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Elimination of transforming activity and gene
degradation during UV and UV/H2O2 treatment of
plasmid-encoded antibiotic resistance genes†

Younggun Yoon,a Michael C. Doddb and Yunho Lee *a

To better understand the elimination of transforming activity of antibiotic resistance genes (ARGs), this

study investigated the deactivation of transforming activity of an ARG (in Escherichia coli as a host) and

ARG degradation (according to quantitative PCR [qPCR] with different amplicon sizes) during UV (254 nm)

and UV/H2O2 treatments of plasmid pUC19 containing an ampicillin resistance gene (ampR). The required

UV fluence for each log10 reduction of the transforming activity during UV treatment was ∼37 mJ cm−2 for

both extra- and intra-cellular pUC19 (the latter within E. coli). The resulting fluence-based rate constant (k)

of ∼6.2 × 10−2 cm2 mJ−1 was comparable to the k determined previously for transforming activity loss of

plasmids using host cells capable of DNA repair, but much lower (∼10-fold) than that for DNA repair-

deficient cells. The k value for pUC19 transforming activity loss was similarly much lower than the k calcu-

lated for cyclobutane-pyrimidine dimer (CPD) formation in the entire plasmid. These results indicate the

significant role of CPD repair in the host cells. The degradation rate constants (k) of ampR measured by

qPCR increased with increasing target amplicon size (192–851 bp) and were close to the k calculated for

the CPD formation in the given amplicons. Further analysis of the degradation kinetics of plasmid-encoded

genes from this study and from the literature revealed that qPCR detected most UV-induced DNA damage.

In the extracellular plasmid, DNA damage mechanisms other than CPD formation (e.g., base oxidation)

were detectable by qPCR and gel electrophoresis, especially during UV/H2O2 treatment. Nevertheless, the

enhanced DNA damage for the extracellular plasmids did not result in faster elimination of the transforming

activity. Our results indicate that calculated CPD formation rates and qPCR analyses are useful for

predicting and/or measuring the rate of DNA damage and predicting the efficiency of transforming activity

elimination for plasmid-encoded ARGs during UV-based water disinfection and oxidation processes.

Introduction

Increasing antibiotic resistance is a major threat to human
and animal health, as it can lower the therapeutic potential
of antibiotics against bacterial infections.1 Although antibi-

otic resistance can occur naturally, overuse or misuse of anti-
biotics in modern society is associated with increased antibi-
otic resistance.2 Antibiotics can select antibiotic-resistant
bacteria (ARB) that carry genes (ARGs) responsible for antibi-
otic resistance mechanisms. The presence of ARB and ARGs
in aquatic environments is a concern because it can promote
the spread of antibiotic resistance through natural and an-
thropogenic water cycles.3,4 In addition, antibiotic resistance
can be disseminated among bacterial populations by sharing
(mobile) ARGs through horizontal gene transfer (HGT) pro-
cesses.5 To minimize dissemination of environmental
sources of antibiotic resistance, the necessity for coordinated
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Water impact

The efficiency and mode of action for deactivating and degrading antibiotic resistance genes (ARGs) during water treatment with UV (254 nm) and UV/
H2O2 have been poorly understood. Here, we show that the efficiency of elimination of the transforming activity for a plasmid-encoded ARG during the UV-
based treatments depends on the rate of formation of cyclobutane-pyrimidine dimers (CPDs) in the plasmid and the repair of such DNA damage during
the transformation process in host cells. This work has important implications for optimizing the monitoring and operation of UV-based water disinfection
and oxidation processes for removing ARGs.
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national and international strategies has been advised for
monitoring, risk assessment, and mitigation of antibiotic
resistance.6

Municipal wastewater has been identified as one of the
hotspots that release ARB and ARGs into aquatic environ-
ments.7,8 Conventional wastewater treatment does not fully
eliminate ARB and ARGs.7,9 Biological treatment processes
(e.g., activated sludge) can significantly reduce the load of
ARB but may select highly (or multi-) resistant bacterial spe-
cies.10 Disinfection of wastewater effluents with chlorine or
ultraviolet irradiation (UV) has been widely practiced for wa-
ter resource protection.11 Ozonation has recently received
renewed attention as an option for treating municipal waste-
water effluents to eliminate organic micropollutants.12 Ad-
vanced oxidation processes such as UV/H2O2 treatment have
also been tested to achieve the same goal.13,14 There has been
growing interest in the efficiency of wastewater disinfection
and oxidation processes to lower the levels of ARB and ARGs,
in addition to micropollutant elimination.10,15–23

ARGs in wastewaters exist in different forms such as intra-
cellular (within bacteria) and extracellular, as free DNA and vi-
ruses.24,25 ARGs can transfer resistance by HGT mechanisms
such as conjugation, transduction, and transformation.
Among these HGT mechanisms, transformation requires only
intact ARGs for the resistance transfer, as extracellular ARGs
can be taken up and incorporated into the genomes of compe-
tent bacteria even in the absence of the original donor ARB
cell.5 This mechanism is therefore different from conjugation
or transduction in which viable donor cells or infective viruses
containing ARGs are needed. Considering the potential for
ARG transfer via transformation, it is necessary to assess the
efficiency of disinfectants at destroying ARGs and eliminating
their associated transforming activities.16

Molecular mechanisms of DNA damage induced by UV or
by hydroxyl radicals (˙OH) are well established. UV (particu-
larly UVC) mainly generates DNA base lesions such as
cyclobutane-pyrimidine dimers (CPDs) and pyrimidine (6-4)
pyrimidone adducts [(6-4) photoproducts].26,27 Good correla-
tions have been found between the UV-induced degradation
rate of ARGs and the number of adjacent pyrimidine dimer
sites.19,28,29 Genomic modeling, an approach to predict the
UV sensitivity of microorganisms based on their DNA se-
quence characteristics, has been tested to predict the degrada-
tion efficiency of ARGs.29 For ˙OH, the DNA damage can range
from base oxidation to sugar backbone breakages, where the
latter can lead to single strand (ss) and double strand (ds)
breaks.30 Despite this knowledge, it is unclear how different
types of DNA damage resulting from reactions with disinfec-
tants (e.g., UV, ˙OH) are related to the loss of ARG trans-
forming activity.

Quantitative polymerase chain reaction (qPCR) has been
widely used to detect and quantify ARGs present in aquatic
environments.31 The qPCR method has also been employed
to assess the efficacy of disinfection processes for ARG elimi-
nation by quantifying target qPCR amplicons.10,15,17–22,29

Most qPCR methods involve amplicons covering only por-

tions of ARGs (e.g., 100–200 bp) and rarely cover the entire
genes that are necessary for gene transfer pathways.19,22,28 In
addition, the sensitivity of qPCR and bacterial gene transfor-
mation to DNA damage can differ due to the different de-
grees of DNA repair or DNA polymerase fidelity rates of qPCR
vs. the bacterial cell system.28 As an alternative approach, the
transforming activity of ARGs can be directly measured by
transformation assays in which the target ARG-containing
DNA (e.g., plasmid) is taken up by and incorporated into the
genomes of nonresistant, competent bacterial cells.16,31 Nev-
ertheless, a few studies have applied such an ARG transfor-
mation assay to assess the efficacy of disinfection processes
for the elimination of antibiotic resistance.28 Furthermore,
the relationship between the qPCR method and the transfor-
mation assay for determining a biologically active ARG con-
centration is still poorly understood.

To elucidate the efficiency of deactivation and degradation
of ARGs during water disinfection and oxidation processes, in
this study, we determined and compared the changes in
transforming activity and ARG concentrations during UV254nm

(hereafter UV) or UV/H2O2 treatment of plasmid-encoded
ARGs in bench scale disinfection experiments. A quantitative
transformation assay employing Escherichia coli as the recipi-
ent was conducted to determine the transforming activity of
the target plasmid. ARG concentrations were determined by
qPCR with different amplicon sizes to determine the DNA
damage in different parts of the target plasmid. In addition,
agarose gel electrophoresis was carried out to determine
structural changes of the plasmid. Both extracellular and
intracellular forms of plasmids were treated to test the effects
of cellular components on the efficiency of ARG elimination.
The results were evaluated with respect to factors affecting
the efficiency of elimination of ARGs' transforming activities,
for example, DNA repair, plasmid characteristics, the type of
DNA damage, and sensitivity of DNA polymerase.

Materials and methods
Standards and reagents

All chemicals and solvents (mostly of ≥95% purity) were pur-
chased from various commercial suppliers and used as re-
ceived (SI-Text-1†). Chemical solutions were prepared with
ultrapure water (≥18.2 MΩ cm) that was obtained by means
of a Barnstead purification system (Thermo Fisher Scientific,
USA). Glassware was washed with ultrapure water and
autoclaved at 121 °C for 15 min prior to use.

Model bacterial strains and ARG-containing plasmid

E. coli DH5α hosting plasmid pUC19 served as the model
ARB in this study.32 Nonresistant E. coli DH5α was used as
the recipient strain for the ARG transformation assay. The E.
coli stocks were prepared at concentrations of ∼109 colony-
forming units (CFU) per ml according to the method de-
scribed elsewhere.22 Cells from the mid-exponential growth
phase were used. Plasmid pUC19 (2686 bp) is an E. coli vector
that carries an ampicillin resistance gene (ampR; see Fig. S1
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and Table S1† for gene information). Plasmids were extracted
from E. coli stocks with the AccuPrep Nano-Plus Plasmid Ex-
traction Kit.33 Extracted plasmids were analyzed and quanti-
fied on a NanoDrop ND-2000 spectrophotometer (NanoDrop
Products, Wilmington, USA). Plasmid concentrations in the
extracted stock solutions (50 μL) were ∼1011 copies per μL (or
0.5–1 μg μL−1). See SI-Text-2† for further details.

Determination of transforming activity of plasmid-encoded ARG

To quantify the ability of the pUC19 plasmid to transfer its
antibiotic resistance, a transformation assay was conducted
with nonresistant E. coli DH5α as the recipient strain.34 Com-
petent cells were prepared by treating E. coli DH5α with cal-
cium chloride and glycerol as the chemical treatment
method35 and stored at −80 °C until use (see SI-Text-3† for
details). One-hundred μL of the competent cells (∼7 × 108

CFU ml−1) was thawed and prepared in 1.5 mL tubes, and
mixed with 5–10 μL of the plasmid samples. The resulting
mixtures were placed on ice for 30 min incubation, then
quickly transferred into a water bath at 42 °C for 45 s and
placed back on ice for 2 min. After heat shock, the samples
were mixed with 900 μL of Luria–Bertani (LB) broth and cul-
tured in a shaking incubator (200 rpm) at 37 °C for 45 min.
The incubated samples were serially diluted with LB broth
and plated onto LB agar plates containing 50 mg L−1 ampicil-
lin. The concentration of the transformants was determined
by enumerating the ARB colonies on the plates after 24 hours
of incubation in the dark at 37 °C. Finally, the transforming
activity of the samples was calculated as the concentration of
transformants from colonies in selective plates (with ampicil-
lin) normalized to the concentration of E. coli cells from colo-
nies in nonselective plates (without ampicillin) as presented
in eqn (1). From the nonselective plates, typical concentra-
tions of ∼7 × 108 CFU mL−1 E. coli cells were determined un-
der the tested conditions.

Transforming activity = [Transformants]selectiveplate
÷ [E. coli cells]nonselectiveplate (1)

qPCR

Amplicons spanning variable-length segments of the ampR

gene (192, 400, 603, and 851 bp of the overall 861 bp length
of ampR) and ori region (190, 390, and 530 bp of the overall
589 bp length of ori) in the pUC19 plasmid (2686 bp) were
quantified by means of qPCR (Fig. S1, Table S1†). Amplicon
and primer sequences were determined from the pUC19 se-
quence retrieved from the NCBI GenBank database. Primers
were designed using the NCBI Primer-BLAST tool (Table S2†).
qPCR measurements were performed on a CFX96 Real-Time
PCR detection system (Bio-Rad, Hercules, CA, USA) using
SsoFast™ EvaGreen® supermixes (Bio-Rad). Standard curves
were generated from 10-fold serial dilutions covering 5 orders
of magnitude. Each 20 μL qPCR reaction consisted of 1 μL of
0.5 pmol forward and reverse primers (0.5 pmol μl−1), 1 μL of

a DNA sample, 10 μL of an EvaGreen® supermix, and 8 μL of
autoclaved DNase-free water. The temperature profile of the
PCR protocol included one cycle at 95 °C for 2 min, 30 cycles
at 95 °C for 5 s, an annealing step at 55 °C for 60 s, and an
extension step at 72 °C for 20 s, followed by a melt curve
analysis from 65 °C to 95 °C. The same PCR protocol was
used for all qPCR assays with different amplicons. Calibra-
tion curves for the target amplicons exhibited r2 values of
≥0.98 for all cases (Fig. S2† shows a representative example).
The average amplification efficiencies for the ampR

amplicons were 0.90Ĳ±0.04) for 192 bp, 0.89Ĳ±0.06) for 400 bp,
0.84Ĳ±0.09) for 603 bp, and 0.88Ĳ±0.08) for the 851 bp
amplicon. The average amplification efficiencies for the ori
amplicons were 0.84Ĳ±0.05) for 190 bp, 0.95Ĳ±0.03) for 390 bp,
and 0.93Ĳ±0.07) for the 530 bp amplicon. The limit of detec-
tion (LOD) and quantification (LOQ) were determined as 15
copies and 40 copies per reaction for most qPCR runs. The
end products of qPCR analyses were also analyzed by agarose
gel electrophoresis (Fig. S3†) to confirm successful amplifica-
tion of the target genes. The samples from UV treatment were
directly analyzed by the qPCR protocol described above for
extracellular plasmids. For intracellular plasmids, 10 mL of a
given sample containing disinfectant-treated or untreated E.
coli DH5α cells was centrifuged, and the pellet was
resuspended in 100 μL of Tris-HCl buffer (10 mM, pH 8.5).
The resulting concentrated samples were processed with the
AccuPrep Nano-Plus Plasmid Extraction Kit33 and subse-
quently analyzed by the above qPCR protocol.

Gel electrophoresis

Samples were prepared by treating the extracted pUC19 (∼5
μg mL−1) at pH 7 (2 mM phosphate buffered solutions) with
UV and UV/H2O2 at different UV fluence levels (0–312 mJ
cm−2). Linearized pUC19 plasmids were prepared by incubat-
ing the extracted pUC19 with type II restriction enzyme EcoRI
(NEB, USA) at 37 °C for 1 h, followed by enzyme inactivation
at 65 °C for 20 min. Standards of the ampR amplicons with
different sizes (192, 400, 603, and 851 bp) were prepared by
qPCR reactions above. These prepared plasmid samples and
a 1 kb DNA ladder (Enzynomics, KOREA) were loaded on
0.8% agarose gels containing 0.5 μg ml−1 ethidium bromide
in 1× TAE (Tris-Acetate–EDTA) buffer and were separated at 4
V cm−1 for 35 min. Gel images were captured on a bench-top
UV Transilluminator (Universal mutation detection system,
UVP, LLC, USA). The density of each band on the gels was
calculated by quantitative band analysis in the ImageJ soft-
ware.36 Isolated ampR amplicons for the transforming activity
determination were prepared by cutting the gels loaded with
the ampR qPCR amplicon mixtures and by subsequent purifi-
cation with the AccuPrep® Gel Purification Kit (Bioneer).

UV and UV/H2O2 treatments

Bench scale UV irradiation experiments were conducted in
a quasi-collimated beam system37 equipped with a low-
pressure mercury lamp emitting 254 nm light (Sankyo Denki
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Ltd., Tokyo, Japan). The applied photon fluence rate was
∼0.3 mW cm−2 as determined by a UVX digital radiometer
(Ultra-Violet Products Ltd., Upland, USA) or by atrazine chem-
ical actinometry.38 Solutions of the pUC19 plasmid or E. coli
were separately prepared in 2 mM phosphate buffer (pH 7)
by adding the corresponding stock solutions at the concen-
tration of ∼1011 copies per mL for the plasmid or ∼5 × 106

CFU mL−1 for E. coli, respectively. These samples (120 mL)
were placed in a Petri dish reactor with a sample depth of 2.5
cm and were irradiated with UV light under gentle stirring
using a magnetic stir bar. For UV/H2O2 experiments, 10 mg
L−1 H2O2 was added to the samples before UV irradiation.
The absorbance of the samples was ≤0.02 cm−1 at 254 nm
and the light screening (attenuation) coefficient in the Petri
dish reactor was calculated to be ≥0.94.37 The presence of 10
mg L−1 of H2O2 alone as the control experiment did not in-
duce the gene degradation within 40 min of contact time.22

The decrease of H2O2 by UV photolysis was less than 10% of
its initial concentration within the applied UV fluence range
(0–300 mJ cm−2). Thus, the degradation of pUC19 by OH radi-
cals (formed from the UV photolysis of H2O2) was in a first-
order condition throughout the UV irradiation. The reaction
solution was sampled (and in UV/H2O2 experiments, also
supplemented with bovine catalase (40 μg mL−1) to quench
residual H2O2) and was then stored at −20 °C for 10 days.
Triplicate experiments were conducted for each condition,
and average sample concentrations (amplicon copies, trans-
forming activity, or viable cell counts) reported with one stan-
dard deviation.

Statistical analysis

Statistical analyses were conducted in GraphPad Prism 7
(http://www.graphpad.com/). UV fluence-based first-order rate
constants determined from different sets of experiments were
compared by multiple linear regression analyses. The null hy-
pothesis in these analyses was that the first-order rate con-
stants were not significantly different, with p < 0.05 as the
significance cutoff.

Results
Quantitative determination of the transforming activity of
plasmid-encoded ampR

Fig. 1 shows that the concentration of transformants after
the plasmid transformation increases in proportion to the
pUC19 concentration, with a slope of 1.0 in a log–log scale
plot. The measured transforming activity ranged from 3.1 ×
10−8 to 1.6 × 10−4 for the pUC19 concentrations ranging from
10−5 to 5.0 × 10−2 μg mL−1. This result indicates the good ca-
pacity of the assay for quantitative determination of the
transforming activity. A total of ∼2 × 108 transformants were
formed per μg of the plasmid. The observed transformation
efficiency is comparable to that reported in the literature
(i.e., 2 × 108 to 109 transformants per μg of plasmid DNA39).

The transforming activity of pUC19 (2.5 × 10−2 μg mL−1) af-
ter digestion with the EcoRI restriction enzyme was found to

be ∼10−6, which was lower than that of intact pUC19 by a fac-
tor of 80. EcoRI can linearize pUC19 by DNA cutting.40 Thus,
dsDNA breaks created by EcoRI, even outside the ampR gene
(especially at restriction site 284, see Fig. S1†), can signifi-
cantly reduce the ampicillin resistance transforming activity
of pUC19. Our data are consistent with other studies showing
that the transformation efficiency of plasmids can decrease
by two or three orders of magnitude after digestion of the
plasmids with various restriction enzymes.27,41,42 The trans-
forming activities of ampR gene fragments in a range of
amplicon sizes (192, 400, 603, and 851 bp, see Fig. S1†) were
also determined. These ampR gene fragments (prepared at
1011 copies per mL) showed negligible transforming activity
(lower by more than four orders of magnitude) as compared
to pUC19 at the same molar concentrations. This finding in-
dicates that not only ampR but also the whole plasmid is re-
quired for the transformation of ampR.

Elimination of transforming activity of plasmid-encoded
ampR

Fig. 2 shows decreases in the ampR transforming activity
(stars) during UV or UV/H2O2 treatment of extracellular (i.e.,
extracted plasmid) or intracellular (i.e., plasmid within E. coli)
pUC19 at pH 7. The initial transforming activities in these ex-
periments were ∼10−4 and the transformation activity of
∼10−8 was the limit of quantification of the method; thus, a
∼4 log reduction could be detected. Without UV and UV/H2O2

treatments, E. coli and pUC19 were stable for several hours in
the phosphate buffer according to the control assays.

The elimination of transforming activity followed first-
order kinetics with respect to UV fluence in all cases (r2 ≥
0.99). The fluence-based first-order rate constants (k) for the
transforming activity loss could be determined from the
slopes of the linear plots (i.e., k = 2.303 × slope). The k values
for intracellular pUC19 (i-ARG) were 6.2Ĳ±0.4) × 10−2 cm2 mJ−1

for UV treatment (Fig. 2a) and 6.4Ĳ±0.4) × 10−2 cm2 mJ−1 for

Fig. 1 Concentration of transformants and resulting transforming
activity as a function of pUC19 concentration during transformation of
ampR to E. coli DH5α. The error bars represent one-standard deviation
of more than three replicate measurements.
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UV/H2O2 treatment (Fig. 2b), and for extracellular pUC19 (e-
ARG) were 6.1Ĳ±0.3) × 10−2 cm2 mJ−1 for UV (Fig. 2c) and
7.3Ĳ±0.4) × 10−2 cm2 mJ−1 for UV/H2O2 treatment (Fig. 2d), re-
spectively. The data showed that the rates of elimination of
the transforming activity were almost the same for all cases,
with k of ∼6.2 × 10−2 cm2 mJ−1 ( p < 0.001), except for the
e-ARG treatment with UV/H2O2 yielding a slightly higher (by a
factor of 1.2) deactivation rate. At a UV fluence of 40 mJ cm−2

(typical for water disinfection), the achieved elimination of
the transforming activity was a 1.0 log reduction (1.3 log for
UV254/H2O2 treatment of e-ARG). To achieve more extensive
elimination of the transforming activity such as a 4 log reduc-
tion, the required UV fluence was found to be 150 mJ cm−2

(125 mJ cm−2 for UV254/H2O2 treatment of e-ARG).

Degradation of pUC19 fragments (ampR and ori portions)
determined by qPCR

Fig. 2 also presents changes in the logarithmic relative con-
centrations of the suite of variable-length ampR amplicons
measured by qPCR (i.e., 192, 400, 603, and 851 bp) during UV
and UV/H2O2 treatment of E. coli (i-ampR) and pUC19 plas-
mid (e-ampR), respectively. In all cases, the depletion of ampR

genes followed first-order kinetics with respect to the UV
fluence (r2 ≥ 0.99). The k values determined for the gene
damage are summarized in Table 1. The following points
from these kinetic data are noteworthy. First, the gene dam-
age rates of ampR increase with increasing qPCR amplicon
size. This result can be explained by the increasing number
of target sites for UV (e.g., adjacent pyrimidine dimer sites)
with increasing gene size. Second, the gene damage was
slower or faster than the transforming activity loss depending
on the qPCR amplicon size. For example, the 192 bp gene
fragment underwent much slower degradation (by a factor of
2.9–4.0 based on relative k) as compared to the loss of trans-
forming activity. The degradation rates of the 400 and 603 bp
gene fragments were higher and closer to the rates of ARG
deactivation (i.e., transforming activity elimination). The deg-

radation rates of the 851 bp gene fragment were higher by a
factor of 1.1–2.5 as compared to those of the transforming ac-
tivity loss. These results highlight the need to better under-
stand the relation between the gene damage determined by
the qPCR method and the elimination of transforming activ-
ity of plasmid-encoded ARGs (further details will be
discussed later). Third, the gene damage rates of e-ampR were
higher than those of i-ampR in both UV and UV/H2O2 treat-
ments ( p < 0.05), and the difference was greater for the UV/
H2O2 treatment. The gene damage rates of i-ampR were quite
similar between UV and UV/H2O2 treatments ( p = 0.47 for
192 bp, p = 0.13 for 400 bp, p = 0.50 for 604 bp, and p = 0.82
for 851 bp), whereas the gene damage rates of e-ampR were
considerably higher in UV/H2O2 than in UV treatment ( p <

0.05). These results indicated that ˙OH from UV photolysis of
H2O2 can contribute to the degradation of extracellular genes,
but the effect of ˙OH on intracellular genes is effectively neg-
ligible compared to the UV-induced direct gene damage. A
similar result was reported in our previous work, and was
explained by complete scavenging of ˙OH by the cell mem-
brane or cytoplasmic components before reaching i-ARG.22

In this study, the qPCR method was also applied to mea-
sure the damage in the ori region (Fig. S1†), for assessing
DNA reactivity outside the ampR gene in pUC19. Fig. S4†
shows decreases in the logarithmic relative concentration of
ori as measured by the qPCR method with amplicon sizes of
190, 390, and 530 bp during UV and UV/H2O2 treatments of
extracellular pUC19. The reactivity and degradation patterns
of e-ori were similar to those of e-ampR when considering
their gene sizes (see the k values in Table 1).

Structural damage to pUC19 measured by gel electrophoresis

Fig. 3a and b present the images of agarose gel electrophore-
sis analyses of pUC19 (prepared at 5 μg mL−1) before and af-
ter UV and UV/H2O2 treatments (UV fluence range of 0–312
mJ cm−2). Intact pUC19 yielded a band corresponding to a
size slightly larger than the 2 kb molecular weight (MW)

Fig. 2 Logarithmic relative concentration of the transforming activity ( ) and ampR qPCR amplicons (192 bps ( ), 400 bps ( ), 603 bps ( ) and

851 bps ( )) as a function of UV fluence during treatment of (a and b) intracellular and (c and d) extracellular pUC19 with (a and c) UV and (b and

d) UV/H2O2 ([H2O2]0 = 10 mg L−1) at pH 7. The symbols represent the measured data and the error bars represent one standard deviation from
triplicate experiments. The lines are linear regressions of the data.
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marker, and pUC19 treated within EcoRI showed a band cor-
responding to a size slightly larger than the 3 kb MW marker.
The observed band positions are consistent with the size of
pUC19 (i.e., 2686 bp) and the fact that plasmids typically exist
in a supercoiled form (i.e., intact pUC19), which migrates
faster than the linear form (i.e., EcoRI-treated pUC19) in an
agarose gel because of their conformational difference. After
the UV treatment, the band position of pUC19 changed negli-
gibly. In contrast, the band gradually moved upward with in-
creasing UV fluence during UV/H2O2 treatment, indicating

the conformational change of pUC19 from the supercoiled to
linear form. On the basis of quantitative agarose gel image
analyses,36 the degree of linearization of pUC19 was found to
be less than 10% during the UV treatment but increased up to
93% during the UV/H2O2 treatment with an increase in UV
fluence up to 312 mJ cm−2 (Fig. S5†). These results can be
explained by the fact that UV mainly induces damage to the
DNA bases such as CPDs26,27 that is not detected in the agarose
gel analysis. During UV/H2O2 treatment, ˙OH is formed and re-
acts with not only DNA bases but also the sugar phosphate

Table 1 Fluence-based rate constants (kCPDs-I and kCPDs-II) for gene damage quantified by qPCR during treatment of intracellular and extracellular plas-
mids with UV and UV/H2O2

Gene
#base
pairsa

#TT
sitesb

Plasmid
location k,c cm2 mJ−1

kCPDs-I (bps),
d

cm2 mJ−1
kCPDs-II (TTs),

e

cm2 mJ−1 Ref. f

UV treatment
ampR (pUC19) 192 42 Intra 1.7Ĳ±0.09) × 10−2 3.4 × 10−2 3.4 × 10−2 This study

Extra 1.9Ĳ±0.11) × 10−2

400 67 Intra 2.8Ĳ±0.06) × 10−2 7.0 × 10−2 5.5 × 10−2

Extra 3.1Ĳ±0.09) × 10−2

603 96 Intra 4.6Ĳ±0.18) × 10−2 1.1 × 10−1 7.9 × 10−2

Extra 5.4Ĳ±0.16) × 10−2

851 118 Intra 7.2Ĳ±0.35) × 10−2 1.5 × 10−1 9.7 × 10−2

Extra 1.0Ĳ±0.03) × 10−1

ori (pUC19) 190 29 Extra 1.7Ĳ±0.09) × 10−2 3.3 × 10−2 2.4 × 10−2 This study
390 44 Extra 2.9Ĳ±0.12) × 10−2 6.9 × 10−2 3.6 × 10−2

530 59 Extra 4.0Ĳ±0.24) × 10−2 9.3 × 10−2 4.8 × 10−2

ampR (pUC4k) 850 119 Intra 6.8 × 10−2 1.5 × 10−1 9.8 × 10−2 Yoon et al., 2017 (ref. 23)
Extra 1.1 × 10−1

kanR (pUC4k) 806 134 Intra 8.1 × 10−2 1.4 × 10−1 1.1 × 10−1 Yoon et al., 2017 (ref. 23)
Extra 1.4 × 10−1

blaTEM-1 209 30 Extra 5.5 × 10−3 3.7 × 10−2 2.5 × 10−2 Chang et al., 2017 (ref. 28)
861 123 Extra 6.8 × 10−2 1.5 × 10−1 1.0 × 10−1

tetA 216 18 Extra 3.8 × 10−2 3.8 × 10−2 1.5 × 10−2 Chang et al., 2017 (ref. 28)
1200 80 Extra 5.8 × 10−2 2.1 × 10−1 6.6 × 10−2

UV/H2O2 treatment
ampR (pUC19) 192 42 Intra 1.6Ĳ±0.09) × 10−2 3.4 × 10−2 3.4 × 10−2 This study

Extra 2.5Ĳ±0.14) × 10−2

400 67 Intra 2.9Ĳ±0.12) × 10−2 7.0 × 10−2 5.5 × 10−2

Extra 4.1Ĳ±0.16) × 10−2

603 96 Intra 4.8Ĳ±0.28) × 10−2 1.1 × 10−1 7.9 × 10−2

Extra 6.7Ĳ±0.28) × 10−2

851 118 Intra 7.3Ĳ±0.30) × 10−2 1.5 × 10−1 9.7 × 10−2

Extra 1.8Ĳ±0.06) × 10−1

ori (pUC19) 190 29 Extra 2.3Ĳ±0.05) × 10−2 3.3 × 10−2 2.4 × 10−2 This study
390 44 Extra 3.9Ĳ±0.14) × 10−2 6.9 × 10−2 3.6 × 10−2

530 59 Extra 4.7Ĳ±0.21) × 10−2 9.3 × 10−2 4.8 × 10−2

ampR (pUC4k) 850 119 Intra 6.7 × 10−2 1.5 × 10−1 9.8 × 10−2 Yoon et al., 2017 (ref. 23)
Extra 1.7 × 10−1

kanR (pUC4k) 806 134 Intra 8.0 × 10−2 1.4 × 10−1 1.1 × 10−1 Yoon et al., 2017 (ref. 23)
Extra 2.5 × 10−1

a Total number of base pairs. b Total number of TT sites. c Fluence-based rate constant measured from this study and the literature. d Fluence-
based rate constant for CPD formation calculated using kCPDs-I = (2.303 × εbp × ΦCPD)/U, εbp = εsbp × (#base pair) = (15 000 M−1 cm−1) × (#base
pair), and ΦCPD = 2.4 × 10−3 (Görner, 1994).26 e Calculated using kCPDs-II = (2.303 × εTT × ΦTT)/U, εTT = εsTT,254 × (#TT) = (8400 M−1 cm−1) ×
(#TT), and ΦTT = 2.0 × 10−2 (Douki et al., 2000).50 f Source for the measured k values.
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backbone; the latter reaction can cause significant DNA dam-
age such as dsDNA breaks30 that are detectable by agarose gel
analysis. Finally, the rates of the plasmid structural (conforma-
tional) change were compared to the rates of transforming ac-
tivity loss during UV and UV/H2O2 treatments. Fig. 3c shows
that the transforming activity loss occurred much faster than
the structural degradation of the plasmid during UV and UV/
H2O2 treatments. This finding indicates that the UV-induced
damage to DNA bases is mainly responsible for the elimination
of the transforming activity of plasmid-encoded ARGs. A simi-
lar conclusion has been reached in other studies.22,28

Discussion
Effects of DNA repair and plasmid characteristics on the
efficiency of elimination of transforming activity

The efficiency of elimination of pUC19's transforming activity
during UV irradiation, determined in this study, can be com-
pared with that in other studies, in which several different

plasmids were treated with UV (254 nm) and transformed
into several strains of E. coli mutants43 or Acinetobacter
baylyi28 as host cells. Table 2 summarizes the k values for the
elimination of transforming activity and corresponding infor-
mation on the plasmids and host cells used in these studies.
Note that these plasmids (pUC19, pTZ18R, pBR322, and
pWH1266) all contain a β-lactamase resistance gene (either
ampR or blaTEM-1). pBR322 and pWH1266 also contain a tetra-
cycline resistance gene (tetA).

Data from previous work reveals that the efficiency of elimi-
nation of transforming activity is greatly influenced by the type
of E. coli recipient strain. When E. coli AB2480 (a double-
mutant strain lacking both uvrA and recA genes) was used as a
recipient strain, the k value for UV-induced elimination of
transforming activity was 5.3 × 10−1 cm2 mJ−1 for pTZ18R and
6.7 × 10−1 cm2 mJ−1 for pBR322. These values are 22- and 15-
fold larger than the k value for pTZ18R (2.4 × 10−2 cm2 mJ−1)
and pBR322 (4.4 × 10−2 cm2 mJ−1) when E. coli AB1157 (wild-
type strain) was used. Relatively low-to-intermediate levels of k

Fig. 3 Agarose gel electrophoresis images of extracellular pUC19 plasmids treated with (a) UV and (b) UV/H2O2 ([H2O2]0 = 10 mg L−1) as a function
of UV fluence (0–312 mJ cm−2). The first column shows gel images of standard ladders. The last column shows gel images of the pUC19 plasmid
treated by the restriction enzyme (EcoRI). (c) Logarithmic-scale decreases of the structural integrity (from quantitative analysis of the electrophore-
sis images) and transforming activity of pUC19 as a function of UV fluence.

Table 2 Fluence-based rate constants (kCPDs-I and kCPDs-II) for the elimination of transforming activity of ARGs during UV treatment of extracellular
plasmids

Plasmid
#base
pairsa

#TT
sitesb Host cell for transformation k,c cm2 mJ−1

kCPDs-I (bps),
d

cm2 mJ−1
kCPDs-II (TTs),

e

cm2 mJ−1 Ref. f

pUC19 2686 383 E. coli DH5α (recA−) 6.1 × 10−2 4.7 × 10−1 3.1 × 10−1 This study

pTZ18R 2861 453 E. coli K12 AB2480 (uvrA−, recA−) 5.3 × 10−1 5.0 × 10−1 3.7 × 10−1 Gurzadyan et al., 1993 (ref. 43)
E. coli K12 AB1886 (uvrA−) 7.1 × 10−2

E. coli K12 AB2463 (recA−) 6.7 × 10−2

E. coli K12 AB1157 (wild type) 2.4 × 10−2

pBR322 4361 513 E. coli K12 AB2480 (uvrA−, recA−) 6.7 × 10−1 7.7 × 10−1 4.2 × 10−1 Gurzadyan et al., 1993 (ref. 43)
E. coli K12 AB1157 (wild type) 4.4 × 10−2

pWH1266 8890 —g Acinetobacter baylyi 1.1 × 10−1 1.56 —g Chang et al., 2017 (ref. 28)

a Total number of base pairs. b Total number of TT sites. c Fluence-based rate constant measured from this study and the literature. d Fluence-
based rate constant for CPD formation calculated using kCPDs-I = (2.303 × εbp × ΦCPD)/U, εbp = εsbp × (#base pair) = (15 000 M−1 cm−1) × (#base
pair), and ΦCPD = 2.4 × 10−3 (Görner, 1994).26 e Calculated using kCPDs-II = (2.303 × εTT × ΦTT)/U, εTT = εsTT,254 × (#TT) = (8400 M−1 cm−1) ×
(#TT), and ΦTT = 2.0 × 10−2 (Douki et al., 2000).50 f Source for the measured k values. g Not available because the full gene sequence is not
known.

Environmental Science: Water Research & Technology Paper

Pu
bl

is
he

d 
on

 3
0 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
on

 9
/1

4/
20

18
 8

:2
6:

32
 A

M
. 

View Article Online

http://dx.doi.org/10.1039/c8ew00200b


1246 | Environ. Sci.: Water Res. Technol., 2018, 4, 1239–1251 This journal is © The Royal Society of Chemistry 2018

were observed for pTZ18R when single-mutant E. coli AB1886
(deficient in uvrA, k = 7.1 × 10−2 cm2 mJ−1) and E. coli AB2463
(deficient in recA, k = 6.7 × 10−2 cm2 mJ−1) strains were tested.43

These results can be explained by the different levels of DNA re-
pair ability of the host cells. uvrA is one of the uvr genes re-
sponsible for DNA repair through the nucleotide excision repair
(NER) pathway.44 The recA gene is involved in various types of
homologous recombination and is essential for the repair and
maintenance of DNA in prokaryotes.45 Thus, the DNA repair in
double-mutant E. coli AB2480 was negligible and resulted in a
highly efficient loss of plasmid transforming activity. In con-
trast, DNA repair was significant in the other E. coli strains (i.e.,
single-mutant and wild-type strains), resulting in much slower
elimination of the transforming activity.

The k value determined here for UV-induced deactivation
of pUC19 in E. coli DH5α (=6.1 × 10−2 cm2 mJ−1) is close to
that for pTZ18R in the E. coli AB2463 strain (=6.7 × 10−2 cm2

mJ−1). Of note, both E. coli strains are deficient in the recA
gene, and the sizes of the two plasmids are comparable (2686
bp for pUC19 and 2861 bp for pTZ18R, Table 2). The k value
for pWH1266 and wild-type A. baylyi is 1.1 × 10−1 cm2 mJ−1,28

which is larger than that for pTZ18R and pBR322 with wild-
type E. coli by a factor of 4.6 and 2.5, respectively. Notably, the
size of pWH1266 is larger than that of pTZ18R and pBR322 by
a factor of 3.1 and 2.0, respectively. Larger plasmids will typi-
cally contain a greater number of potential DNA damage sites
and would accordingly be expected to show a higher rate of
UV-induced elimination of transforming activity.

The rate of pyrimidine dimer formation vs. elimination of
transforming activity of the plasmid

CPDs and 6-4 photoproducts are known as the major types of
UV-induced DNA damage.26,27,46 These types of DNA damage
are readily formed at adjacent pyrimidine sites such as intra-
strand thymine–thymine (TT), thymine–cytosine (TC), cyto-
sine–thymine (CT), and cytosine–cytosine (CC) doublets. The
formation of CPDs usually predominates over the formation
of 6-4 photoproducts. In addition, the TT site is the most
photoreactive in terms of CPD formation among the
bipyrimidine doublets.47,48 For instance, the following aver-
age quantum yields of CPD formation (in the number of
CPDs formed per number of photons absorbed by the entire
target DNA) have been reported during UV254 irradiation of
dsDNA under solutions conditions ranging from pure water-
0.2 M ionic strength; 0.66 × 10−3 : 0.23 × 10−3 : 0.10 × 10−3 :
0.02 × 10−3 for TT : TC : CT : CC.48 The TC site also shows a
high yield for the 6-4 photoproduct with a quantum yield of
0.19 × 10−3.48 In light of this, we attempted to analyze the re-
lationship between the formation rate of CPDs as the major
UV-induced DNA damage and consequent elimination of the
transforming activity of plasmid pUC19.

The UV fluence-based formation rate constant of CPDs
(kCPDs, cm

2 mJ−1) in dsDNA can be written as eqn (2):

kCPDs = (2.303 × ε × ΦCPDs) ÷ U (2)

where ε (M−1 cm−1) is the molar absorption coefficient, ΦCPDs

(mol per Einstein) is the quantum efficiency of CPD forma-
tion, and U (= 4.72 × 105 J per Einstein) is the molar photon
energy at 254 nm [ref. 38 and references therein]. The ΦCPDs

values reported for dsDNA show variations due to different
ways of defining the quantum yield. A ΦCPDs value of ∼2.4 ×
10−3 (Görner, 1994 (ref. 26)) or ∼1.0 × 10−3 (ref. 48) was
obtained by considering the number of CPDs formed per
photon absorbed by the entire target DNA.48 In this case (ap-
proach I, kCPDs-I), the ε value for the entire target DNA should
be used. The ε value for all base pairs in a strand of dsDNA
can be conveniently estimated as εbp = εsbp × (# of base pairs)
in which εsbp is the average molar absorption coefficient of a
single base pair (εsbp = 15 000 M−1 cm−1 (ref. 49)), and “# of
base pairs” is the total number of base pairs in a given DNA.
Alternatively, the quantum yield could be defined based on
the photons absorbed specifically by two adjacent pyrimi-
dines. In the current study, we focused on photon absorbance
by TT sites, as they are the most photoreactive for CPD forma-
tion amongst the four pyrimidine doublets TT, TC, CT, and
CC, and also reported to be the most slowly repaired in hu-
man skin cells.46 In the case of TT sites (approach II, kCPDs-II),
a ΦTT value of ∼2.0 × 10−2 has been reported.47,51 The ε value
for all TT sites within a strand of dsDNA can be calculated as
εTT = εsTT,254 × (#TT), where εsTT is the molar absorption coeffi-
cient of a single TT site (=8400 M−1 cm−1 (ref. 51)) and #TT is
the number of TT sites in a given DNA. Using the two differ-
ent definitions of ΦCPDs described above, kCPDs-I and kCPDs-II
can be calculated for plasmids as a function of the number of
base pairs and TT sites, respectively.

Fig. 4 and S6† show a comparison of the calculated kCPDs
values (dashed lines) with the measured k values for the elim-
ination of transforming activity (symbols) from this study
(pUC19) and from the literature (pTZ18R, pBR322, and
pWH1266) as a function of the number of (a) base pairs
(kCPDs-I) and (b) TT sites (kCPDs-II) in the plasmids. In addi-
tion, a ΦTT value of 2.0 × 10−2 was used for Fig. 4b and S6b.†
Notably, kCPDs (kCPDs-I and kCPDs-II) were close to k measured
when double-mutant E. coli was used as a recipient (differ-
ences ranging from factors of 1 to 2.3). This finding indicates
that in the double-mutant strain, most of the CPDs formed
in the plasmids led to the elimination of transforming activ-
ity because the CPDs were not repaired in the corresponding
host cell. The k values obtained with single mutants and
wild-type E. coli and A. baylyi strains were significantly lower
than kCPDs by factors ranging from 5 to 15 (indicated as the
ratio of the slopes compared to kCPDs, Fig. 4). This result
strongly suggests the significant role of CPD repair activity in
these host cells. One alternative explanation for these trends
may be that some DNA damages on the plasmid are located
where they do not inhibit the plasmid transformation, which
requires further investigation. Overall, good linear trends
were found between the measured k values and the number
of base pairs and TT sites in the plasmids. These trends can
be explained by the fact that more CPDs are formed with in-
creasing gene fragment size, or – more specifically –
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increasing number of potential pyrimidine dimer sites. The
observed linear relation can be further tested in future stud-
ies by determining k for plasmids with different gene frag-
ment sizes and compositions, and in host cells with different
DNA repair abilities.

The rate of pyrimidine dimer formation vs. gene damage
measured by qPCR

Fig. 5 and S7† depict the plots of the measured k values (sym-
bols) for the degradation of target qPCR amplicons as a func-
tion of (a) the number of base pairs and (b) the number of TT
sites in the genes. In addition, k values were compared with
the kCPDs-I and kCPDs-II values of the target genes that could be

calculated via eqn (2) and the method described above (ΦCPD

of 2.4 × 10−3 for Fig. 5a, 1.0 × 10−3 for Fig. S7a,† and ΦTT of 2.0
× 10−2 for Fig. 5b and S7b†). The k data from the UV treatment
of extracellular and intracellular plasmids as well as the k data
from the UV/H2O2 treatment of intracellular plasmids (but
not extracellular plasmids) from this study and from the liter-
ature were included in the plots (Table 1). The UV/H2O2 data
for i-ARGs were included because the damage to intracellular
genes during UV/H2O2 treatment was exclusively caused by
UV, with little contribution from ˙OH. The k values for extra-
cellular plasmids during UV/H2O2 treatment were not in-
cluded because they were much larger compared to those of
UV treatment, indicating a significant contribution of ˙OH re-
actions to extracellular gene damage.

Fig. 4 UV fluence-based rate constants (k) for elimination of transforming activity of plasmids as a function of the number of (a) base pairs
(kCPDs-I) and (b) TT sites (kCPDs-II). The k data were obtained from this study (pUC19) and taken from Gurzadyan et al., 1993 (pTZ18r and pBR322)43

and Chang et al., 2017 (pWH1266)28 (see Table 2). The long-dash lines indicate the rate constants calculated for CPD formation across the entire
plasmid (kCPDs). For (a), a ΦCPD value26 of 2.4 × 10−3 was used to calculate the kCPDs-I for the photons absorbed by the entire DNA. For (b), a ΦTT

value50 of 2.0 × 10−2 was used to calculate the kCPDs-II for the photons absorbed by all TT sites within the entire DNA. The short-dash and dotted
lines are the kCPDs multiplied with slope factors (ranging from 1/15 to 1/5) that were obtained to fit the measured k values. See the main text for
further explanation.

Fig. 5 UV fluence-based rate constants (k) for gene damage of extracellular (e-ARGs, triangles) and intracellular (i-ARGs, circles) plasmid-encoded
genes as a function of the number of (a) base pairs (kCPD-I) and (b) TT sites (kCPD-II). The k data were obtained from this study, and taken from Yoon
et al.,22 2017 and Chang et al.,28 2017 (see Table 1). The long-dash lines indicate the calculated rate constant for the CPD formation (kCPDs). For (a),
a ΦCPD value26 of 2.4 × 10−3 was used to calculate, and for (b), a ΦTT value50 of 2.0 × 10−2 was used to calculate. The short-dash lines are
linear regressions of the k values of intracellular genes in which the relative slope of k compared to kCPDs is indicated. See Fig. 4 and the main text
for further explanation.
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The following points are noteworthy and arise from the re-
sults in Fig. 5. First, the intracellular genes (circles) show good
linear relations with the numbers of base pairs and TT sites
(dashed lines, r2 = 0.93 for both cases), whereas k values for the
extracellular genes (triangles) correlated relatively poorly with
the numbers of base pairs and TT sites. Second, the number of
TT sites (k = (6.4 × 10−4) × (# of TT sites), r2 = 0.77, n = 25)
yielded a better linear correlation with k as compared to the
number of base pairs (k = (8.9 × 10−5) × (# of base pairs), r2 =
0.65, n = 25) when both extracellular and intracellular genes
were considered. This result can again be explained by the fact
that UV-induced lesions accumulate most rapidly at TT sites.
Consistent with this notion, k values reported for tetA (216 and
1200 bp)28 were much lower than the other k values shown in
Fig. 5a because the tetA gene contains fewer TT sites for the
same total number of base pairs (Table 1). Third, k values for
the gene damage were close to kCPDs. When compared on the
basis of the total base pairs, the predicted kCPDs-I values
exceeded the measured k values by a factor of ∼2 when a ΦCPD

of 2.4 × 10−3 (ref. 26) was used (Fig. 5a) but were similar to the
measured k values when a ΦCPD of 1.0 × 10−3 (ref. 48) was used
(Fig. S7a†). The variation in the CPD quantum yields in the liter-
ature could be attributed to different analytical methods for
quantifying the dimeric photoproducts (e.g., acid hydrolysis,
chromatographic separation, and quantification by radioactivity
or mass spectrometry) or experimental conditions (e.g., DNA
concentration, ionic strength). When compared on the basis of
total TT sites, the predicted kCPDs-II values exceeded the mea-
sured k values by a factor of 1.5 (Fig. 5b). This level of difference
in k (i.e., within a factor of 2) can be considered minor, given
the assumptions and uncertainties of the parameters in the
kCPDs calculation. Thus, further attempts to improve the kinetic
model for kCPDs-II prediction by considering the photoproducts
of bipyrimidine doublets other than TT were not pursued.

Overall, our results indicate that the qPCR method is sen-
sitive enough to detect most major UV-induced DNA damages
(e.g., CPDs). This finding is consistent with other studies,
which show that the PCR amplification efficiency of genes
containing a CPD is drastically reduced (by ∼2 log10) com-
pared to the intact gene.52

Enhanced degradation of extracellular ARGs and its impact
on elimination of the transforming activity

The kinetic data on gene damage from this study and from
the literature suggest that extracellular genes sometimes un-
dergo more rapid degradation (by a factor of up to 1.7) than
the corresponding intracellular genes during UV irradiation.22

This phenomenon was particularly noticeable for some long
amplicons (i.e., ampR and kanR: 806–851 bp long). The higher
reactivity of extracellular genes may have been caused by inci-
dental photochemical reactions of metal–DNA complexes. In
particular, photolysis of CuĲII)–DNA complexes has been
known to produce CuĲI) and reactive oxygen species (ROS) in-
cluding ˙OH, which can initiate oxidative DNA damage.53 Even
though the plasmid samples in this study were isolated from

E. coli with a purification step (i.e., washing with phosphate
buffer), a certain amount of CuĲII) complexed with DNA could
have remained. This explanation can be supported by the ob-
servation that the degradation rate of e-ampR amplicons dur-
ing UV irradiation of pUC19 decreased by a factor of 1.1–1.7
( p < 0.05) after the addition of EDTA (0.1 mM) or methanol
(10 mM; Fig. S8†). EDTA can lower the photoreactivity of
CuĲII)–DNA complexes by forming a less photoreactive metal–
EDTA complex.54 Methanol can protect DNA by scavenging
˙OH.30 Furthermore, the degradation rate of e-ampR increased
by a factor of ∼1.3 ( p < 0.05) after the addition of CuSO4 (10
μM; Fig. S8†). Similar photochemical reactions of CuĲII)–DNA
complexes could have proceeded and contributed to the en-
hanced degradation of the extracellular genes. Nonetheless,
this was not the case for the intracellular genes, presumably
owing to significant scavenging of UV-induced ROS by intra-
cellular reductants (e.g., sulfur-containing proteins). In agree-
ment with these data, the degradation of extracellular ARGs
was significantly enhanced by H2O2 addition during UV irradi-
ation of plasmids (Fig. 2 and Table 1), whereas no impact of
H2O2 addition was observed for intracellular ARGs, owing to
nearly complete scavenging of ˙OH by intracellular compo-
nents.22 These observations may in turn provide an explana-
tion for the relatively poor correlations of measured k values
with the number of base pairs or TT sites for extracellular
ARGs in comparison with intracellular ARGs (Fig. 5).

It is noteworthy that the enhanced degradation of extracel-
lular ARGs beyond the direct UV-induced damage does not
lead to more rapid elimination of the transforming activity.
The rate of elimination of transforming activity was nearly
constant across the UV and UV/H2O2 treatments of e-ARGs,
while the gene degradation rates varied by a factor of up to
1.8 ( p < 0.05) for the same treatments (Fig. 2 and Table 1).
Thus, the damage to extracellular ARGs by UV, ˙OH, or other
ROS was detectable by the qPCR method, but in the E. coli
transformation assay, only the direct UV-induced gene dam-
age could be detected. This finding could be due to efficient
repair of the gene damage caused by ˙OH (or other ROS) in
the E. coli transformation system. Single oxidized bases (e.g.,
5,6-dihydroxy-5,6-dihydrothymine) are the most frequent type
of nucleobase damage in cellular DNA from exposure to ˙OH,
and most of such lesions are efficiently removed by the cellu-
lar base excision repair system.55 Such DNA repair function
does not exist in the qPCR system. In addition to the DNA re-
pair, the difference in fidelity between E. coli DNA polymerase
and Taq DNA polymerase could have played a role. E. coli is
known to possess specialized lesion bypass DNA polymerases
with low fidelity that enable translesion replication of dam-
aged DNA.56,57 In contrast, the Taq polymerase of the qPCR
method is a relatively high-fidelity polymerase with high
enough sensitivity to detect even minor single-base lesions.52

Conclusions

• Under typical UV fluences for disinfection purposes (e.g.,
40 mJ cm−2), a ∼1 log reduction in the transforming activity
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of a plasmid-encoded ARG is expected. To achieve more ex-
tensive elimination of the transforming activity (e.g., >4 log
reduction), a UV fluence of more than 150 mJ cm−2 is re-
quired. Addition of H2O2 (i.e., the UV/H2O2 advanced oxida-
tion process) does not significantly enhance the efficiency of
elimination of the transforming activity.

• The efficiency of elimination of the transforming activity
for a plasmid-encoded ARG during UV treatment depends on
the rate of formation of CPDs in the plasmid and the repair
of such DNA damage during the transformation process in
host cells. Significant capacity for CPD repair is present in
the E. coli recipient strain (DH5α) used in this study and is
also expected in many wild-type bacterial cells.

• The rate of formation of CPDs can be calculated by con-
sidering the number of TT sites in the target gene fragments
or whole plasmids and the TT-specific photochemical reac-
tion parameters (i.e., ΦTT = 2.0 × 10−2 and εTT = 8400 M−1

cm−1 for 254 nm light). Additionally, CPDs can be sensitively
detected and quantified by qPCR.

• CPD formation is the major DNA damage mechanism
and responsible for the elimination of transforming activity
of extra- and intracellular plasmids during UV and UV/H2O2

treatments.
• For extracellular plasmids, DNA base oxidation takes

place in addition to CPD formation, and these lesions are de-
tectable by the qPCR method. The DNA base oxidation, how-
ever, does not reduce the transforming activity of pUC19 in
the E. coli recipient strain (DH5α) utilized here.
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