full 
bacterial genome that inhibits vital cellular functions likely 
accumulates much faster than damage to a much shorter ARG, 
leading to cell inactivation prior to measurable ARG damage.82 

General consistency was found in the kinetics of iARG and 
eARG deactivation within investigated exposure ranges for each 
disinfectant, indicating that the cell envelope and other cellular 
biomolecules did not significantly hinder the ability of 
disinfectants to reach and react with the ARB cells’ DNA. 
Only a marginal difference was observed between iARG 
deactivation by O3 with and without t-BuOH (Figure 4d), 

suggesting a minimal role of •OH due to its rapid scavenging 
by other intracellular components.19 For UV (Figure 4e), 
iARG deactivation exhibited tailing similar to that observed 
during eARG deactivation (presumably for similar reasons as 
discussed above). 
Differences were observed between iARG and eARG 

deactivation curves for NH2Cl at CTNH2Cl < 60 mg/L·min 
and O3 at CTO3 > 0.1 mg/L·min. For NH2Cl (Figure 4b), 
iARG transforming activity initially exhibited a rapid drop 
followed by minimal subsequent loss, whereas the four qPCR 
amplicons remained largely intact throughout the investigated 
exposure range (SI Figures S19b, S20b). This is analogous to 
trends observed in reaction of •OH with eARGs (Figures 1f, 
3f), and may have resulted from DNA fragmentation due to 
•OH or Fe(IV) generation by NH2Cl reactions with 
intracellular reduced metal ions (e.g., Fe2+).56,85 Although 
FAC is also known to be able to induce formation of such 
radicals under similar conditions,56,85,86 FAC’s reaction with 
iARGs may have been fast enough to outweigh radical 
contributions (in contrast with the exceptionally slow kinetics 
of NH2Cl). For O3 (Figure 4d), the evident tailing in iARG 
deactivation at higher exposures may be attributable to 
accelerated direct consumption and/or radical chain decom-
position of O3 within the vicinity of the cell envelope and/or 
cytoplasm of the B. subtilis 1A189 cells, due to increased 
solubilization of reactive biomolecules (e.g., cell-envelope 
amino acids or unsaturated lipids) during cell lysis. 82,87 

Implications for (Waste)Water Disinfection Practice. 
To facilitate comparison of experimental conditions with 
practical scenarios, eARG and iARG deactivation data in Figure 
4 are overlain with exposure ranges likely to be encountered in 
(waste)water disinfection practice (conservatively based on 
drinking water disinfection requirements).83,84 Analogous 
comparisons for ARG degradation are provided in SI Figure 
S19. Light gray-shaded areas in Figure 4a−e represent CTs or  
ITs required for 0.5−3-log10 inactivation of Giardia cysts at pH 
7, 20 °C for each disinfectant.83 The dark gray-shaded area in 
Figure 4e represents ITs required for 0.5−4-log10 inactivation 
of viruses by UV.84 The CT and IT requirements for 2-log10 
deactivation of eARGs and iARGs, and 2-log10 degradation of 
the four eARG amplicons (based on Figures 1 and 4), are also 
summarized with available literature values for each 
disinfectant in SI Table S3. 
These comparisons indicate that FAC should be capable of 

achieving up to ∼2-log10 chromosomal ARG deactivation at 
practical CTFAC ranges (Figure 4a), which is ∼2.5× less 
efficient than previously reported for plasmid-borne ARGs19 

(possibly due to differences in plasmid and genomic DNA 
reactivities toward FAC, as noted above). For O3, up to  ∼3-
log10 ARG deactivation should be achievable at practical CTO3 
ranges (Figure 4d), consistent with previous findings.24 UV 
light would be anticipated to yield <0.5-log10 ARG deactivation 
at the upper end of the IT range for Giardia cysts, and ∼2-log10 
deactivation within the IT range for viruses (Figure 4e). These 
observations are generally consistent with previous findings 
obtained under comparable conditions,19,27,29,60 although 
lower UV efficiencies have also been reported.28 

In contrast to FAC, O3, and UV, NH2Cl and ClO2 were 
found to yield minimal ARG deactivation even at their highest 
practical CT levels for (waste)water treatment. Previous 
studies have also shown that NH2Cl

20 and ClO2
22,66,88 exhibit 

marginal reactivity toward bacterial DNA. For instance, NH2Cl 
treatment at 37 °C was found to yield <0.8-log10 deactivation of 
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extracellular B. subtilis DNA at a CTNH2Cl up to ∼4000 mg/L· 
min, and ∼0.7-log10 deactivation for intracellular B. subtilis 
DNA at a CTNH2Cl of ∼170 mg/L·min20 (also consistent with 
the differences in levels of iARG and eARG deactivation 
observed here at lower NH2Cl exposures). For ClO2, 
deactivation of an eARG of H. inf luenzae DNA was moderately 
faster than observed here, but a CTClO2 of ∼75 mg/L·min still 
only yielded <1-log10 deactivation.

22 These results highlight the 
wide variations in abilities of different disinfectants to degrade/ 
deactivate ARGs at practical CT or IT ranges. 
It is also important to note that applications of O3 and UV 

may frequently be based on more or less conservative criteria 
than disinfection requirements. For example, O3 exposures 
targeting micropollutant elimination have been shown to yield 
inefficient ARG degradation.24 In contrast, UV fluences applied 
in UV/H2O2 processes−likely to be greater than even the 
highest ITs required for virus inactivation (Figure 4e), 89,90 

have been reported to yield ≥2-log10 ARG degradation.19 

Furthermore, application of FAC for achieving pathogen 
inactivation during wastewater disinfection is likely to be 
ineffective for ARG degradation/deactivation under typical 
conditions, as FAC would be converted almost instantaneously 
to nonreactive NH2Cl in non-nitrified wastewaters unless 
breakpoint chlorination is practiced.91 

The influence of water quality parameters (e.g., dissolved 
organic matter, turbidity, pH) and susceptibilities of ARGs 
(plasmid-borne and genomic) from a wider variety of bacterial 
species should also be evaluated further to more fully assess the 
practical performance of each disinfectant. 
qPCR and Kinetics-Based Models for Predicting 

Elimination of ARG Biological Activity. The results 
depicted in Figures 3, 4, and SI Figures S19, S20 suggest 
that in addition to direct qPCR analyses of a “critical sequence” 
required for natural transformation of an ARG, qPCR analyses 
of any other alternative sequence on the bacterial chromosome with 
a nucleotide content equivalent to the critical sequence could be 
used to detect DNA damage at a rate equivalent to ARG 
deactivation. It is also possible that qPCR analyses of such 
alternative sequences could be used to detect damage to other 
important chromosomally encoded genes (e.g., virulence 
factors) as an indication of their transforming activities. This 
concept has parallels in the use of qPCR to monitor losses of 
viral infectivity92 and bacterial plasmid transforming activity 
during UV irradiation.27 The potential to target such alternative 
sequence(s) presents an attractive option for qPCR assays, as it 
is sometimes difficult to reliably amplify a desired DNA region 
due to issues such as primer dimerization or nonspecific 
amplification. 
Furthermore, the clear dependence of qPCR amplicon 

degradation kinetics on contents of certain bps or doublets 
(Figure 2, Table 1, and associated discussion) suggests that 
under certain circumstances, it may be possible to predict the 
kinetics of ARG degradation (and hence, ARG deactivation) by  
a disinfectant based on knowledge of the sequences of the 
ARG and its flanking regions (or other “critical sequence(s)”), 
coupled with appropriate sequence-independent rate constants 
(Table 1). As a demonstration of this, an envelope of 
theoretical ARG deactivation curves was modeled according 
to SI Text S9 for FAC and NH2Cl, eq 7 for ClO2 and O3, and 
eq 8 for UV, by predicting theoretical degradation rate 
constants, kDisinfectant, Amp, for the 800 bp, 900 bp, and 1000 
bp homologous flanking sequences centered on the acfA 
mutation in B. subtilis 1A189 DNA (Scheme 1, SI Text S5) 

with eq 9, using their nucleotide contents (SI Table S1) and 
the sequence-independent rate constants kDisinfectant, Specific and 
kDisinfectant, 0 for FAC, NH2Cl, ClO2, O3, or  UV (Table 1). As 
shown in Figure 4, the resulting model predictions generally 
agreed well with measured results for deactivation of eARGs 
and iARGs up to exposures sufficient to yield roughly 1−2 
log10 deactivation. The overall good predictions (Figure 4), 
along with the strong degradation:deactivation correlations in 
Figure 3, suggest that such models may prove useful as a 
generally applicable means for predicting ARG degradation and 
deactivation during treatment with these five disinfectants. 
Based on the findings reported here and in previous work, it 

appears that qPCR analyses and kinetics-based model 
predictions have the potential to be employed as surrogates 
for ARG deactivation when “critical sequences” required for 
transformation of genomic or plasmid-borne ARGs can be 
identified. However, such approaches should be applied with 
caution. As discussed above, significant tailing in ARG 
deactivation curves was noted during treatment of iARGs 
and/or eARGs with ClO2, O3, and UV at high exposures 
(Figures 1c,e and 4d,e). In such cases, qPCR-based 
approximations or kinetics-based predictions of ARG deactiva-
tion could result in overestimation of actual deactivation levels. 
Additional work will be required to determine how generally 
these findings apply to different ARGs and bacterial species. 
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