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ABSTRACT: Degradation kinetics of antibiotic resistance genes
(ARGs) by free available chlorine (FAC), ozone (O3), and UV254
light (UV) were investigated in phosphate buffered solutions at pH
7 using a chromosomal ARG (mecA) of methicillin-resistant
Staphylococcus aureus (MRSA). For FAC, the degradation rates of
extracellular mecA (extra-mecA) were accelerated with increasing
FAC exposure, which could be explained by a two-step FAC
reaction model. The degradation of extra-mecA by O3 followed
second-order reaction kinetics. The degradation of extra-mecA by
UV exhibited tailing kinetics, which could be described by a newly
proposed kinetic model considering cyclobutane pyrimidine dimer
(CPD) formation, its photoreversal, and irreversible (6−4) photoproduct formation. Measured rate constants for extra-mecA
increased linearly with amplicon length for FAC and O3, or with number of intrastrand pyrimidine doublets for UV, which enabled
prediction of degradation rate constants of extra-mecA amplicons based on sequence length and/or composition. In comparison to
those of extra-mecA, the observed degradation rates of intracellular mecA (intra-mecA) were faster for FAC and O3 at low oxidant
exposures but significantly slower at high exposures for FAC and UV. Differences in observed extra- and intracellular kinetics could
be due to decreased DNA recovery efficiency and/or the presence of MRSA aggregates protected from disinfectants.

■ INTRODUCTION

Increasing antibiotic resistance is a growing public health issue
worldwide, as it has lowered the therapeutic efficacy of
antibiotics.1,2 Rising antibiotic resistance is typically associated
with overuse and misuse of antibiotics in healthcare or
agricultural practice, which can select antibiotic resistant
bacteria (ARB) carrying genes (ARGs) responsible for
antibiotic resistance traits.3 Bacteria can also share mobile
ARGs in forms of plasmids, chromosomal DNA, and
bacteriophages through horizontal gene transfer (HGT)
processes, leading to the dissemination of antibiotic resistance
among bacterial populations.4

Notably, ARB and ARGs are recognized to be widespread in
various aquatic environments.5−8 This has raised additional
concerns that their presence may promote the dissemination of
antibiotic resistance via anthropogenic and natural water
cycles, and eventually to pathogenic bacteria.9,10 In this
context, ARGs are now considered as a type of water
contaminant.5

Disinfection of drinking water and wastewater effluent can
provide an important barrier to the spread of pathogenic
microorganisms in urban water cycles.11 Chlorine, ozone (O3),
and ultraviolet light (UV) are widely used as disinfectants.12

There has been growing interest in the efficacy of water
disinfection processes to control dissemination of ARB and

ARGs.13−15 Studies have shown that water disinfection
processes generally decrease the absolute levels of ARB,
whereas increases in the relative proportions of specific ARB
(or associated ARGs) among surviving bacteria (or gene
pools) are sometimes observed, suggesting possible selection
for ARB.16−19 Significant reductions in the absolute concen-
trations of ARGs have also been observed, though their
removal efficacies have been found to vary widely depending
on the specific ARG, analytical method used (e.g., qPCR vs
culture-based assay), length of amplicon target monitored
(qPCR), process operational conditions (e.g., disinfectant
exposure), and also in some cases whether the ARG is
extracellular vs intracellular or plasmid-borne vs chromoso-
mal.16,17,20−24 In order to enable intercomparison and
generalization of ARG removal efficacy, it is thus necessary
to elucidate and determine the fundamental kinetic parameters
and reactions governing ARG degradation by water dis-
infectants. Only a limited number of studies have reported
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such fundamental kinetic parameters (e.g., bimolecular or UV
fluence-based rate constants) or evaluated molecular-level
reaction models for the degradation of plasmid-25−28 or
chromosome-encoded ARGs29 by water disinfectants.
This study investigated the degradation kinetics of the

chromosome-encoded ARG mecA during treatment with free
available chlorine (FAC), O3, and UV (254 nm) in bench-scale
experiments. Methicillin-resistant Staphylococcus aureus
(MRSA) and mecA, responsible for methicillin resistance in
MRSA strains, have been detected in municipal waste-
waters30−33 and are considered as an ARB and ARG of
significant concern, respectively, due to the former’s wide-
spread occurrence as an opportunistic pathogen and the latter’s
possible contributions to antibiotic resistance dissemination
among methicillin-susceptible strains of Staphylococci by
HGT.34−36 Although degradation of mecA by UV and FAC
has previously been investigated, detailed kinetic information
has not yet been reported.20,24 The mecA for this study was
derived from a clinically relevant, multidrug-resistant MRSA
strain37 and is contained on the staphylococcal cassette
chromosome mec (SCCmec) as a mobile genetic element.34

Degradation kinetics of both extra- and intracellular forms of
mecA were investigated here in order to examine the influence
of cellular components and/or cell aggregation on mecA
degradation kinetics. Changes in cellular parameters such as
culturability, membrane damage, and severe DNA damage
were also determined, in order to evaluate the sequence of
damage to cellular components during MRSA inactivation.
Degradation of mecA was quantified using qPCR targeting a set
of amplicons (212, 612, and 1018 bp) located within the full
mecA gene. The observed kinetics were used to derive kinetic
models and corresponding rate constants for each disinfectant,
which were then compared to available literature values
(noting that comparisons of FAC and O3 data were limited to
the chromosomal blt gene of Bacillus subtilis,29 as directly
comparable kinetics parameters are thus far available only for
this gene). These findings were then evaluated with respect to
their utility in predicting the degradation efficiency of mecA
and potentially other ARGs (or any other segments of double-
stranded DNA) during municipal water disinfection.

■ MATERIALS AND METHODS
Standards and Reagents. All chemicals (of at least

reagent-grade purity) and media (certified-nuclease free) were
purchased from commercial suppliers. Further details of the
preparation of the disinfectants and culture media can be
found elsewhere27,38 and are also described in SI-Text-1.
Bacterial Strains. MRSA strain ATCC BAA-1556

(FPR3757) (Staphylococcus aureus subsp.)37 was obtained
from the American Type Culture Collection (ATCC). The
strain was grown and harvested according to ATCC
instructions (SI-Text-2).39 Genomic DNA of BAA-1556 has
been fully sequenced (NCBI,GeneBank:CP000255.1) and
contains SCCmec type IV, within which the mecA gene is
located.40

DNA Extraction. High molecular weight chromosomal
DNA (4−20 kbp) was extracted from BAA-1556 cells with
FastDNA spin kits for soil (MP Biomedicals,USA).20,41 After
the extractions, DNA was further purified with an ethanol
precipitation. Phenol-chloroform-isoamyl alcohol (PCI) DNA
extraction29,42 was used as an alternative extraction method in
a few selected experiments for evaluating DNA recovery from
chlorinated MRSA. Quality and concentration of purified DNA

were checked with a NanoDrop 2000 Spectrophotometer
(Thermo Scientific, USA) or fluorescence-based DNA
quantification kit (DNAQF, Sigma, USA). Further details are
provided in SI-Text-3.

Treatment of Extracellular ARGs. Extracted DNA from
MRSA (30−60 ng/μL, extracellular ARG) was diluted to 106

copy/ml (= 1.2 × 10−2 μg/mL) in pH 7, 10 mM phosphate
buffer solution and treated with each disinfectant. The applied
initial mec-A concentration was chosen to allow observation of
mec-A degradation of more than 4 logs decrease in
concentration. The reaction temperature was 20(±1)°C for
FAC and O3, and 22(±2)°C for UV. FAC experiments were
also conducted at different pH and temperatures.
FAC and O3 treatments were performed in batch reactors by

adding FAC (∼30 mM) and O3 (∼1 mM) stock solutions to
100 mL buffer solutions containing the DNA under stirred
mixing to yield target concentration ranges of 70−280 μM for
FAC and 2.6−10.4 μM for O3. The O3 reactions were
performed with/without tert-butanol (50 mM) as •OH
scavenger. At selected times after disinfectant addition−from
0−100 min for FAC and 0−45 s for O3, 1 mL volumes of the
reaction solutions were collected and quenched (5-fold molar
excess relative to disinfectants) with thiosulfate stock (10 mM)
for FAC, or with cinnamic acid stock (10 mM) for O3. These
samples were later used for qPCR analyses of extra-mecA
amplicons. For FAC, time-dependent FAC concentrations
(Figure S1) were determined using the ABTS colorimetric
method.43 Time-dependent O3 concentrations (Figure S2)
were determined from benzaldehyde formation in the cinnamic
acid-quenched samples.44

UV irradiation was conducted in a quasi-collimated beam
system equipped with a low-pressure Hg lamp emitting 254
nm light (Sankyo Denki Ltd., Tokyo, Japan).25 Sample
solutions (100 mL) were placed in a crystallization dish with
a diameter of 9 cm and a sample depth of 6 cm. The UV
fluence rate was determined to be 0.3 mW/cm2 using atrazine
actinometry.45

Treatment of MRSA Cells, Including Intracellular
mecA. Cultured MRSA were diluted to 106 CFU/mL in
phosphate buffer (10 mM) at pH 7 (in addition to pH 8.5 for
FAC) and treated with each disinfectant, following the same
protocols used for treating extra-ARGs. The treated cells were
recovered by filtering samples (10 mL for FAC and 1 mL for
O3 and UV, respectively) through 0.45 μm polycarbonate
membranes (Whatman plc, GE) and processed for DNA
extraction for determining the concentration of intracellular
ARG. The treated MRSA cells were also analyzed in parallel for
cell viability by a plate count method (SI-Text-2) and cellular
component damages by flow cytometry methods (see below).

Quantitative Polymerase Chain Reaction (qPCR).
qPCR analyses were performed using a CFX connect Real-
Time PCR Detection System (Bio-Rad, USA). SsoFast
EvaGreen Supermix (Bio-Rad, USA) was used as a qPCR
reagent to quantify 212, 612, and 1018 bp amplicons targeting
the mecA gene.20,46,47 The sequences and locations of the
target amplicons are provided in Table S1. Primers purchased
from a commercial supplier (Macrogen, Korea) were designed
based on the mecA sequence, with qPCR temperature profiles
as indicated in Table S2. Further details of the qPCR assay
such as determination of limits of detection and amplification
efficiencies are provided in Figure S3 and SI-Text-4.

Other Analytical Methods. Flow cytometry (FCM) with
fluorescence staining was used for determining membrane-
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intact cell counts (FCM-ICC), as well as total (including
membrane-intact and membrane-compromised) cell counts
without severe DNA damage (e.g., double-strand breakage)
(FCM-TCC), using methods described in previous studies (SI-
Text-5).27,48 Scanning electron microscopy (SEM) images of
MRSA were determined using a Hitachi S-4700 (Hitachi,Ja-
pan), according to a previously reported sample preparation
method (SI-Text-6), to investigate the possible influence of
MRSA cell aggregates on intra-ARG degradation kinetics
during FAC and UV treatment.49

■ RESULTS AND DISCUSSION

Degradation Kinetics of extra-mecA. Figure 1 shows the
logarithmic relative concentrations of the three qPCR
amplicons as a function of disinfectant exposure or UV fluence
during treatment of extra-mecA at pH 7 with (a) FAC, (b) O3,
and (c) UV. For O3, tert-butanol (50 mM) was added to
exclude •OH reactions. The FAC and O3 treatments were
performed at FAC concentrations of 5, 10, and 20 mg/L as Cl2
and O3 concentrations of 0.125, 0.25, and 0.5 mg/L. For both
FAC and O3, extents of mecA degradation were dependent on
oxidant exposures (= time-integrated oxidant concentrations)
but were independent of the FAC (Figure S4) or O3
concentrations (Figure S5) used to achieve a given oxidant
exposure. Thus, pooled data for mecA degradation as a function
of oxidant exposure (M × s) were used for kinetic analyses as
shown in Figure 1 and other related Figures.
The degradation kinetics of extra-mecA by FAC are

described here (Figures 1a and S4). The degradation of
mecA amplicons by FAC was relatively slow initially but
became faster with increasing FAC exposure, exhibiting
accelerating kinetics. After reaching a certain range of FAC
exposure values (0.02−0.05 M × s), the logarithmic-scale
degradation of the amplicons became linear with respect to the
FAC exposure. The degradation rate was lowest for the 212 bp,
followed by the 612 bp and then the 1018 bp amplicons. The
observed kinetics could be described by a sequential, two-step

reaction model originally proposed by He et al. (2019)29 (eqs
1 and 2)

Amp FAC Amp
k

Na S O N Cl
2 2 3

FAC,Amp
X Yoooooooo+ ‐ (1)

Amp FAC Product
k

N Cl
FAC,AmpN Cl+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯‐

‐

(2)

N-chlorination of nucleotide bases is the first step of the
two-step FAC reaction model, forming a chlorinated amplicon
(AmpN−Cl) in eq 1, which can be reverted into the parent form
upon its reaction with a strong reductant such as thiosulfate
(reversible N-chlorination). Each N-chlorination of a nucleo-
tide causes disruption of H-bonding with the pairing base. The
bases with disrupted H-bonds are in turn activated toward
chlorination and can then form C-chlorinated product(s) that
are not reverted to the parent by the reductant (irreversible C-
chlorination) (eq 2). The higher the FAC exposure, and the
more nucleotide bases that become N-chlorinated (with
concomitant disruption of H-bonds), the faster the irreversible
C-chlorination becomes, until the monitored amplicon is fully
N-chlorinated and the observed rate of amplicon degradation
reaches a maximum (consistent with the trends shown in
Figures 1, S4, and S6). Further discussions on the complex
kinetics of FAC and the determination of kFAC,Amp values are
provided in SI-Text-7, SI-Excel-FAC, and He et al. (2019).29

The resulting values of kFAC,Amp (N-chlorination rate constants
for each amplicon) were 3.7(±0.7) × 103, 6.2(±0.5) × 103,
and 9.9(±0.6) × 103 M−1 s−1 for the 212, 612, and 1018 bp
amplicons. kFAC,N−Cl bp, the rate constant for C-chlorination of
individual base pairs, was determined to be 2.9(±0.2) × 10−1

M−1 s−1, from which kFAC,AmpN‑Cl could be calculated as

k kFAC,AmpN Cl FAC,N Cl bp
N Cl bp

AmpN Cl

i
k
jjj

y
{
zzz= ×‐ ‐

# ‐

‐
, where

N Cl bp
AmpN Cl

i
k
jjj

y
{
zzz# ‐

‐
is

the average number of N-chlorinated base pairs in a population
of N-chlorinated amplicons (SI-Text-7). The kFAC,Amp and
kFAC,N−Cl bp values for mecA were in good agreement with those
previously reported for chromosomal B.subtilis ARG (blt).29

Figure 1. Logarithmic relative concentration of extra-mecA qPCR amplicons (212, 612, and 1018 bps) as a function of oxidant exposure for (a)
FAC and (b) O3, and UV fluence for (c) UV. For both FAC and O3, extents of mecA degradation were expressed as a function of disinfectant
exposures (= time-integrated disinfectant concentrations, Mxs). FAC exposures were calculated based on Figure S1a, and O3 exposures were
calculated based on Figure S2a. All data were obtained by treating extracellular DNA from MRSA BAA-1556 at pH 7 (10 mM phosphate buffer). In
the case of O3, tert-butanol (50 mM) was added to scavenge •OH. Up to 8-ln reduction of the extra-mecA concentration could be quantified by the
qPCR method under the tested experimental conditions. Symbols are the measured data and the lines are the linear/nonlinear regressions for rate
constant determination (see the main text for the details of kinetic models).
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The kinetics and rate constants of mecA amplicon
degradation by FAC were also determined at pH 8.5 (Figures
S7 and S8) and different temperatures (5−30 °C, pH 7,
Figures S9 and S10) using the same modeling approach as that
described in SI-Text-7. The obtained kFAC,Amp and kFAC,N‑Clbp
values are summarized in Tables S3 and S4. The kFAC,Amp of
pH 8.5 were lower than those of pH 7.0 by a factor of 2−3,
which could be due to decreasing proportion of HOCl
(typically the more reactive free chlorine species compared to
OCl−) with increasing pH.50 The activation energies for
kFAC,Amp were determined to be in the range of 45−48 kJ/mol
(Figure S11 and Table S4).
The degradation kinetics of extra-mecA by O3 are described

here (Figures 1b and S5). The degradation of mecA by O3
(with •OH scavenged by tert-butanol) followed linear kinetics
with increasing O3 exposure, indicating second-order reaction
kinetics with respect to mecA and O3. The resulting second-
order rate constants (kO3,Amp) were 2.9(±0.4) × 104, 4.9(±0.3)
× 104, and 6.2(±0.6) × 104 M−1 s−1 for the 212, 612, and 1018
bp amplicons, respectively, in good agreement with rate
constants previously reported for the B. subtilis blt gene.29 The
kinetics of mecA amplicon degradation by O3 were also
investigated without tert-butanol, and were faster than those in
the presence of tert-butanol by a factor of ∼3 based on the
obtained apparent second-order rate constants (Figures S5 vs
S12). This finding can be understood as resulting from a
contribution of •OH to the degradation of DNA during
ozonation in which •OH is likely formed from the reaction of
O3 with the adenine moiety.51,52 Consistent with the result
observed for mecA, the second-order rate constant for the
reaction of O3 with calf thymus DNA has been reported to be
1.1 × 103 and 4.1 × 102 M−1 s−1 in the absence and presence of
tert-butanol, respectively,51 showing a similar factor of ∼3
difference.
The degradation kinetics of extra-mecA by UV are described

here (Figures 1c and S13). The degradation of mecA amplicons
by UV exhibited decelerating (or tailing) kinetics. The
decelerating trend in kinetics was particularly notable for the
212 bp amplicon. Similar decelerating kinetics have been
reported for extra-ARG degradation by UV in prior
studies,20,28,29 with the tailing effect qualitatively attributed to
the photoreversal of cyclobutane pyrimidine dimers
(CPDs).53−55 In this study, photoreversal has been quantita-
tively incorporated into a new kinetic model proposed for the
degradation of mecA amplicons by UV, comprising formation
of CPDs as the predominant UV-induced lesions (eq 3
forward), photoreversal of the CPDs (eq 3 reverse), and
parallel, irreversible formation of lesions such as (6−4)
photoproducts (64PPs) (eq 4).55,56

Amp UV Amp UV
k

k

CPD
UV,PR CPDs,Amp

UV,CPDs,Amp
X Yoooooooooooooo+ +

‐ (3)

Amp UV Amp
k

64PP
UV,64PPs,Amp+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ (4)

On the basis of eqs 3 and 4, the rate of mecA degradation by
UV can be expressed as eq 5 in which kUV,CPDs,Amp,
kUV,PR‑CPDs,Amp, and kUV,64PPs,Amp are fluence-based rate
constants for eq 3 (forward and reverse) and eq 4, respectively.
Among these rate constants, kUV,PR‑CPDs,Amp values vary with
the extent of CPD formation on the basis of the assumption
that only amplicons containing a single CPD (and no 64PPs)
can be directly reverted to their undamaged forms (containing

only undamaged parent bipyrimidine doublets), whereas
amplicons containing multiple CPDs cannot be directly
reverted to their undamaged forms by a single step of
photoreversal. Note that each amplicon can sustain multiple
CPDs up to a maximum number equal to the number of
bipyrimidine doublets of the amplicon. Thus, kUV,PR‑CPDs,Amp
can be expressed as a product of a rate constant for
photoreversal of a single CPD (kUV,PR‑singleCPD) and the fraction
of amplicons having a single CPD in a population of amplicons
with CPDs ( fsingleCPD = [AmpsingleCPD]/[AmpCPDs]), as ex-
pressed in eq 6. If UV-induced CPD formation follows a
Poisson distribution, an average number of CPDs (λCPDs) can
be calculated as λCPDs = −ln([Amp]/[Amp]0), and the fsingleCPD
parameter can be calculated as fsingleCPD = λCPDs × exp(−λCPDs).
Further details of these equations based on poisson
distribution can be found elsewhere.57 Finally, using the
relationship [AmpCPDs] ≈ ([Amp]0−[Amp]) (in which a
presumably minor population of amplicons having both CPDs
and 64PPs is not considered), eq 5 can be rearranged and
expressed as eq 7

k k

k

d Amp
dt

Amp Amp

Amp

UV,PR CPDs,Amp CPDs UV,CPDs,Amp

UV,64PPs,Amp

[ ]
= [ ] − [ ]

− [ ]

‐

(5)

k k f

k e

UV,PR CPDs,Amp UV,PR singleCPD singleCPD

UV,PR singleCPD CPDs
CPDsλ

= ×

= × × λ

‐ ‐

‐
−

(6)

k

k k

k

d Amp
dt

Amp

Amp

UV,PR CPDs,Amp 0

UV,CPDs,Amp UV,PR CPDs,Amp

UV,64PPs,Amp

[ ]
= [ ]

− [ +

+ ][ ]

‐

‐

(7)

As a first step for determining the rate constants in eq 7, the
kUV,64PPs,Amp value was determined from the linear slopes of
logarithmic plots of 212 bp amplicon degradation at extended
UV fluence (>600 mJ/cm2) (Figure S14). The linear region of
the degradation curve at extended UV fluences can be
interpreted as indicating a condition under which the rates
of UV-induced CPD formation and photoreversal become
equal, reaching a pseudoequilibrium state, and the formation of
64PPs is solely responsible for the observed degradation of the
mecA amplicon. Formation rates of 64PPs are known to be
slower than those of CPD formation and photoreversal.55,58 As
the result, a kUV,64PPs,Amp value of 3.2(±0.4) × 10−3 cm2/mJ was
determined for the 212 bp amplicon (Figure S14). The same
approach could not be applied to the 612 bp and 1018 bp
amplicons because the concentrations of these longer
amplicons decreased below the qPCR quantification limits
before the degradation curve reached the pseudoequilibrium
linear kinetics region (Figure S13). As the thymine-cytosine
64PP (TC-64PP) is the most frequent 64PP,58 a rate constant
specific to a single TC site could be estimated as

k 1.8( 0.2) 10 cm /mJ
k

UV,single64PP TC
4 2UV,64PPs,Amp= = ± ×#

− based

on an assumption that kUV,64PPs,Amp is linearly proportional to
the number of TC sites of the 212 bp amplicon (#TC = 18,
Table S5). The kUV,64PPs,Amp values for the 612 bp and 1018 bp
amplicons were then estimated by multiplying kUV,single64PP by
the respective number of TC sites for each amplicon (64 and
105, Table S5), assuming that the kUV,single64PP value obtained
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from the 212 bp amplicon represents an average value
applicable to all three mecA amplicons.
Following determination of the rate constants for the

formation of 64PPs, the kUV,CPDs,Amp and kUV,PR‑singleCPD values
could be determined for each amplicon by fitting of the
experimental data (ln([Amp]/[Amp0]) vs UV fluence) with
model predictions based on eqs 5−7, which were performed
using the same numerical approach as that for the FAC model
(SI-Excel-UV). The resulting kUV,CPDs,Amp values were
2.0(±0.1) × 10−2, 4.8(±0.3) × 10−2, and 7.6(±0.5) × 10−2

cm2/mJ for the 212, 612, and 1018 bp amplicons, respectively
(similar to apparent rate constants previously obtained for the
B. subtilis blt gene by assuming the ARG degradation followed
simple linear kinetics at low fluences, without explicitly
accounting for CPD reversal or 64PP formation),29 and the
resulting kUV,PR‑singleCPD value was 4.9(±0.5) × 10−3 cm2/mJ.
Note that for the kinetic parameter for CPD photoreversal,
kUV,PR‑singleCPD could be determined as a time-independent rate
constant, whereas kUV,PR‑CPDs,Amp is a time-dependent rate
constant that must be calculated using the kUV,PR‑singleCPD value
and eq 6. Overall, our new kinetic model for the UV photolysis
of DNA successfully simulates the degradation of mecA,
inclusive of the observed tailing kinetics (see the lines in
Figures 1c and S13).
Effect of Amplicon Length and Nucleotide Content

on Degradation Rate of Extra-mecA. For FAC and O3, the
kFAC,Amp and kO3,Amp values were found to increase linearly with
increasing mecA amplicon length, expressed as (mol AT+GC)/
(mol Amp) (Figure 2a,b), consistent with trends reported
previously for the B. subtilis blt gene. This observation reflects
the fact that the number of potential sites of reaction with
these disinfectants increases with increasing amplicon length
and that FAC and O3 are expected to react with both GC and
AT base pairs in double-stranded DNA, as inferred from the
high reactivity of each of these disinfectants toward guanine

(G) and thymine (T) nucleotides.51,59 The kFAC,Amp and
kO3,Amp values of this study were fitted to eq 8 by means of
uncertainty-weighted linear regression using Excel spreadsheets
(SI-Excel-Reg) as previously described.29 Weighted linear
regressions were used since these rate constants themselves
carry associated standard errors. In eq 8, kDisinfectant,X as the
slope represents the rate constant normalized to molar content
of X per amplicon (where X is AT+GC bps for FAC and O3, or
5′-TT-3′ doublets for UV), and kDisinfectant,0 is the intercept of
linear regression.

k k k
mol

molDisinfectant,Amp Disinfectant,X
X

Amp
Disinfectant,0= × +

(8)

For FAC, a kFAC,AT+GC value of 7.6(±0.5) (M AT+GC)−1s−1

and a kFAC,0 value of 1.6(±0.4) × 103 M−1 s−1 were obtained,
which are close to those reported previously for the B. subtilis
blt gene (kFAC,AT+GC = 7.2(±0.5) (M AT+GC)−1s−1 and kFAC,0
= 2.1(±0.4) × 103 M−1 s−1).29 These kFAC,AT+GC values are
somewhat lower but also still comparable to the rate constant
for the reaction of FAC with DNA (∼20 (M AT+GC)−1s−1)
reported by Pru tz based on denaturation of dsDNA.59 The
relatively large positive value for kFAC,0 (relative to the
magnitude of kFAC,AT+GC) has been attributed to factors
affecting DNA reactivity that are not captured in the simple
single-parameter model represented by eq 8, such as the
presence of specific nucleotide sequences showing especially
high susceptibility to oxidation (e.g., guanine or thymine
multiplets).29,60 For O3, a kO3,AT+GC value of 4.3(±0.5) × 101

(M AT+GC)−1s−1 and a kO3,0 value of 2.1(±0.3) × 104 M−1

s−1 were obtained. Compared with the values of kO3,AT+GC and
kO3,0 reported previously for the B. subtilis blt gene (6.5(±0.7)
× 101 (M AT+GC)−1s−1 and 0.5(±4.5) × 103 M−1 s−1,
respectively),29 the value of kO3,AT+GC in this study was in
relatively good agreement (∼1.5-fold lower) though the value

Figure 2. Bimolecular rate constants for (a) FAC and (b) O3, and fluence-based rate constants for (c and d) UV, plotted versus molar contents of
nucleotide base pairs (mol AT+GC/mol Amp) or specific doublets (mol 5′-TT-3′/mol Amp and mol 5′-weighted bipyrimidine-3′/mol Amp) for
the 212, 612, and 1018 bps extra-mecA amplicons. The rate constants were obtained from kinetic modeling of the data shown in Figure 1, following
the methods described in the main text. Error bars represent standard errors from kinetic model fitting (Table S3). Rate constants reported for
extracellular DNA at pH 7 from the literature are shown for comparison and taken from Yoon et al. (2018),27 He et al. (2019),29 and Chang et al.
(2017).28 Lines represent the weighted linear regressions for the rate constants from this study alone (dashed lines) and from both this study and
literature data (solid lines).
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of kO3,0 was ∼40-fold higher. With consideration of the limited
number of reported values thus far available to develop these
correlations, more data are needed to further test the broader
applicability of the single-parameter model (eq 8) to other
ARGs and/or other forms of DNA (e.g., plasmid-borne
ARGs). The kO3,AT+GC value from this study was lower than
the rate constant for the reaction of O3 with calf thymus DNA
(8.2 × 102 (M AT+GC)−1s−1) reported by Theruvathu et al. in
which the rate constant was determined by measuring O3
decomposition in the presence of excess DNA.51 The different
kO3,AT+GC values might be attributable to the differences in the
analytical and kinetic methods used in this study and the prior
study,51 which warrants further investigation.

For UV, the sums of kUV,CPDs,Amp and kUV,64PPs,Amp values (i.e.,
kUV,Amp = kUV,CPDs,Amp + kUV,64PPs,Amp) were used here for the
correlation/comparison analyses because the DNA degrada-
tion rate constants available from the literature were measured
as composite parameters without separating the contributions
from CPD and 64PP formation. It should be noted,
nevertheless, that CPD formation was the dominant (∼86%)
contributor to the overall UV-induced DNA degradation
(kUV,CPDs,Amp ≈ 6.1 × kUV,64PPs,Amp) based on our kinetic model.
The kUV,Amp values increased linearly with the number of
intrastrand thymine doublets per amplicon (mol 5′-TT-3′/mol
Amp), consistent with the understanding of 5′-TT-3′ as one of
the most photoreactive bipyrimidine sites (Figure 2c).53 From

Figure 3. Logarithmic relative concentration of intra-mecA 1018 bp qPCR amplicons as a function of disinfectant exposure or UV fluence during
treatment of MRSA BAA-1556 at pH 7 (10 mM phosphate buffer) with (a) FAC, (b) O3, and (c) UV. The O3 treatments were performed in the
absence and presence of tert-butanol (50 mM). Statistical significance of differences in data obtained in the absence versus presence of tert-butanol
was examined by paired t-test using Prism 6 (GraphPad). Up to 5-log decrease in intra-mecA concentrations could be quantified by the qPCR
method in the tested experimental conditions. Symbols are the measured data, and dotted lines represent predicted kinetics of extra-mecA
degradation generated by fitting the data of current work (Figure 1, shown for comparison).
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the weighted linear regression based on eq 8, a kUV,TT value of
3.8(±0.2) × 10−4 (M 5′-TT-3′/M amplicon)−1(cm2/mJ) and
a kUV,0 value of −6.0(±3.6) × 10−3 cm2/mJ were obtained,
which are close to those from literature (kUV,TT = 4.0(±1.7) ×
10−4 (M 5′-TT-3′/M amplicon)−1(cm2/mJ) and kUV,0 =
−1.0(±9.4) × 10−3 M−1 s−1).26,28−30 The kUV,Amp data were
also correlated with the sum of molar light absorption and
quantum yield-weighted numbers of each of the four possible
bipyrimidine sites 5′-TT-3′, 5′-TC-3′, 5′-CT-3′, and 5′-CC-3′
(Figure 2d). This is based on the expectation that the
bipyrimidines other than TT doublets (i.e., TC, CT and CC
doublets) also contribute to the overall CPD formation rate,
but with different photoreactivities.58 The relative contribu-
tions of each bipyrimidine site to the overall lesion formation
can be estimated as 0.40, 0.49, 0.082, and 0.026 for TT, TC,
CT, and CC doublets, respectively (derived by multiplying
respective molar light absorption coefficients and quantum
yield values for TT, TC, CT, and CC doublets, Table S7).29,42

The weighted numbers of each bipyrimidine were then
calculated as mol weighted 5′-bipyrimidine-3′/mol Amp =
(0.40 × (mol 5′-TT-3′)+0.49 × (mol 5′-TC-3′)+0.082 × (mol
5′-CT-3′)+0.026 × (mol 5′-CC-3′))/mol Amp as described in
He et al. (in preparation).42 A better linear correlation was
obtained (R2 = 0.91, Figure 2d) when the weighted numbers of
all bipyrimidines were used than when using only the number
of 5′-TT-3′ sites (R2=0.89, Figure 2c). A kUV,weighted bipyrimidines
value of 5.8(±0.2) × 10−4 (M weighted bipyrimidine/M
amplicon)−1(cm2/mJ) and a kUV,0 value of −3.7(±2.6) × 10−3

cm2/mJ were obtained, which are close to those obtained by
performing regression of the data from prior studies26,28−30

(i.e., kUV,weighted bipyrimidines = 6.3(±2.5) × 10−4 (M weighted
bipyrimidine/M amplicon)−1(cm2/mJ) and kUV,0 =
−0.73(±1.1) × 10−2 cm2/mJ). Correlations of fluence-based
rate constants for degradation of chromosomal DNA by UV
versus number of 5′-TT-3′ doublets or weighted number of
total 5′-bipyrimidine-3′ sites are more scattered than in the
cases of FAC and O3 due to the combination of wider
variability in kUV,Amp values reported here and in the literature
and variations in the kinetics models used for rate constant
determination between different studies. In addition, such
differences could be caused by variability in photoreactivities of
bipyrimidines depending on their neighboring nucleotides,55

which has not been captured in the kinetic model presented
here or in most prior work.
Good overall linear correlations have also been found here

for values of kFAC,Amp, kO3,Amp and kUV,Amp versus amplicon
length or bipyrimidine contents when combining the data from
this study and from previous literature (solid line, Figure 2),
inclusive of findings for both chromosomal and plasmid DNA
for UV.26,28−30 The latter observation indicates a relatively
minor effect of DNA conformation on the DNA reactivity
toward UV. The resulting kDisinfectant,X and kDisinfectant,0 values
when using the available data from all studies are summarized
in Table S3.
Kinetics of MRSA Inactivation and Cellular Compo-

nent Damage. Figure S15 shows concentration changes for
culturability (plate counting), membrane damage (FCM-ICC),
and severe DNA damage (e.g., DNA fragmentation) (FCM-
TCC) as a function of disinfectant exposure or UV fluence
during treatment of MRSA with (a) FAC, (b) O3, and (c) UV
at pH 7. The FCM-TCC and ICC data are shown in SI Figures
FCM1-FCM6 and discussed in SI-Text-8. For FAC and O3,
loss of culturability occurred first (kFAC of 1.6(±0.1) × 105

M−1 s−1 and kO3 of >4 × 105 M−1 s−1), followed by damage to
the cell membrane (kFAC of 8.3(±0.3) × 104 M−1 s−1 and kO3
of 1.6(±0.1) × 105 M−1 s−1), and then followed by severe
DNA damage, where the parentheses show the second-order
rate constants determined for culturability loss and cell
membrane damage from the slopes of the linear plots in
Figure S15 (note that severe DNA damage kinetics were
complex and could not be described by a single k value for
either FAC or O3).

61 Note that more than a 5-log reduction in
the culturable cell concentration was observed for O3 at the
lowest O3 exposure (= 3.3 × 10−5 M × s). For UV, loss of
culturability was efficient (kUV of 4.2(±0.3) × 10−1 cm2/mJ),
but cell membrane damage and severe DNA damage were
negligible. The observed sequences of events are consistent
with the known bactericidal modes of action of these
disinfectants.62 FAC and O3, as chemical agents, first attack
outer cellular components (i.e., membrane) and then diffuse
into the cell causing degradation of intracellular components
such as DNA.63 UV directly interacts with DNA as a physical
agent causing DNA base modification (e.g., CPD or 64PP
formation) but does not induce structural degradation of DNA
or membrane damage at typical germicidal fluences.13,63 The
rate constants of inactivation/damage observed for MRSA by
each disinfectant were comparable to those of laboratory-
cultured E. coli but much higher than those of autochthonous
bacteria in natural water or wastewaters.27,48,64 Overall,
substantial levels of severe DNA damage resulted from
treatment with FAC and O3 under the investigated conditions
(i.e., > 1-log decrease at an exposure of 9.0 × 10−2 M × s for
FAC and 5 × 10−5 M × s for O3) but not from UV treatment.

Degradation Kinetics of Intra-mecA and Its Compar-
ison to Extra-mecA. Figure 3 shows the logarithmic relative
concentration of the intra-mecA 212, 612, and 1018 bp qPCR
amplicons as a function of disinfectant exposure or UV fluence
during treatment of MRSA at pH 7 with (a) FAC, (b) O3, and
(c) UV. The ozonation experiments were performed in the
absence and presence of tert-butanol (50 mM). Levels of mecA
degradation during FAC and O3 treatments were dependent
on oxidant exposures but were independent of initial FAC
(Figure S16) or O3 concentrations (Figure S17) used to
achieve a given oxidant exposure. The dotted lines in Figure 3
show degradation kinetics of extra-mecA under the same
conditions (Figure 1) for comparison.
The following trends were notable for the degradation

kinetics of intra-mecA. In the case of FAC (Figure 3a), the
intra-mecA showed faster degradation than the extra-mecA at
low FAC exposure (<0.1 M × s), but its degradation became
slow and nearly ceased at 3−4 logs of loss as the FAC exposure
increased from 0.1 to 0.5 M × s. The initial more rapid
degradation of intra-mecA than extra-mecA was also observed
for O3 (with and without tert-butanol; Figure 3b). With
increasing O3 exposure, the degradation rate of intra-mecA
decreased and became similar to that of extra-mecA. The
degradation of intra-mecA by O3 did not show significant
tailing kinetics at higher exposures, as those observed for FAC
and UV, and continued with increasing O3 exposure. The
intra-mecA degradation kinetics during treatment with O3 were
not significantly different in the absence and presence of tert-
butanol (p = 0.07−0.45), indicating negligible influence of
extracellularly produced •OH on the intra-mecA degradation,
consistent with prior observations.22,25,29 In the case of UV, the
degradation rate of intra-mecA for the 212 bp amplicon was
similar to that of extra-mecA at degradation levels of less than
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3-logs (Figure 3 c1), but for the 612 bp and 1018 bp
amplicons, it slowed and approached zero at the level of ∼4-
logs of loss with increasing UV fluence to 750 mJ/cm2 (Figures
3 c2,c3). The initially more rapid decrease observed for intra-
mecA concentration in comparison to extra-mecA for FAC and
O3 is notable, as the opposite result is anticipated considering
the expected consumption of FAC or O3 by cellular
constituents. For FAC, the initial intra-mecA degradation
rates, which were fitted to a two-phase model,61 did not show
significant statistical differences for amplicons with variable
lengths (p = 0.62, Figure S18a). The initial rapid loss of intra-
mecA during FAC treatment is therefore not likely to be caused
by any DNA degradation process, because in such a scenario,
the intra-mecA loss rate would be expected to increase with
amplicon length. A possible cause for this phenomenon during
chlorination was variation in DNA recovery efficiency from
intact vs chlorinated cells.
To test the preceding hypothesis, MRSA cells were treated

with FAC at different FAC exposures, and the samples before
and after chlorination were analyzed for both total dsDNA
recovery and intra-mecA concentrations. Two different DNA
extraction methods were applied, using either the FastDNA
spin kit or the PCI method, and the concentration of extracted
dsDNA was determined by a fluorescence-based DNA
quantification kit (SI-Text-9). The results showed that
dsDNA recovery efficiencies from MRSA cells dropped by a
factor of ∼4 at the FAC exposure of 0.02 M × s in comparison
to untreated MRSA cells but did not decrease further with
increasing FAC exposure to 0.18 M × s (Figure S19). Notably,
FCM-TCC levels were stable within the FAC exposure range
of up to 0.03 M × s (Figure S15), indicating that decreased
dsDNA recovery efficiency was not attributable to DNA
damage (e.g., strand breakage). Even though the PCI method
yielded higher total dsDNA recoveries than the FastDNA spin

kit (Figure S19a), the drop in dsDNA recovery upon
chlorination was similar for the two methods (Figure S19b).
Following correction for dsDNA recoveries, intra-mecA
concentration profiles aligned more closely with those
observed for extra-mecA up to ∼0.05 M × s (Figure S20).
These results appear to confirm that decreases in DNA
recovery from damaged MRSA cells were responsible for the
apparent rapid initial decreases of intra-mecA concentrations
observed following treatment with FAC. One potential reason
for the decreased recoveries could be hindrance of DNA
separation from proteins due to formation of DNA−protein
cross-links upon exposure of MRSA cells to FAC.65 Further
investigation is needed to better understand the lowered DNA
recovery from chlorinated cells.
For O3, the initial rates of intra-mecA loss, which were also

fitted to a two-phase model,61 increased for the longer
amplicons (p = 0.01, Figure S18b), indicating that there may
be other cause(s) besides DNA recovery variations (as was
observed for FAC). The phenomenon for O3 could possibly be
attributable to a Fenton-like reaction within the bacterial cells
initiated by reactions of O3 with intracellular redox-active iron
species that could generate ferryl ions or free radicals and cause
oxidative DNA damage.66,67 It is notable that a Fenton-like
reaction mechanism has originally been proposed to explain
the oxidative DNA damage of E. coli induced by exogenous
H2O2.

68

The tailing kinetics were observed at high FAC exposures
and UV fluences at which the intra-mecA concentrations were
nearly all above the qPCR quantification limit. The tailing
observed for UV could not be explained solely by photo-
reversal of CPDs, since it was much more significant than that
accounted for by the photoreversal model. One potential
explanation for the excess tailing could be the formation of
MRSA aggregates, the interior of which may have protected

Figure 4. Scanning electron microscopy (SEM) images of MRSA samples (a, b) before and (c−f) after FAC treatment at pH 7. MRSA cells were
prepared from a midexponential culture of BAA-1556. The FAC exposure was 0 for parts a and b, 100 for parts c and d, and 500 (mg/L as Cl2) ×
min for parts e and f. Parts b, d, and f depict magnified images of the red square areas shown in parts a, c, and e, respectively. Additional SEM
images are presented in the SI Figure SEM.
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intracellular DNA from FAC and UV.69−71 A potential role of
aggregates could be supported by SEM images in which
aggregates of sizes in excess of 30 μm in length and consisting
of large numbers of cells were observed (Figure 4 and SI
Figure SEM). The SEM images of chlorinated MRSA samples
(FAC exposures of 100 and 500 (mg/L as Cl2) × min) showed
that parts of these aggregates were destroyed or disintegrated
but that the aggregate structures were still maintained (Figures
4c−f). The UV treatment did not appear to affect aggregation
(SI Figure SEM).
In additional experiments, MRSA suspensions were pre-

treated by sonication to disrupt the aggregates and then treated
by FAC at pH 7 (in which case the sonication itself was
confirmed in controls not to yield any direct membrane
damage which might affect mecA degradation). Sonicated
MRSA samples showed less tailing in kinetics of intra-mecA
degradation (for 612 and 1018bp amplicons) by FAC than the
control samples without sonication (Figure S21) (p < 0.01).
This indicates that disruption of the aggregates by sonication
partially abolished the protection of intra-mecA against FAC. It
is less clear whether such aggregates are relevant for MRSA in
municipal wastewaters. Nonetheless, our results highlight the
potential importance of cell aggregates or cells attached to or
embedded in particles in hindering degradation of intracellular-
ARGs by disinfectants, similar to detrimental effects of
aggregation observed in relation to inactivation of bacterial
cells themselves.70,72

Implications for Predicting and Controlling the
Degradation and Deactivation of ARGs. It has been
demonstrated here that the degradation kinetics of extra-mecA
during exposure to FAC, O3, and UV can be well described
and predicted by the kinetic models developed in this study
(UV) and in prior work (FAC and O3)

29 in combination with
the updated rate constant information summarized in Table
S3. This also supports the finding that kinetics-based models
can enable a generalized prediction of the disinfectant-induced
degradation of ARGs including (if known) critical sequences
required for the ARGs’ HGT (e.g., by natural trans-
formation).29 However, deviations in the kinetics observed
for degradation of extra-mecA versus degradation of intra-mecA
in MRSA cells (e.g., tailing in intra-mecA losses due to MRSA
aggregates and apparent rapid drops in intra-mecA concen-
trations due to decreased DNA recovery from oxidized cells)
signify a need for further study and caution in assessing and
predicting the efficiencies of intracellular ARG degradation
during water disinfection.
SCCmec has been found in different staphylococcal strains

and species, indicating that this mobile genetic element is
transferrable among staphylococci.34−36 Under laboratory
conditions, the transfer of SCCmec has been demonstrated
to occur via all three HGT mechanisms (i.e., conjugation,73

transduction including autotransduction,74,75 and natural
transformation35,76), though the significance of each potential
SCCmec transfer pathway for mecA dissemination in real
environments remains unclear. With the assumption that the
mecA gene must be fully intact to undergo successful HGT by
any of these mechanisms, qPCR measurements of mecA
damage by FAC, UV, or O3 can provide a conservative
indication of each disinfectant’s potential to eliminate the
possibility of mecA HGT following (waste)water treat-
ment.25,28,29 Accordingly, the >3-log10 losses of extra-mecA
and intra-mecA qPCR signals observed here during FAC, O3,
and UV treatment at exposures and/or fluences typical of

(waste)water disinfection indicate that each process is capable
of mitigating the potential for mecA HGT under practical
conditions. Furthermore, it was also shown that each of the
three disinfectants can efficiently inactivate MRSA (by more
than 5-log10) at typical (waste)water disinfection conditions.
This provides additional evidence that FAC, O3, and UV can
mitigate mecA mobilization via conjugation (as this HGT
pathway requires viable donor cells).
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