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Degradation and deactivation kinetics of an antibiotic resistance gene (ARG) by ozone (O3) and free available
chlorine (FAC) were investigated in phosphate-buffered solutions at pH 7 for O3 (in the presence of tert-butanol),
and pH 6.8 or 8.1 for FAC. We used a plasmid (pUC19)-encoded ampicillin resistance gene (amp®) in both

2}21;’(:1?% extracellular (e-) and intracellular (i-) forms. The second-order rate constant (ko3) for degradation of 2686 base
Radicals pair (bp) long e-pUC19 toward Os, which was determined by quantitative polymerase chain reaction assay, was
DNA repair calculated to be ~2 x 10° M~'s™!. The deactivation rate constants of e-pUC19 by O3 measured with various

recipient E. coli strains were within a factor of 2 compared with the degradation rate constant for e-pUC19. The
degradation/deactivation kinetics of i-pUC19 were similar to those of e-pUC19, indicating only a minor influence
of cellular components on O3 reactivity toward i-pUC19. For FAC, the degradation and deactivation rates of e-
pUC19 were decreased in the presence of tert-butanol, implying involvement of direct FAC as well as some
radical (e.g., *OH) reactions. The degradation rates of e-amp® segments by direct FAC reaction could be explained
by a previously-reported two-step sequential reaction model, in which the rate constants increased linearly with
e-amp® segment length. The deactivation rate constants of e-pUC19 during exposure to FAC were variable by a
factor of up to 4.3 for the different recipient strains, revealing the role of DNA repair in the observed deactivation
efficiencies. The degradation/deactivation of e-pUC19 were significantly faster at pH 6.8 than at pH 8.1 owing to
pH-dependent FAC speciation variation, whereas i-pUC19 kinetics exhibited much smaller dependence on pH,
demonstrating intracellular plasmid DNA reactions with FAC occurred at cytoplasmic pH (~7.5). Our results are
useful for predicting and/or measuring the degradation/deactivation efficiency of plasmid-encoded ARGs by
water treatment with ozonation and chlorination.

1. Introduction

Increasing antibiotic resistance is a global threat to human and ani-
mal health as it has lowered the effectiveness of antibiotic treatment
against bacterial infections (United Nations, 2019). Although antibiotic
resistance occurs naturally, the overuse and misuse of antibiotics have
accelerated its dissemination amongst bacterial communities by select-
ing bacteria carrying antibiotic resistance genes (ARGs) responsible for
antibiotic resistance traits (Davies and Davies 2010).

ARGs are now considered as contaminants of concern in various
aquatic environments, as ARG transfer via natural/anthropogenic water
cycles can potentially contribute to the spread of antibiotic resistance to
pathogens (Czekalski et al., 2012; Dodd 2012; Pruden et al., 2006).

* Corresponding authors.

E-mail addresses: doddm@uw.edu (M.C. Dodd), yhlee42@gist.ac.kr (Y. Lee).

1Y. Yoon and H. He contributed equally to this work.

https://doi.org/10.1016/j.watres.2021.117408

ARGs exist in aquatic environments within bacterial cells (i.e., intra-
cellularly) but also extracellularly; where the latter are generated by
lysis of dead cells or secretion from live cells (Zhang et al., 2018). Both
extra- (e-) and intracellular (i-) ARGs are of concern considering the
potential for dissemination of antibiotic resistance (Dodd 2012; Nagler
et al., 2018). Antibiotic resistance can be disseminated within bacterial
populations by sharing of mobile ARGs contained within bacterio-
phages, plasmids, and chromosomal DNA through horizontal gene
transfer (HGT) processes including conjugation (cell-to-cell contact),
transduction (viral delivery), and transformation (uptake of free DNA)
(Thomas and Nielsen 2005).

Disinfection and oxidation of drinking water and wastewater serve as
important barriers to the spread of pathogenic microorganisms in urban
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water systems (Jacangelo and Trussell 2002). Free available chlorine
(FAC) and ozone (O3) are widely used for disinfection, and Os is also
employed for chemical contaminant elimination (von Gunten 2018;
Von Sonntag and Von Gunten 2012). The efficacy of water disinfection
and oxidation processes in mitigating ARGs has received increasing
attention (Dodd 2012). Various studies have employed quantitative
polymerase chain reaction (QPCR) assays of DNA damage to show that
FAC and O3 are capable of degrading ARGs (Alexander et al., 2016;
Czekalski et al., 2016; He et al., 2019; Pak et al., 2016; Yoon et al., 2017;
Zhang et al., 2019). However, fundamental kinetic parameters (e.g.,
bimolecular rate constants) and molecular-level reaction models for
ARG degradation by these oxidants are still scarce, which has hindered
comparison and generalization of ARG removal efficacies by different
water disinfectants/oxidants. Only a limited number of recent studies
have reported such information on the degradation of plasmid-borne
and/or chromosomal ARGs (He et al., 2019; Nihemaiti et al., 2020;
Yoon et al., 2018), and none of these have specifically addressed O3
reactions with plasmid-borne ARGs. Furthermore, kinetics of ARGs’
deactivation (i.e., loss of ARG transforming activity — where transforming
activity is defined here as the ability of an intact ARG to confer a
resistance trait to a non-resistant bacterial cell via the HGT process of
transformation) have been investigated in only a few studies (Chang
et al., 2017; He et al., 2019; Nihemaiti et al., 2020; Yoon et al., 2018),
none of which have focused specifically on the deactivation of plas-
mid-borne ARGs by O3 and FAC.

gPCR methods have been widely used to quantify structurally-intact
ARGs and monitor their degradation in water disinfection/oxidation
(Alexander et al., 2016; Chang et al., 2017; Czekalski et al., 2016; He
et al., 2019; McKinney and Pruden 2012; Yoon et al., 2017; Yoon et al.,
2018; Zhang et al., 2019). However, it is important to note that most
gPCR methods monitor only a part of a target ARG’s sequence (e.g.,
segment sizes of 200-1000 base pairs [bps]), but not the entire sequence
related to the biological activity of the ARG. Thus, short segment-based
(e.g., ~200 bps) qPCR methods may underestimate ARG damage and
associated loss of ARG transforming activity (Chang et al., 2017; He
et al., 2019; Yoon et al., 2018). Moreover, qPCR methods do not simu-
late uptake and repair of DNA by recipient bacterial cells, which can
play important roles in modulating transforming activity of ARGs
(Chang et al., 2017; Yoon et al., 2018). In addition, the DNA replication
efficiency in qPCR methods can be different from that in bacterial cells
subjected to gene transformation (e.g., due to differences in DNA poly-
merases). Correlations between the degradation of target ARG segments
(typically measured by qPCR) and the removal of ARG transforming
activity (measured by transformation assay) have been found for some
plasmid-borne (Chang et al., 2017; Nihemaiti et al., 2020; Yoon et al.,
2018) as well as chromosomal ARGs (He et al., 2019) during treatment
with certain water disinfectants and oxidants, with explanations hy-
pothesized based on molecular mechanisms of DNA transformation for
the relevant bacterial strains (He et al., 2019; Nihemaiti et al., 2020;
Yoon et al., 2018). Nevertheless, further study is needed of the re-
lationships between degradation and deactivation of ARGs by O3 and
FAC.

This investigation was in turn undertaken with the goals of (i)
providing carefully-determined kinetics parameters for degradation and
deactivation of plasmid-borne ARGs by O3 and FAC, (ii) improving the
fundamental understanding of how O3 and FAC contribute to damage of
plasmid DNA and how that relates to observed ARG degradation and
deactivation kinetics, and (iii) investigating the role of DNA damage
repair in governing observed ARG deactivation kinetics by each oxidant.
An overarching aim of this work was to advance the quantitative and
conceptual foundations for characterizing, modeling, and predicting the
fate of plasmid-borne ARGs during water and wastewater chlorination
and ozonation. A plasmid (pUC19) carrying an ampicillin resistance
gene (ampR) was used as an extracellular ARG (e-ARG), and Escherichia
coli strain DH5a transformed with pUC19 was used to represent an
intracellular ARG (i-ARG). The e- and i-pUC19 were prepared in
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phosphate-buffered solutions and exposed to different levels of O3 (with
tert-butanol) and FAC (without and with tert-butanol). The treated
samples were analyzed by qPCR (for quantifying amp® degradation),
ARG transformation assays (for quantifying amp® deactivation), and
agarose gel electrophoresis. The observed kinetic behaviors were used to
derive kinetic models and corresponding rate constants, and then
applied to predict degradation rate constants for the entire pUC19
plasmid by each disinfectant. The ARG transformation assays employed
five E. coli strains with varying DNA damage repair abilities, in order to
assess the influence of DNA repair on observed ARG deactivation ki-
netics. Finally, degradation and deactivation kinetics of amp® were
compared and discussed with respect to explaining and predicting the
elimination efficiency of ARG transforming activities.

2. Materials and methods
2.1. Standards and reagents

Chemicals and solvents (all of analytical grade or higher) were
purchased from various commercial suppliers and used as received
without further purification. Other reagents, culture media, and oxidant
stock solutions are described in the Supporting Information (SI)-Text-1.

2.2. Preparation of E. coli cultures and plasmid DNA

E. coli K12 strain DH5a (recA ™, endA™) — where the parenthetic term
indicates a deletion of the specified genes by genetic modification — was
obtained from the American Type Culture Collection (ATCC). E. coli K12
mutants AB2480 (uvrA~, recA™), AB1186 (uvrA™), AB2463 (recA™), and
AB1157 (wild-type) were provided by the Coli Genetic Stock Center
(CGSC) at Yale University. Cultures of E. coli K12 AB strains and DH5«
were grown to concentrations of ~10° colony-forming units (CFU)/mL
according to methods described elsewhere (Nihemaiti et al., 2020; Yoon
et al., 2017). Cells from the mid-exponential growth phase were used in
this study. Plasmid pUC19 (2686 bps) is a commercially available E. coli
vector encoding an ampicillin resistance gene (ampR, 861 bps). Plasmids
were extracted from E. coli using the AccuPrep Nano-Plus Plasmid
Extraction Kit (Bioneer), as described previously (Yoon et al., 2017).
Plasmid concentrations were quantified with a NanoDrop ND-2000
spectrophotometer (NanoDrop Products, Wilmington, DE, USA). The
concentrations of extracted plasmid stocks were 0.5-1 mg/mL (~3x
10!! copies/pL).

2.3. Ozonation and chlorination experiments

pUC19 or E. coli DH5a cells were prepared separately in phosphate-
buffered (PB) solutions (2 mM) at ~1 mg/L (3 x 104 copies/mL or 3.2
M of nucleotides) for the plasmid or ~5 x 10° CFU/mL for E. coli. These
samples were treated with O3 (70 pM) or FAC (70 — 560 pM) in bench-
scale experiments in which the oxidant concentrations were in molar
excess of DNA. To study the fast kinetics of O3 reactions, a continuous-
flow, quenched-reaction system was used according to procedures
described previously (He et al., 2019). All O3 experiments were carried
out in the presence of tert-butanol (10 mM) to scavenge hydroxyl radical
(*OH) (Flyunt et al., 2003b). Moreover, 10 mM of tert-butanol on its own
had negligible effect on the amp® segment in a control test conducted in
the absence of Os. Chlorination was performed in a batch reactor,
without and with tert-butanol (10 mM) to investigate the possible in-
fluence of radical reactions. Further details of the ozonation and chlo-
rination experiments are provided in SI-Text-2.

2.4. qPCR and gel electrophoresis analyses
gPCR measurements were performed on a CFX96 real-time PCR

detection system (Bio-Rad, Hercules, CA, USA) or Eppendorf RealPlex
Mastercycler (Hauppauge, NY, USA) with SsoFast™ EvaGreen®
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Fig. 1. Logarithmic-scale degradation of ampR (192 (@), 400 (4), 603 (¥) and 851 bps (")) and elimination of pUC19’s transformation activity with E. coli DH5a
(%), AB1157 (M), or AB1886(@)/AB2463(©)/AB2480(®) as recipient strains as a function of O3 exposure during treatment of (a) extracellular and (b) intracellular
pUC19 (E. coli DH5a containing pUC19) with O3 at pH 7 in the presence of tert-butanol (10 mM). Symbols represent measured data and error bars represent one
standard deviation about the mean from triplicate experiments. Lines are linear regressions of the data, excluding data below the quantification limit (i.e., > 4-log
degradation/deactivation, indicated by horizontal dotted lines and symbols with arrows). Note that the symbols for AB1157/AB1886/AB2463/AB2480 appear as (@,

solid black) due to the data overlap.

supermixes (Bio-Rad). Four DNA segments with respective lengths of
192, 400, 603, and 851 bp covering varying sections of amp® were
monitored (Table S1, Figures S1 & S2). pUC19 (1 mg/L) samples before
and after FAC and Os treatment were analyzed by agarose gel electro-
phoresis. Further details of the qPCR and gel electrophoresis analyses
are provided in SI-Text-3.

2.5. Plasmid transformation assays

Plasmid transformation assays were conducted by using the non-
ampicillin resistant E. coli K12 wild-type and mutant strains noted
above as recipient cells. Further details on the transformation assays are
described elsewhere (Nihemaiti et al., 2020; Yoon et al., 2018), and also
in SI-Text-4. Concentrations of transformant cells were determined by
counting colonies on selective plates containing ampicillin after 24 h of
incubation at 37 °C. Final colony counts of recipient cells on nonselec-
tive plates without heat shock showed <10% variation (~2 x 10% for
E. coli AB strains and ~3 x 108 CFU/mL for E. coli DH5a), while final
colony counts of transformant cells on selective plates with heat shock
showed <50% variation between the E. coli strains (Nihemaiti et al.,
2020). The transforming activity of pUC19 (efficiency of gene trans-
formation) was calculated as below, and ranged from 1078 to 1074
(Figure S3).

Transformant cellsyeieciive piare(CFU/mL)
Total E.coli Cellsrmnselctire plmes(CFU/mL)

Transforming activity =

2.6. Statistical analyses

Data from independent triplicate experiments were pooled to
perform least-squares linear regressions (using GraphPad Prism 7) or
nonlinear regressions (using Microsoft Excel Solver) for determining
second-order (or pseudo-first-order) rate constants and associated un-
certainties (standard errors or deviations) for each ampR segment in its
reactions with O3 and FAC. Weighted linear regressions were applied to

perform uncertainty-weighted regression analyses of amp® segment-
specific second-order rate constants vs segment length, or pseudo-first-
order rate constants of each segment vs FAC concentrations, according
to previously reported methods (He et al., 2019), since these rate con-
stants themselves carry associated uncertainties.

3. Results and discussions
3.1. Degradation of e-ARGs by O3

Solutions containing pUC19 were exposed to increasing O3 expo-
sures (0—0.15 mgOs/L x min) at pH 7 (with *OH scavenged by
tert-butanol). The results (Fig. 1a) showed that the 192-bp e-ampR
segment was degraded by ~1.2-log at an O3 exposure of 0.15 mgOs/L x
min, whereas a 4-log decrease was achieved for the 851-bps e-amp®
segment at this O3 exposure. The degradation of e-amp® segments
measured by qPCR followed linear kinetics with increasing O3 exposure
(r? = 0.99, Fig. 1a), indicating first-order reaction kinetics with respect
to e-ampR and Os, respectively, and overall second-order reaction ki-
netics (Choi et al., 2021a). The second-order rate constants for the
e-amp® segments’ degradation by O3 could be determined from the
slopes of the curves shown in Fig. 1a (i.e., ko3 amp = 2.303 x slope), and
were 1.6(+0.1) x 10%, 3.1(+0.2) x 10% 4.6(+0.3) x 10% and 6.1(+0.3)
x 10* M~1s7! for the 192-, 400-, 603-, and 851-bp segments, respec-
tively (Table 1). The increasing ko3 amp values of e-amp® segments with
increasing segment size can be explained by the increasing number of
potential O3 reaction sites on longer segments. Our ko3 amp values were
in good agreement with rate constants previously reported for
similar-length segments (266-1017 bp) of the chromosomal bit gene of
Bacillus subtilis (He et al., 2019), indicating similar reactivities of
plasmid-borne and chromosomal DNA toward Os.

The ko3,plasmid Oof e-pUC19 could be predicted by extrapolating the
ko3,amp of each segment to the entire plasmid (i.e., ko3 plasmia = ko3,amp ¥

2686bp__ v\ here amplicon length was 192, 400, 603, or 851 bp), based

amplicon length?
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Table 1

Kinetics parameters for the degradation (qPCR signal loss) and deactivation (loss of transforming activity) of amp® during exposure of extracellular (Extra) and
intracellular (Intra) plasmid (pUC19) to O3 and FAC. Mean and standard error values from triplicate experiments are provided, unless otherwise stated in the footnotes.

- Gene deactivation ©
g 2, Gene degradation (qPCR) (transformation assay with E. coli strains)
—5 % §, amp® segments pUC19 ABI1886/
3 [ DH50. | ABI157 AB2463/
EM'sT | 192 bps 400 bps 603 bps 851 bps 2686 bps AB2480
komamp | 1.6(0.1)x | 3.1(x0.2)x | 4.6(x03)x | 6.1(x0.3)x | 2.1(x0.2)x | 1.1(x0.1) | 1.4(z0.1
o Bxtm | DH70 S G ST o o | e | e | o
3 Intr. kowamp | LIE0.)X | 24(x02)x | 3.8(x0.1)x | 4.8+0.2)x | 1.6(x0.2)x | 6.6(x0.5) | 1.1(0.5) 2 0x10°
nra pH 7.0 10° 10° 10 10 10°* x10° x10° 22
keacoamp | 27(£0.2)x | 5.430.5)x | 9.2(x0.9)x | 1.7(x0.2)x | 4.4(x0.7)x | 3.6(0.2)
S% S | pH68 10° 10° 10° 10* 10* x10? ) )
= % S krac,
LI BEEE| vaw 2.6(x0.1)x10" .
= pH 6.8 .
B 3 | kencom 5.4(£03) | 1.4(z02) | (02107
FAC 25 | pH6S - %10? <100 | 3-2@0.1)x107
£ 3 4.3(£0.1)x10
21| keacam ) 8.2(x0.2) ) )
= pH 8.1 x10"
keacsAmp ) 1 A4(i02.4) i i
pH 6.8 x10
Intra eeaconm 1.10.2)
pH 8.1 ) x10? ) )

#kpucio indicates apparent second-order rate constants for degradation of pUC19 by O3 which were estimated from the equation obtained from linear regression of the k
values for degradation of amp® segments (kgmpr) by O3 vs. segment length (Figure S4). The error values of k,yc1o were calculated using error propagation for the linear
relationship between kyyci9 and kgmpr-

YThe degradation of amp® segments was modeled by the two-step FAC reaction model as described in the main text (Section 3.4), with kgac, Amp and kpac, ampn-c1 as the
rate constants of the first and second steps, respectively, with kpac, ampn-c1 values for each ampR segment obtained from weighted linear regression of corresponding
experimental kops, pac Values over their regions of maximal slope vs. [FAC]o, and with kpacn-c1 bp Obtained from weighted linear regression of experimental kgac,ampn-ci
values for each ampR segment vs. #bp (= #N-Cl bp under conditions of full chlorination). Using the obtained kpac,n-c1 bp Value, the kpac,amp values for each segment
were determined by fitting of the experimental data with the two-step FAC reaction model. The error values for kgac,amp indicate lower and upper values of the model
outputs obtained by using the lower and higher range of the standard error of the krac,n-c1 bp Value, respectively.

°Second-order rate constants for the gene (amp®) deactivation by O5 or FAC were determined from the linear slopes of plots of log; o-scale transforming activity loss vs
oxidant exposure.

i g Fig. 2. Agarose gel electrophoresis images of extracellular pUC19
Ozone exposure, (mgOs/Lxmin), pH 7.0 treated with (a) O at pH 7.0 in the presence of tert-butanol (10
with zert-butanol (10 mM) mM), (b) FAC at pH 6.8 in the absence of tert-butanol, and (c) FAC
0 93 N 95 N 9’] 0 99 : : at pH 6.8 ir} the presence of tert-butanol (10 mM). The first column
shows gel images of standard ladders. The last column shows gel
images of the pUC19 plasmid treated by restriction enzyme
(EcoRI). The numbers above the gel images indicate the corre-
sponding FAC or Os exposures to which the samples were
subjected.
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Fig. 3. Apparent second-order rate constants (k) for degradation of amp® segments (192, 400, 603, and 851 bps) and pUC19 plasmid (2686 bps), and for the loss of
pUC19 transforming activity (for E.coli strains with varying DNA repair abilities) during O treatments of (a, b) extracellular and (c, d) intracellular ARGs. Error bars
of amp® segment degradation or pUC19 deactivation represent one standard deviation about the mean from triplicate experiments. Error bars of pUC19 degradation
represent standard deviations about the means of estimated values from the amp® segments. The k for pUC19 deactivation using E. coli AB1886, AB2463, and AB2480
as recipient strains is the estimated value obtained assuming deactivation to the quantification limit (~4-log;¢ loss) at the lowest O3 exposure (designated by * on top

of the bars).

on the assumption that the Og reactivity per bp is the same across the
entire plasmid. The ko3 plasmid values predicted from the 192-, 400-, 603-
, and 851-bps segments were 2.2(£0.1) x 10°, 2.1(£0.1) x 10%, 2.0
(£0.1) x 105, and 1.9(+0.1) x 10° M’ls’l, respectively, yielding an
average ko3 plasmid value of 2.1(£0.2) x 10° M 1s7L, Alternatively, the
ko3, plasmid of the entire plasmid could be predicted by incorporating the
total bp number of pUC19 (2686 bps) into the equation resulting from
linear regression of ko3 amp vs. the number of AT+GC bps in each ampR
segment; that is, ko3 amp (in M 1s71) =70.7 x (# AT+GC) + (2.4 x 10°)
(Figure S4). This yielded a similar ko3 plasmida value of 1.9(+0.4) x 10°
M 1s7L. The slope of this linear equation (= 71+2 (M AT+GC)’1S’1)
represents the sequence-independent, average rate constant for the re-
action of O3 with a single base pair of double-stranded (ds) plasmid
DNA. A similar value of 65+7 (M AT+GC) 's~! has been reported for
the sequence-independent rate constant for the reaction of O3 with ds
chromosomal DNA, using the blt gene (He et al., 2019). Overall, the ko3,
plasmid of e-pUC19 is estimated to be ~2 x 10° M 's™! based on the
values obtained using the two different methods described above.
Structural change of pUC19 upon exposure to O3 was investigated by
using agarose gel electrophoresis analyses (Fig. 2a). The intact pUC19
before O3 exposure showed a band at a lower position than the linear-
ized plasmid (i.e., EcoRI-treated pUC19), since plasmid DNA normally
exists in a supercoiled form, which migrates faster than its linear form in
agarose gels. The position of the band for the supercoiled form did not
change upon O3 exposures in the presence of tert-butanol (0-0.15 mg03/
L x min). This suggests that the pUC19 retained its supercoiled structure
without significant conformational change such as strand breakage,
despite the expected significant level of nucleoside degradation of the
plasmid DNA at the applied O3 exposures. Among nucleosides, the
reactivity of Os is high with thymidine (3.0 x 10* M~!s™1) and guano-
sine (1.6 x 10* M’ls’l), intermediate with cytidine (3.5 x 10° M’ls’l),
and low with adenosine (16 M~'s™1) (Theruvathu et al., 2001) (where
the terms in parentheses are k values for the reaction of O3 with the
neutral form of each nucleoside). Consistent with the order of O3

reactivity of the nucleoside monomers, thymine and guanine bases were
found to be the preferential degradation sites in ds plasmid DNA exposed
to Os (Sawadaishi et al., 1986). Based on a detailed product study with
thymine and thymidine (Flyunt et al., 2002), ring opening products
caused by C(5)—C(6) double bond cleavage are expected to be formed
from the reaction of O3 with pyrimidine bases. Contrary to the results of
the present study, the conversion of plasmid conformation from initial
supercoiled to relaxed circular or linear forms was observed in a pre-
vious ozonation study (Sawadaishi et al., 1985). This could be due to the
formation of *OH from the reaction of O3 with DNA as it is well known
that *OH can induce DNA strand breakage (von Sonntag 2006). In the
current study, *OH was fully scavenged by tert-butanol, resulting in
negligible plasmid conformational change.

3.2. Deactivation of e-ARGs by O3

The deactivation of e-pUC19 by O3 was investigated by analyzing the
former’s transforming activity using non-ampicillin-resistant recipient
E. coli cells having varying DNA repair abilities. The transforming ac-
tivity loss rate of Os-treated e-pUC19 was variable depending on the
recipient strain used (Fig. 1a). For the three repair-deficient E. coli
mutants AB2480 (uvrA™~, recA™), AB1186 (uvrA™), and AB2463 (recA™),
no transformant was detectable at the lowest O3 exposure applied (0.03
mgO0s/L x min), indicating a >4-log decrease (Fig. 1a). By assuming
second-order reaction kinetics for e-pUC19 deactivation by Os, the ko3,
transformation Value was in turn estimated to be >2.5 x 10° M~ 's™! for the
three E. coli strains deficient in DNA repair ability. The loss of trans-
forming activity was slower for E. coli AB1157 (wild-type) and DH5«
(recA™, endA™) than repair-deficient E.coli AB strains, and followed first-
order kinetics with respect to Os. The ko3 transformation Values were
calculated to be 1.6(£0.3) x 10° M~ 's™! for AB1157 and 1.0(£0.2) x
10° M !s~! for DH5a from the slopes of plots of logj¢-scale transforming
activity loss vs O3 exposure (multiplied by a factor of 2.303).

kos values for the degradation of e-ampR segments, the full e-pUC19
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Fig. 4. Logarithmic-scale degradation of (a) 192, (b) 400, (c) 603, and (d) 851 bp ampR segments, and (e) elimination of pUC19 transformation activity using E. coli
DH5a as recipient strain, as a function of FAC exposure during treatment of extracellular pUC19 with FAC at pH 6.8 in the absence (open symbols) and in the
presence of tert-butanol (10 mM], filled symbols). Symbols represent measured data and error bars represent one standard deviation about the mean from triplicate
experiments. Solid lines (black) are non-linear regression lines for ampR segments (a-d) or linear regression lines for transforming activity loss (e), each in the
presence of tert-butanol. The dashed line indicates the model prediction for degradation of pUC19 (e).

plasmid (predicted), and the loss of plasmid transforming activity as
measured using the various recipient strains are compared in Fig. 3a and
3b. The estimated degradation rate constant for the entire plasmid (~2
x 10° M’ls’l, as noted above) overestimated the rate constants for
pUC19 deactivation observed for strains AB1157 (wild-type) and DH5a
(recA~, endA™), but the difference in the rate constants was small
(differing by factors of 1.3 and 2.1, respectively). The plasmid deacti-
vation rate constant estimated using the three DNA repair-deficient
strains was 2.5 x 10° M~ s™!, which was also close to the predicted
degradation rate constant for the entire plasmid (differing by factors of
1.3). These results suggest that every instance of Osz-induced DNA
damage (e.g., base oxidation) in pUC19 effectively led to deactivation of
the plasmid (loss of transforming activity) when the repair-deficient
(uvrA™ and/or recA™) E. coli strains were used. For the wild-type and
DH5a (recA™, endA™) E. coli strains, it appears that not every Oz-induced
DNA lesion resulted in plasmid deactivation, due to repair of some
fraction of the DNA damage by the recipient cells.

The RecA protein (encoded by the recA gene) plays an important role
in the repair of single-strand gaps or double-strand breakages by ho-
mologous recombination (Shinohara and Ogawa, 1995). The UvrABC
proteins (encoded by the uvrA, uvrB and uvrC genes) are responsible for
the nucleotide excision repair of various types of DNA lesions, such as
the cyclobutane-pyrimidine dimers or 6,4-photoproducts formed during
UV irradiation (Kisker et al., 2013). It is possible that RecA or UvrA is
also capable of repairing some of the Os-induced DNA damage, which
may explain the lower deactivation rate constant when using the
wild-type E. coli as a recipient strain compared with the recA and/or
uvrA deficient strains. Notably, strain DH5a showed the lowest deacti-
vation rate among the tested strains despite its lack of recA. The same
trend has also been observed during treatment of pUC19 by UV and *OH,
and explained by the lack of the endA gene in DH5a rendering it
inherently more active for taking up intact plasmids and thus gene
transformation (Nihemaiti et al., 2020).

3.3. Degradation and deactivation of i-ARGs during exposure to O3

Degradation and deactivation of i-ARGs were investigated by
exposing E. coli DH5a harboring pUC19 to O3 at pH 7 in the presence of
tert-butanol (10 mM). Overall, the kinetic behavior in the degradation
and deactivation of i-ARGs (Fig. 1b) was similar to that for e-ARGs
(Fig. 1a), and the kog values of i-ARGs were lower than those of e-ARGs
by factors of only 1.2-1.5 (p < 0.05) (Table 1). kg for the degradation of
i-amp® segments, i-pUC19, and the loss of plasmid transforming activ-
ities for the i-ARGs are compared in Fig. 3c and 3d. The ko3 plasmid values
predicted from the 192-, 400-, 603-, and 851-bps segments were 1.6
(£0.1) x 10°, 1.6(+0.1) x 10% 1.7(£0.1)x 105, and 1.5(+0.1) x 10°
M’ls’l, respectively, yielding an average ko3 plasmid value of 1.6(£0.2)

x 10° M~ 1sL. The ko3, transformation Values were 1.1(£0.5) x 10° M~ 157!
for AB1157 and 6.6(+0.5) x 10* M~!s™! for DH5« from the slopes of
plots of logjo-scale transforming activity loss vs O3 exposure. The pre-
dicted i-pUC19 degradation rate constants therefore overestimated the
deactivation rate constants by factors of 1.5 and 2.4 for AB1157 and
DH5aq, respectively. Similar to the case of e-ARGs, the deactivation rate
constants for i-ARGs were too fast to be captured by the transformation
assays using the three repair-deficient E. coli strains (AB1886, AB2463,
and AB2480), as shown in Fig. 1b, and a ko3, transformation Value for i-ARGs
could only be estimated as >2 x 10° M~ 1s~! when using these strains
(Table 1; Fig. 3d). Overall, our results show that the E. coli cell envelope
and other cellular constituents did not significantly hinder the ability of
O3 to reach and react with intracellular pUC19.

3.4. Degradation of e-ARGs during exposure to FAC

1) Effect of tert-butanol and involvement of radical reaction. Solutions
containing e-pUC19 were exposed to FAC at pH 6.8 at different FAC
exposures (0 — 100 mgCly/L x min) and quenched with thiosulfate to
terminate the reaction. The results (Fig. 4, open symbols) showed that
the degradation of e-amp® segments became gradually faster with
increasing FAC exposure. The degradation rate was lowest for the 192-
bp segment, and increased with increasing length of the e-amp® seg-
ments. It was found that degradation of the e-amp® segments in this
study was considerably faster than degradation of similar length e-blt
gene segments in another recent study by our groups (He et al., 2019)
when compared at the same FAC exposure. To test whether the faster
degradation of the e-amp® segment observed in the current study may be
related to reactions involving radicals such as *OH, e-pUC19 was also
exposed to FAC in the presence of tert-butanol (10 mM). The results
(Fig. 4, filled symbols) showed that degradation of the e-amp® segments
became significantly slower in the presence of tert-butanol.

Agarose gel electrophoresis analyses (Fig. 2b) showed that FAC
treatment in the absence of tert-butanol resulted in gradual movement of
the pUC19 band upward with increasing FAC exposure (0 — 46 mgCla/L
x min) and then downward with further increase of the FAC exposure
(46—188 mgCly/L x min). This indicates conformational change of
pUC19 from the supercoiled to the linear form and then to another form
that migrated faster than the linear form (e.g., fragmented linear
plasmid). In contrast, chlorination of pUC19 in the presence of tert-bu-
tanol (Fig. 2¢) did not result in any change in the pUC19 band position at
the tested FAC exposures, indicating negligible plasmid conformational
variation (e.g., strand breakage) from the initial supercoiled form. The
visual trends observed in gel images are also shown in a quantitative
manner where the degree of plasmid conformational change is measured
as a function of FAC exposure (Figure S5), using quantitative agarose gel
image analyses.
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The enhanced amp® degradation and plasmid conformational
changes in the absence of tert-butanol indicate an involvement of strong
radicals such as *OH during chlorination of the plasmid DNA. Previous
studies have also reported formation of single- and double-strand breaks
in plasmid DNA during chlorination experiments conducted in the
absence of radical scavenger, though such behavior was attributed to
formation of N-centered radicals following thermal, metal-, or light-
mediated homolysis of N-chlorinated DNA nucleobases (Hawkins and
Davies 2002; Suquet et al., 2010). We hypothesize that in the present
case, FAC-induced Fenton-like reactions associated with trace metal
residues in the DNA extracts may be primarily responsible for radical
formation. DNA has high affinity for some transition metals (e.g., Cu(I)
and Fe(II)) and the reaction of DNA-metal complexes with FAC (or
H,05) is reported to generate *OH (Ouameur et al., 2005; Priitz 19964,
b; Suquet et al., 2010). Even though the plasmids used in this study were
purified, they could still have contained trace levels of transition metals
in the form of DNA-metal complexes. Separate experiments showed the
formation of formaldehyde at concentrations of up to ~70 nM during
treatment of pUC19 (2 mg/L) with FAC (70 pM) at pH 7 in the presence
of excess tert-butanol (50 mM), while formaldehyde formation was
negligible during chlorination under the same condition without pUC19
(Figure S6). These data are consistent with formation of *OH in this
system, as formaldehyde is one of the major products (with 25% molar
yield) from the reaction of *OH with tert-butanol (Flyunt et al., 2003a).
Further investigation is warranted to test the hypothesis of DNA-metal
complexes inducing Fenton-like reactions as a source of radical
formation.

It should be noted that tert-butanol would likely have little to no
effect on reactions driven directly by N-centered radicals formed at the
DNA nitrogen atoms, as tert-butanol is not expected to exhibit significant
reactivities toward “weaker” radicals such as °*NHy (Huie, 2003).
Accordingly, if N-centered radicals were directly responsible for these
reactions, the addition of tert-butanol should have little to no effect on
the degradation kinetics of e-amp® segments and pUC19, in contrast to
the observations reported here. However, it may be possible that Cl*
formation (and consequently *OH formation via °Cl + HyO = CIOH* +
H" = *OH + CI' + H" or *Cl 4+ OH = CIOH" = *OH -+ CI" (Kléning and
Wolff, 1985)) through, for example, thermally- or metal-mediated ho-
molysis of N-chlorinated nucleobases may have contributed indirectly to
the observed results.

2) Degradation kinetics of amp® by FAC. The observed accelerating
kinetics for the degradation of amp® segments by direct reactions with
FAC (i.e., in the presence of tert-butanol) can be interpreted according to
a two-step reaction model originally proposed by He et al. He et al.,
2019) for chromosomal ARGs (Egs. (1) and (2)).

Fpac > Amp

Amp + FAC Ampy M

Na,S,0,

k

FACAmp N.cy

Ampy ¢+ FAC Product (2)

In this model, an initial reaction between FAC and a hydrogen-
bonded nucleotide base pair within a given DNA segment (or ampli-
con) (Amp) leads to formation of an N-chlorinated DNA segment (or
amplicon), Ampy_c (the forward step in Eq. (1)), which can be dech-
lorinated to the parent form upon quenching with a strong reductant
such as thiosulfate (the reverse step in Eq. (1)). The heterocyclic NH
groups of guanosine and thymidine are the most likely sites of the initial
attack represented by Eq. (1), based on their higher reactivities in
comparison to the heterocyclic NH or exocyclic NH;, groups of cytidine
or adenosine, or the exocyclic NHy group of guanosine (Priitz, 1999;
Priitz, 1996a).

In the presence of excess FAC, the fraction of N-chlorinated bases in a
given DNA segment (Ampy_c)) will increase with increasing FAC expo-
sure (noting that a segment of DNA can sustain multiple such reversible
hits up to a maximum number equal to the number of base pairs in the
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segment). As the H-bonds between base pairs in the DNA segment are
progressively disrupted by N-chlorination, the resulting unpaired
nucleobases are activated toward FAC, and may then irreversibly react
with FAC to form stable C-chlorinated products that cannot revert to the
initial state upon thiosulfate treatment, and that are detectable by qPCR
due to blockage of DNA polymerase (Eq. (2)). The observed irreversible
degradation kinetics of the DNA segment will gradually increase to a
maximum, at which point all nucleotide bases in the segment are N-
chlorinated, consistent with the observed linearities of logarithmic-scale
amp® degradation curves with respect to FAC exposure after reaching a
certain threshold range of FAC exposure values (in general > 40-60
mgCly/L x min) (Fig. 4, filled symbols). Further details on the two-step
FAC reaction model can be found in the prior work (He et al., 2019).

Rate constants for each step of the degradation of amp® segments by
FAC were determined according to the above model as previously
described He et al., 2019). Briefly, krac,ampn-c1 Of the second (irrevers-
ible) C-chlorination step (Eq. (2)) was firstly determined, and its values
were 49.6(+0.7), 93.5(49.8), 144.2(+4.6), and 219.9(+9.9) M s7! for
the 192-, 400-, 603-, and 851-bp segments, respectively (Figures S7 and
$8). As krac,ampN-c1 can be assumed to be equal to the product of the rate
constant for irreversible chlorination of a single N-chlorinated bp (kpac,
N-cl bp) and the number of total N-chlorinated bps in a DNA segment (i.
e., krac,ampN-cl = krac,N—c1 bp X #N-Cl bp = kpac,N-c1 bp X #bp, when
fully N-chlorinated), an average value of 0.26(+0.01) M~ 157! could be
obtained for krac,N_c1 bp from the slope of a plot of krac,ampN-c1 VS. #bp
for each amp® segment under conditions of full N—chlorination (Figure
S9b). Next, the krac,amp values for the first N-chlorination step (Eq. (1))
were determined for each segment by finding numerical solutions of
Egs. (1) and (2) via non-linear regressions of the experimental data (with
krac,N-c1 bp constant, as determined above, and kpac,amp s a master
variable to be solved for). Further details of the non-linear regressions
are provided in SI-Excel-1. The resulting values of kracamp were 2.7
(40.2) x 10%, 5.4(+0.5) x 10% 9.2(+0.9) x 10° and 1.7(+0.2) x 10*
M~Is7! for the 192-, 400-, 603-, and 851-bp segments, respectively.
Linear regression of these data versus numbers of AT+GC bps per
amplicon yielded 16.6+2.7 (M AT+GC) !'s™1). The krac,amp values
from this study were larger (by a factor of 2 on average) than the re-
ported rate constants for the chromosomally-encoded blt and mecA genes
of B. subtilis and Staphylococcus aureus (Choi et al., 2021a; He et al.,
2019) when compared as the segment length-normalized kpacamp
values.

The two-step FAC reaction model could be applied to predict
degradation kinetics for the entire e-pUC19 plasmid as a function of FAC
exposure, using kpac,plasmid and krac,plasmid N—c1 Values for degradation of
the whole plasmid. kpac, plasmid Was estimated as 5.6(£0.6) x 10°M 157!
by extrapolation from the linear regression equation for kpac,amp Vs. the
number of AT+GC bps in each ampR segment, i.e., keac,amp = (16.6) X
(# AT+GC) - (6.0 x 10%) (Figure $9a). kpac,plasmid nc1 (for C-chlori-
nation of the fully N-chlorinated plasmid) was estimated as 7.0 x 102
M~ !s7! from the relationship, krac,ampN-c1 = krac,N-c1 bps X #N-Cl bps
= (0.26) x (2686) (Figure S9b). Using these rate constants for the whole
plasmid in the two-step FAC reaction model, a degradation profile of
pUC19 as a function of FAC exposure was generated, as shown by the
dashed line in Fig. 4e. Based on the model prediction, 4-log level
degradation of e-pUC19 was achieved at an FAC exposure of ~40
mgCly/L x min.

3) Effect of pH. Degradation rate constants for e-amp® segments were
also examined at pH 8.1 by exposing solutions containing pUC19 to FAC
in the absence of tert-butanol. The degradation of e-amp® segments at pH
8.1 was much slower than at pH 6.8 (both cases in the absence of
tert-butanol), as shown in Figure S$10. The slower degradation of e-amp®
segments at higher pH could be attributed to the change in FAC speci-
ation from HOCI to less reactive OCl~ (HOCI & H' + OCl™, pK, = 7.5
(Morris, 1966)). Note that the two-step FAC reaction model was not
applied to kinetic data obtained in the absence of tert-butanol at pHs 6.8
and 8.1, as these data involve not only FAC, but also likely *OH
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reactions.

3.5. Deactivation of e-pUC19 during exposure to FAC

The deactivation of e-pUC19 by FAC in the absence of tert-butanol at
pH 6.8 was compared using the E. coli AB and DH5a strains as recipient
cells. As observed for Os, the kinetics of transforming activity loss for
FAC-treated e-pUC19 also varied depending on the recipient strain used.
In contrast to the accelerating degradation kinetics observed for e-amp®
segments and e-pUC19, the loss of transforming activity for most E. coli
strains exhibited linear kinetics with respect to FAC exposure (Fig. 5),
and apparent kgac,transformation Values could be obtained from the slopes
of the resulting decay curves. The reason for the deviations in kinetic
behavior for degradation vs. deactivation is currently unclear.

The rate constants for transforming activity loss decreased in the
order of AB2463 (recA™, 3.2 x 10> M~ !s™!), AB1186 (wrA~, 1.5 x 103
M~ 1s™1), AB1157 (wild-type, 1.4 x 10° M~'s™!), and DH5a (recA™,
endA™, 5.4 x 102 M’ls’l), where the values in parentheses are kpac,
transformation- FOr the E. coli mutant AB2480 (uvrA™, recA™), no trans-
formants were detectable even at the lowest FAC exposure applied (2.4
mgCly/L x min), indicating a >4-log decrease (Fig. 5). By assuming
second-order reaction kinetics for e-pUC19 deactivation by FAC
(consistent with the trends observed when using the other E. coli
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recipient strains), the krac transformation Value was estimated to be >4 x
10°M~!s~! when using strain AB2480. Thus, krac,transformation for pUC19
deactivation when using the double-mutant AB2480 was >4-fold more
rapid than when using the wild-type AB1157. kpac,transformation Values for
pUC19 deactivation were in general ~2—4-fold higher when using the
AB strains as recipients than when using DH5a. Similar trends were
observed for O3, consistent with the various DNA repair abilities of these
E. coli strains (see the above discussion in the O3 section).

The deactivation efficiency of e-pUC19 was also determined at pH
8.1, using DH5a as the recipient cell. The result showed that e-pUC19
deactivation kinetics depended strongly on pH, where kgac,transformation
at pH 6.8 (5.4 x 102 M~ 1s71) was ~7-fold higher than at pH 8.1 (82
M’ls’l).

The effect of tert-butanol on the kinetics of e-pUC19 deactivation was
also investigated. The results showed that deactivation of e-pUC19
(using DH5a as recipient strain) in the absence of tert-butanol (kpac,
transformation = 5.4 x 10% M~!s™1) was faster than in the presence of
tert-butanol (kgac,transformation = 3.6 X 102 M s h by a factor of 1.5.
This behavior is consistent with an additional e-pUC19 degradation
pathway induced by radicals during chlorination in the absence of
tert-butanol. We also attempted to compare deactivation kinetics of
pUC19 with degradation kinetics for the entire plasmid (pUC19), each in
the presence of tert-butanol, in which the two-step FAC reaction model

Recipient strains:
(D AB2480, pH 6.8
© AB2463, pH 638
@ AB1886, pH 6.8
@ AB1157, pH 6.8
Y% DH5a, pH 6.8
Y& DH5aq, pH 6.8
X DH50, pH 8.1

0

10 20 30 50 75100
Chlorine exposure, mgCL/Lxmin

Fig. 5. Logarithmic-scale losses of pUC19 transforming activity as a function of FAC exposure during treatment of extracellular pUC19 with FAC in the absence and
presence(*) of tert-butanol (10 mM) at pH 6.8 and 8.1. Transforming activities were measured using different E. coli strains, including DH5x (%), AB1157 (@),
AB1886 (@), AB2463 (©), and AB2480 (®). Symbols represent measured data and error bars represent one standard deviation about the mean from triplicate
experiments. Lines are linear regressions of the data, excluding data below the quantification limit (i.e., > 4-log deactivation, indicated by the horizontal dotted line
and symbols with arrows).
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Fig. 6. Logarithmic-scale degradation of (a) 192, (b) 400, (c) 603, and (d) 851 bp i-ampR segments, and (e) elimination of pUC19 transforming activity using E. coli
DHb5a recipient strain, as a function of FAC exposure during treatment of intracellular pUC19 (E. coli DH5« containing pUC19) with FAC at pH 6.8 (open symbols) and
pH 8.1 (filled symbols). Symbols represent measured data and error bars represent one standard deviation about the mean from triplicate experiments. Solid lines are
linear regressions of the data for transforming activity losses.
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was used to predict the degradation of e-pUC19 as a function of FAC
exposure (see Section 3.4). The predicted degradation profile for pUC19
was in reasonable agreement with the experimental deactivation profile
for pUC19, aside from the curvature of the predicted degradation profile
at low FAC exposures, resulting in overall underestimation of pUC19
deactivation (Fig. 4e). The difference between the degradation model
prediction and the experimental deactivation data indicates that there
may be other factors unaccounted for by the model that contribute to
pUC19 transforming activity loss. Nevertheless, our data show overall
that FAC-induced DNA damage in pUC19 effectively leads to deactiva-
tion of the plasmid.

3.6. Degradation and deactivation of i-ARGs during exposure to FAC

Degradation of i-ARGs was investigated by exposing cells of E. coli
DH5a harboring pUC19 to FAC at pH 6.8 and pH 8.1 in the absence of
tert-butanol. Overall, the kinetic behaviors of i-ARG degradation (Fig. 6)
appeared to be different from those of e-ARG degradation (Fig. 4). There
was a rapid, initial degradation of i-amp® segments (0.3 - 0.9 log losses)
at FAC exposures of 0.5 — 20 mgCly/L x min, whereas this initial rapid
loss was not observed for the e-amp®. After the initial rapid decreases,
the degradation of the 603 and 851 bp i-amp® segments exhibited
accelerating kinetics with respect to FAC exposure (more evident under
the pH 6.8 conditions), whereas kinetics for the 192 and 400 bp seg-
ments were generally closer to linear. Degradation kinetics of i-amp®
segments after the initial rapid losses were similar at pH 6.8 and pH 8.1
(slightly faster at pH 6.8 than pH 8.1), whereas degradation kinetics of e-
amp® segments were significantly higher at pH 6.8 than pH 8.1 (Figure
S$10). Furthermore, the degradation kinetics of i-amp® segments at pH
6.8 and pH 8.1 (which were similar) were slower than for e-amp® at pH
6.8 and faster than for e-amp® at pH 8.1 (Figures S11 and $12).

The initial rapid loss of i-ARGs was also observed in a previous study
(Yoon et al., 2017), and explained by Fenton-like processes initiated
within E. coli cells by reactions of FAC (following its penetration of the
cell envelope) with intracellular metal species (e.g., Fe(II) or Cu(I)) that
could generate free radicals and cause oxidative DNA damage. As an
alternative hypothesis, decreased efficacy of plasmid DNA recovery
from FAC-treated E. coli cells (compared with intact cells) might also be
responsible for the initial rapid i-ARG loss. However, the degree of initial
amp® loss was found to increase with increasing size of the monitored
amp® segment (Figure S13). This indicates that the initial rapid loss of
i-ARGs is more likely related to DNA degradation than to DNA recovery,
as in the latter case the degree of observed i-ARG loss would likely be
independent of amp® segment size.

The lack of a substantial pH effect on i-ARG degradation kinetics
compared with e-ARGs was also observed in a previous study (Yoon
et al., 2017) and explained by the change of FAC speciation after its
transport into the cells, due to cytoplasmic pH conditions (pH 7.2 — 7.8)
(Wilks and Slonczewski 2007). In this scenario, the reaction of FAC with
the i-amp® would likely have occurred under conditions reflective of
e-amp® degradation at pH ~7.5 (consistent with the fact that i-amp®
degradation kinetics were intermediate between the e-amp® kinetics
observed at pH 6.8 and 8.1).

Deactivation of i-ARGs was also determined for the E. coli DH5a
exposed to FAC at pH 6.8 and pH 8.1 in the absence of tert-butanol. The
plasmid was extracted from the chlorinated E. coli samples, and applied
to the gene transformation assay using non-resistant E. coli DH5a. The
deactivation kinetics of i-pUC19 at pH 6.8 and pH 8.1 differed by only a
factor of ~1.4 (1.4 x 102 M s~ ! and 1.0 x 102 M’ls’l, respectively)
(Fig. 6e), consistent with the weak pH dependence observed for i-amp®
degradation. FAC exposures of 68 mgCly/L x min at pH 6.8 and 94
mgCly/L x min at pH 8.1 were required to reach 4-log decreases of
transforming activity for i-pUC19. The deactivation kinetics of i-pUC19
at pH 6.8 and 8.1 were slower than for e-pUC19 at pH 6.8, but faster than
for e-pUC19 at pH 8.1. These trends in i-pUC19 deactivation kinetics are
also consistent with a change of FAC speciation in response to the
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cytoplasmic pH of E. coli (~7.5), as discussed above in the context of the
observed kinetics of i-amp® degradation.

4. Conclusions

Degradation of the amp®-bearing plasmid pUC19 by Os was fast,
with a k value of ~2x 10° M~!s™1. The deactivation of pUC19 by O3
was also rapid, with k values similar to or slightly lower (within a
factor of 2.1) than those for the degradation of pUC19 when assessed
using E. coli strains with varying DNA repair abilities as recipient
cells. Influence of cellular components on the reaction efficiency of
O3 with intracellular plasmids was minor, with e-pUC19 and i-pUC19
degradation and deactivation in generally good agreement.
Considering the high O3 reactivity in gene degradation and deacti-
vation, efficient elimination of plasmid-borne ARGs appears to be
feasible during ozonation of drinking water and wastewater effluent,
though further work with other bacterial strains (including envi-
ronmental strains), plasmids, and ARGs is needed to confirm these
findings can be generalized. Impacts of water matrix components
such as suspended solids and dissolved organic matter should also be
considered.

Degradation of pUC19 during chlorination was driven by direct re-
actions with FAC, as well as by reactions with radicals that may have
been generated from incidental reactions of FAC with plasmid DNA
extracts.

The kinetics of direct amp® segment degradation by FAC accelerated
with increasing FAC exposure, and could be described by a two-step
sequential reaction model. Degradation of pUC19 by FAC, which
could be predicted by the two-step FAC reaction model, lagged the
deactivation of the plasmid at low exposures (<10 mgCly/L x min),
though kinetics of degradation and deactivation were in generally
good agreement at higher exposures (>20 mgCly/L x min).
Os-induced and FAC-induced plasmid DNA damage were repairable
by E. coli recipient strains, though the extent of DNA repair was lower
for the cases of O3 and FAC when compared to those of UV and *OH
determined in previous work (Nihemaiti et al., 2020).

Overall, significant levels of plasmid-borne ARG degradation and
deactivation appear to be achievable during water chlorination,
especially for extracellular ARGs at near-neutral pH. As noted above
for Og, further work with other bacterial strains, plasmids, and ARGs,
in addition to consideration of water matrix effect (e.g., suspended
solids, dissolved organic matter, ammonia), is needed to confirm the
degree to which these findings can be generalized.

o The findings from this study and our prior investigations (Nihemaiti
et al., 2020; Yoon et al., 2018) support the combination of qPCR
analyses and kinetics-based modeling approaches as useful tools to
assess and predict the deactivation efficiencies of plasmid-encoded
ARGs during water disinfection/oxidation processes.
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