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Abstract: Antibiotic resistance genes can be spread via gene horizontal transfer (GHT). Chlorination
and UV irradiation are common disinfection methods used in wastewater treatment plants before
the discharge of treated wastewater. This study aimed to elucidate the effects of disinfection on
the transformation of naked DNA in the aquatic environment. The pUC19 plasmid possessing
ampicillin-resistant beta-lactamase and subjected to different dosages of chlorine or UV irradiation
was used for transformation in Escherichia coli to estimate the transformation efficiency and GHT in
the environment after disinfection. The results showed that doses > 0.5 mg-Cl2/L can effectively
decrease transformation efficiency (1.21 to 8.83-log10) based on pUC19 as the positive control. UV
irradiation can decrease the efficiency (2.37 to 3.39-log10) following 10–60 min of treatment. PCR
and qPCR detection have limitations for determining transformation efficiency because they provide
approximate estimates damaged DNAs. Overall, these results indicate that proper disinfection
management using chlorine and/or UV for treated wastewater before discharge from wastewater
treatment plants can prevent the spread of antibiotic resistant bacteria and genes, by decreasing the
efficiency of naturally occurring bacterial transformations in wastewater treatment plants.

Keywords: chlorination; plasmid DNA; transformation efficiency; UV irradiation

1. Introduction

Problems associated with antibiotic-resistant bacteria (ARB) are becoming widespread
in recent years owing to the increasing use of antibiotics in livestock, hospitals, and domestic
wastewater [1,2]. If bacterial strains gain resistance to an antibiotic during clinical therapy,
higher dosages or other types of antibiotics are needed to suppress or kill them, which
increases medical costs and public health risks. The antibiotic resistance mechanisms
include membrane permeability changes, target modification by mutation, drug efflux
pumps (a molecular pump to eliminate antibiotics and heavy metals from cells), and
degradation [3]. Wastewater treatment plants (WWTPs) receive antibiotics from many
sources, including livestock, household, and pharmaceutical plants. The per capita/total
consumption of antibiotics varies among countries. For example, the concentrations of
ceftazidime detected in sewage from Hong Kong and Shenzhen differ by as much as
70-fold [4,5]. The microbes in biological treatment facilities at WWTPs are affected by the
antibiotics contained in wastewater. Microbes gather at high densities and bacterial cells
easily come in contact with each other during the biological treatment process at WWTPs.
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The concentration of microorganisms in activated sludge during wastewater treatment is
higher than that observed in nature. Environmental DNA including antibiotic-resistant
genes (ARGs) is detected at levels of 5–20 µg/mL as cell associates in biological treatment
tanks and at levels of 1.1–15.9 ng/mL in the effluent at WWTPs [6].

Municipal WWTPs use chlorine and/or ultraviolet (UV) irradiation to disinfect treated
wastewater before discharge to eliminate bacterial human pathogens from biological treat-
ment facilities [7–10]. Chlorine and UV combination treatments are reported to be highly
efficient at inactivating human pathogens and genetic materials [9]. Another concern is that
the release of genetic material from bacterial cells broken during the disinfection process
increases the secondary contamination risk. Disinfection by chlorination in this study is
based on the hydrolysis of sodium hypochlorite to hypochlorous acid and its ionization to
hypochlorite ions, as described below.

NaClO + H2O→ HClO + NaOH

HClO↔ H+ + ClO−

HClO and ClO− are strongly oxidizing and can react with ammonia, humic acids, pro-
tein, polysaccharides, and DNA. Although these soluble microbial products can be removed
by chlorine, they simultaneously generate various disinfection by-products (DBPs). Some
studies have shown the reaction of pyrimidine bases (cytosine and thymine) with chlorine
in producing haloacetic acids (HAAs) and haloacetonitriles (HANs) [11]. Chlorination
of binary pyrimidine bases can also produce carbonous DBPs (C-DBPs) and nitrogenous
DBPs (N-DBPs), which are harmful and included under controlled substances in America,
the EU, and Canada. The chlorination process can also produce other toxic substances,
such as chlorinated polycyclic aromatic hydrocarbons (Cl-PAHs) [12]. These substances
raise environmental concerns owing to their toxicity and potentially harmful effects on
human health. UV is a physical disinfection method. UV light penetrates the cell wall
and can cause damage to DNA, thus inhibiting cellular replication. Use of UV treatment
alone is seldom reported to generate DBPs, whereas post-UV chlorination can generate
trihalomethanes and brominated trihalomethanes [13]. This indicates that UV disinfection
alone has fewer by-products than those of chlorination. UV disinfection does not require
the addition of corrosive chemicals; therefore, it does not produce DBPs, and it has low
operating costs, safe operation, simple management, and broad-spectrum disinfection.
However, in practice, UV disinfection has been found to be ineffective because some cells
can repair UV damage.

Horizontal gene transfer, indicating the spread of resistance genes between different
bacterial cells and from environmental DNA to bacteria, plays an important role in the
spread of antibiotic resistance. Bacteria can acquire resistance genes via transformation,
transduction, and conjugation. Transformation is the direct uptake of genetic materials by
bacteria from the environment. Previous research indicates that the plasmid-quinolone
resistance gene, qnr, can be transferred via a plasmid [14]. Therefore, the role of plasmids
needs to be clarified, especially with respect to treated plasmids as mediators in resistance
transfer. Evaluating the efficacy of commonly used disinfection methods in reducing
antibiotic resistance transfer between WWTPs and the environment is also necessary.

In this study, the transformation efficiency of pUC19, a double-stranded circular
DNA plasmid commonly used as a cloning vector in Escherichia coli, was evaluated upon
treatment with different concentrations of chlorine and UV treatments. After treatment, the
plasmid DNA quantity was evaluated by conventional PCR and quantitative PCR qPCR).
This research contributes to increasing our understanding of the effect of the common
disinfection process on plasmid transformation under univariate conditions (different
concentrations of chlorine treatment or UV irradiation, applied individually) and the
possibility of monitoring DNA quality and quantity after disinfection.
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2. Materials and Methods
2.1. Plasmid Preparation

E. coli DH5α competent cells transformed with pUC19 (Takara Bio Inc., Shiga, Japan)
were cultured in a Luria–Bertani (LB) medium with ampicillin (50 µg/L) at 37 ◦C. In
total, a 50 mL overnight culture of recombinant E. coli was harvested by centrifugation;
pUC19 was then extracted using the GenElute HP Plasmid Miniprep Kit (Sigma-Aldrich,
Taufkirchen, Germany). The quality and purity of pUC19 DNA were verified by elec-
trophoresis using 1.5% agarose gel and by NanoVue Plus (GE Healthcare, Tokyo, Japan).

2.2. Disinfection of Plasmid DNA Using Chlorine and UV Irradiation

Sodium hypochlorite (NaClO, Nacalai Tesque Inc., Kyoto, Japan) was mixed with
sterilized Milli-Q water to make 0.1, 0.5, 1.0, and 2.0 mg-Cl2/L of chlorine solutions. The
concentration of free residual chlorine was determined using a DPD (N, N-diethyl-p-
phenylenediamine) comparator (Sibata Scientific Technology Ltd., Saitama, Japan).

In total, 500 ng of pUC19-plasmid DNA dissolved in 50 µL of TE buffer (10 mM
Tris-HCl, 0.1 mM EDTA, pH 8.0) were added to each chlorine solution (49.950 mL) to obtain
a DNA concentration of 10 ng/mL. Another 500 ng of pUC19-plasmid DNA dissolved in
50 µL of TE buffer were added to 49.950 mL sterilized Milli-Q water (equal to 10 ng/mL)
and then exposed to UV illumination (40 µW/cm2) in a biosafety cabinet (Thermo Scientific
1300 Series A2, Tokyo, Japan). Simultaneously, pUC19 was suspended in sterilized Milli-Q
water to prepare a 10 ng/mL plasmid DNA solution under the same conditions; the control
group was prepared in the dark. The above solution containing pUC19 was shaken at
room temperature at 30 rpm to facilitate the distribution of plasmid DNA. Then, 10 µL
samples were taken at 10 min, 30 min, and 60 min for the next step of transformation and
PCR experiments. The original plasmid DNA concentration was determined using a Qubit
fluorometer (Qubit 4.0, Thermo Fisher Scientific, Tokyo, Japan).

2.3. pUC19 Transformation into E. coli and Plate Colony-Forming Unit Counting

At 10 min, 30 min, and 60 min, 5 µL samples of the treated plasmid DNA samples
were added to 50 µL of E. coli DH5α competent cells (Takara Bio Inc., Shiga, Japan) for
plasmid transformation using electroporation. Immediately after electroporation, 1 mL
of SOC medium was added to the transformed cells followed by culture for 1 h at 37 ◦C.
Then, 100 µL of 10-fold gradient dilution samples was taken and inoculated onto a 1.5%
Luria–Bertani (LB) agar medium containing 50 ng/mL ampicillin. All plates were then
incubated at 37 ◦C for 14–16 h to count the colony-forming units (CFU) of E. coli. Only suc-
cessfully transformed E. coli could grow on the medium as pUC19 contains beta-lactamase,
an ampicillin-resistant gene (ampR). All heterotrophic growth samples were analyzed in
triplicate. The formula below was used to calculate the transformation efficiency of E. coli
in each experimental group.

Transformation efficiency = CFU on plate/(volume plated (µL) × dilution
factor × plasmid concentration (ng/µL))

2.4. PCR and qPCR Detection of the Treated pUC19

Both conventional PCR and qPCR were performed to determine the quantity of the
treated plasmid DNA. The primers, pUC19amp121F and pUC19amp646R, shown in Table 1,
were used to amplify longer fragments (526 bp) by conventional PCR using MightyAmp
DNA polymerase ver. 3 kit (Takara Bio Inc., Shiga, Japan). The thermal conditions were
30 cycles of denaturation at 98 ◦C for 10 s, annealing at 60 ◦C for 15 s, and elongation at
68 ◦C, for 32 s. In total, 2 µL of PCR products were used for electrophoresis to compare band
intensity under UV light. ImageJ 1.53t software was used to compare the band brightness.
For qPCR, the primers of pUC19amp587F and pUC19amp646R, as shown in Table 1, were
used for amplifying the shorter fragment (60 bp) using MightyAmp™ for Real Time (TB
Green® Plus) (Takara Bio Inc., Shiga, Japan). The same thermal conditions as described
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above were used for qPCR with 40 cycles on the Applied Biosystems 7500 Real-Time PCR
System (Thermo Fisher Scientific, Tokyo, Japan).

Table 1. Primer sets used for PCR and qPCR assays in this study.

Primer Sequence Reference

pUC19amp121F 5′-CGAGTGGGTTACATCGAACTG-3′ This study
pUC19amp646R 5′-CTGCAACTTTATCCGCCTCC-3′ This study
pUC19amp587F 5′-ACTTACTCTAGCTTCCCGGC-3′ This study

3. Results
3.1. Reduction in Transformation Efficiency by Chlorine and UV Irradiation

The results show that the different concentrations of free chlorine could affect the
transformation efficiency of pUC19 in E. coli. Treatment using 0.1 mg-Cl2/L could not sig-
nificantly decrease the transformation efficiency (Figure 1). With the chlorine concentration
increased from 0.5 to 2.0 mg-Cl2/L, the CFU of successfully transformed E. coli decreased
from 1.20 to 4.74 log10/µg-plasmid DNA after 10 min of treatment. After 30 min of treat-
ment, the 1.0 and 2.0 mg-Cl2/L treatments decreased the plasmid DNA transformation
efficiency by over 8.71 log10, and no transformed E. coli was counted. When the treatment
duration was extended to 60 min, even 0.5 mg-Cl2/L could decrease the transformed E. coli
by more than 8.83 log10 compared to the 10 min and 30 min treatments.
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UV irradiation also resulted in a decreasing trend with respect to pUC19 transforma-
tion efficiency from 2.48 to 3.78 log10.
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3.2. Detection of Treated pUC19 Using PCR and qPCR

As a universally used plasmid, pUC19 was used for evaluating the transformation
efficiency of plasmid DNA and for PCR and qPCR processes to determine the quantity of
treated plasmid DNA in this study. Based on the brightness of PCR-amplified products, the
0.1 mg-Cl2/L treatment oxidized pUC19 to the extent that the relative brightness decreased
by 11.3%, 8.8%, and 76.5%, respectively, over 10, 30, and 60 min. The 10-fold serial dilution
of the PCR template also showed a similar trend (Figure 2). However, the 0.5–2.0 mg-Cl2/L
treatment did not show any bands after the 10 to 60 min treatment. The qPCR results of
the pUC19 log10 copy numbers are presented in Figure 3. The pUC19 log10 copy numbers
decreased by −0.7%, −2.8%, and 12.9% after the 10-, 30-, and 60-minute treatments with
0.1 mg-Cl2/L, respectively. The copy numbers were out of the range of the standard
curve of qPCR and could not be detected correctly when the chlorine doses increased to
0.5 mg-Cl2/L.
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UV irradiation decreased the brightness of PCR-amplified products from 4.4% to
19.2% over the course of treatment from 10 to 60 min compared with those in the control
group. The log10 copy numbers of pUC19 decreased by −2.2%, −2.4%, and 1.8% after UV
irradiation for 10-, 30-, and 60-minute treatments, respectively.

4. Discussion

WWTPs can spread ARB and ARG to the environment, even though wastewater is
typically treated by chlorination and/or UV irradiation prior to discharge. The oxidative
properties of hypochlorous acid (HOCl) as free chlorine in the disinfection process are
considered to significantly affect nucleic acids, including plasmid and genomic DNA [8,15].
Some researchers have suggested that plasmid DNA is more persistent than genomic DNA
because of its circular structure [15]. One disadvantage of chlorine treatment is that it can
produce potentially harmful by-products. In contrast, UV disinfection is a chemical-free
method. However, the effectiveness of UV disinfection can be reduced by the presence
of particles in water, whereas chlorine is not affected by these [16,17]. Other studies have
revealed that higher UV dosages are required to achieve reduced ARGs (200–400 mJ/cm2

for 3- to 4-log reduction) than for ARB (10–20 mJ/cm2 for 4- to 5-log reduction) [18]. UV
irradiation can also induce bacterial cells into a viable but nonculturable (VBNC) state,
which explains the practical importance of this increased risk relative to public health [19].
In this study, UV treatment for 10 min had a similar effect that of the 1.0 mg-Cl2/L treatment
on decreasing the plasmid DNA transformations into E. coli but did not show better
efficiency than 0.5–2.0 mg-Cl2/L treatments for 30 and 60 min. The results of the UV
treatment results are consistent with those of previous studies in which 40 mJ/cm2 of
265 nm UV-LED could decrease the artificial transformation efficiency by approximately
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3.3-log10 [20]. Previous research indicates that free DNA concentrations in WWTP usually
range from 1.1 to 15.9 ng/mL [6]. In this study, the 10 ng/mL plasmid DNA solution was
disinfected using different concentrations of chlorine and UV irradiation. Application of
chlorine doses greater than 0.5 mg-Cl2/L for treatment durations of 60 min or of doses
greater than 1.0 mg-Cl2/L for treatment durations of over 30 min significantly reduced the
plasmid DNA transformation efficiency into E. coli, as evidenced by a decrease of greater
than 9.46 log10 in CFUs. These results indicate that under these experimental conditions,
no viable transformed E. coli colonies were detected. However, we used E. coli and pUC19,
which are common and easy recipients/vectors for artificial transformation. As the natural
occurrence of transformation is much lower [21,22], so if chlorination/UV can significantly
decrease artificial transformation efficiency, the risk of ARG/ARB spread from WWTPs is
considered to be controlled using chlorine or UV treatments.

The decrease in transformation efficiency can be calculated using the equation below.

KT = log10 (transformation efficiencyt) − log10 (transformation efficiency0)

transformation efficiencyt: the transformation efficiency after t min of treatment
transformation efficiency0: the no treatment transformation efficiency

The kinetics of transformation efficiency affected by UV and 0.5, 1.0, and 2.0 mg-Cl2/L
treatments are shown in Figure 4. The processing time required to reduce the 2-log10
transformation efficiency based on the kinetics diagram is calculated, as shown in Table 2.
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Table 2. Processing time required to reduce the 2-log10 transformation efficiency.

Disinfection Method Processing Time Required for Transformation Efficiency
Reduction 2-log10

UV (40 µW/cm2) 18.04 min
0.1 mg-Cl2/L NA
0.5 mg-Cl2/L 19.25 min
1.0 mg-Cl2/L 10.10 min
2.0 mg-Cl2/L 2.82 min

Degradation of pUC19 treated with low dosages of chlorine can be detected using
PCR or qPCR. At chlorine concentrations over 0.5 mg-Cl2/L for 10 min no bright bands
were detected in the electrophoresed PCR products; further, the results were outside the
standard curve of qPCR. The high chlorine concentration caused all plasmid DNAs to be
oxidatively damaged, and none of the templates could be amplified by PCR. Moreover, the
high concentration of chlorine could have inhibited the PCR, even though the template was
diluted 10 to 1000 times in the PCR amplification (Figure 2).

After the 2.0 mg-Cl2/L treatment for 10 min, E. coli bacteria amounting to
1.41 × 105 CFU/µg-pUC19 were still successfully transformed, but no plasmid DNA could
be detected by PCR and qPCR (Figures 1–3). The linear fit results between the transforma-
tion efficiency of E. coli with the relative brightness of the 0.1 mg-Cl2/L chlorine-treated
PCR product (R2 = 0.935) and the copy numbers (R2 = 0.815) are shown in Figure 3. The
0.5–2.0 mg-Cl2/L treatment made all plasmid DNA below the detection limit, which could
not be analyzed by a spectrophotometer (NanoVue Plus, GE Healthcare, Tokyo, Japan). As
the amount of DNA could not be analyzed by qPCR, the DNA concentration could be less
than 10–4 ng/µL, which is the minimum DNA concentration in the standard curve of the
qPCR used in this study. However, it is only a crude fitting result and is insufficient because
we only tested three data sets for the linear fit. A potential risk of persistent mobile genetic
elements possessing the ability to transfer resistant genes cannot be denied, but these
cannot be detected using PCR and/or qPCR after high-concentration chlorine disinfection
by chlorination. However, the incidence of natural transformation is much lower than that
of artificial transformation, which may alleviate these concerns.

The linear fit between the transformation efficiency of E. coli with the UV-treated DNA
and the PCR band brightness has better results (R2 = 0.981) than that of the copy numbers
determined using qPCR (R2 = 0.681) (Figure 5). The adjacent pyrimidine, especially adjacent
TT (thymine and thymine) in DNA, is considered a UV-active site [23]. A previous study
evaluating the efficacy of UV irradiation, 1 mg/L chlorine, and a combination of both for the
disinfection of Pseudomonas aeruginosa found that the intracellular opr gene copy numbers
and relative brightness did not significantly decrease following treatments with chlorine or
UV alone for 1 to 30 min. This lack of efficacy was attributed to the protective effect of the
cell membrane and the lower percentage of adjacent thymine in the bacterial genome [9].
The lengths of the target amplicons and the percentage of adjacent pyrimidine in this and
other studies are shown in Table 3. UV irradiation can cause thymine dimer formation
in DNA, inducing DNA damage, which can lead to the inability of DNA replication and
the death; UV irradiation results in fewer DNA transformations relative to other bacteria
(Figure 1). Methods to identify the formation of thymine dimers are already established [24].
The adjacent pyrimidine of qPCR amplicons is 30.0%, and that of pUC19 is 22.7%, which
is much lower than that reported in previous studies. This may be one of the reasons for
the poor fit of copy numbers in qPCR and transformation efficiency. Consequently, these
results suggest that the percentage of adjacent pyrimidine is an indicator for estimating
the removal capacity by UV. However, the relationship between the percentage of adjacent
pyrimidine and transformation efficiency should be examined in the future.
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Table 3. Adjacent pyrimidine counts and lengths of target amplicons for qPCR and PCR.

Amplicon or DNA
Dimers (Counts) Dimers/Amplicon Length (%)

Reference
CC CT TC TT Total CC CT TC TT Total

60 bp * 5 5 4 4 18 8.3 8.3 6.7 6.7 30.0 This study
tetA (210 bp) * 37 26 30 12 105 17.6 12.4 14.3 5.7 50.0

[21]
tetA (1054 bp) * 185 104 135 81 505 17.6 9.9 12.8 7.7 47.9
ampR (192 bp) * 22 21 26 42 111 11.5 10.9 13.5 21.9 57.8
ampR (851 bp) * 87 104 105 118 414 10.2 12.2 12.3 13.9 48.6

80 bp * 9 8 14 6 37 11.3 10.0 17.5 7.5 46.3
[18]601 bp * 61 74 84 97 316 10.2 12.3 14.0 16.1 52.6

526 bp ** 24 32 43 36 135 4.6 6.1 8.2 6.8 25.7 This study
pUC19 (2686 bp) 130 163 179 139 611 4.8 6.1 6.7 5.2 22.7 This study

Notes: * For qPCR; ** for PCR.

WWTPs also use other technologies used for disinfection. Besides the widely used chlori-
nation and UV irradiation processes, the other methods include combined UV/chlorination,
ozone [25], silver ions, solar photocatalysis [26], boiling water [27], and so on. Silver ions
are especially efficient at damaging extracellular resistance or recombinant genes [28]. The
biggest advantage of chlorine disinfection is that it is cheap and easy to use, especially in
developing regions [29]. UV irradiation is considered a safe physical disinfection method
with no by-products but has disadvantages in monitoring the disinfection effects compared
to those of chlorine treatments, and the cost is higher. However, UV LEDs can overcome
some of the disadvantages of traditional UV [30].

Both the relative brightness of the bands in PCR and the copy numbers in qPCR
can be representative parameters of the transformation efficiency of UV disinfected DNA
samples (Figure 5). With chlorine treatments, some plasmids can still be transformed into
E. coli at high chlorine concentrations, but these are not detected by relative brightness
in PCR or by copy numbers in qPCR. In addition, other research indicated that qPCR
detection could lead to an overestimation of ARG risk using shorter qPCR amplicons [20].
However, in this study, combining the results of UV or chlorine treatments, PCR and
qPCR detection was found to underestimate the risk of ARG transmissions. The actual
disinfection efficiency and suitable treatment for the disinfection against ARB as well as
ARGs thus needs to be investigated. The present study suggests that one should not rely on
only one method (only PCR or only qPCR of molecular biology method) when estimating
the spread risk of ARB and ARG. Other research also suggests that bacterial isolation
and culture-dependent risk assessment methods can be applied to different samples and
regions [31]. Kim et al. [31] reported a clear difference between environmental (4% of
strains showed antibiotic resistance) and clinical strains (35.7% of strains showed antibiotic
resistance) using antibiotic susceptibility tests. F, the percentage of antibiotic tolerance,
which is an indicator of potential resistance risks for strains that have not become resistant,
was 78.8% for clinical strains and 90% for environmental strains. Thus, it is necessary to
develop a method combining both culture-independent methods (molecular methods such
as PCR and qPCR) and culture-dependent methods (plate counting such as transformation
efficiency) to estimate the risk of spreading ARB/ARG and to assess the actual situation in
the environment.

The processing time required for 2-log10 reduction in transformation efficiency by
using UV irradiation is 18.04 min, as the UV lamp is 40 mW/cm2; thus, the energy con-
sumed is 43.296 mJ/cm2. This is substantially lower than the energy required for a 2-log10
reduction in pUC19 by qPCR in this study. This study is consistent with a previous study
showing that more UV irradiation power is needed to cause a 2-log10 copy number reduc-
tion in 16S rDNA compared to the same reduction in transformation efficiency [28]. This
can be explained by the fact that even a little damage to pUC19 can affect transformation
efficiency, whereas more DNA damage is needed to be reflected in the qPCR results.
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Chlorine oxidation treatment is more advantageous than UV treatment in damaging
plasmid DNA, and previous studies have shown that only 1.980 mg/L treatment for one
minute can reduce 16S rDNA by 2-log10. This study also demonstrates that pUC19 is easily
oxidized by chlorine and cannot be detected by PCR and qPCR, but plasmids that are still
transformed into E. coli after chlorine treatment cannot be ignored to reduce the spread of
resistance genes.

Some combined technologies indicate that energy costs can be reduced. For ex-
ample, the energy consumption of the UV/electrolysis hybrid reactor was reported as
0.17 kWh/m3 [32,33]. Some studies even indicated that boiling, especially at water temper-
atures higher than 90 ◦C, can significantly remove the ARGs; however, this is uneconomical
with respect to energy use [27]. Furthermore, it is necessary to develop a system that
provides easy access to real-time ARB and ARG data via web-based tools and platforms,
such as interactive maps, as reported by Stedtfeld et al. [34]. As medical doctors share
information about the clinical strains of ARB in the region when diagnosing patients for
chemical therapy, citizens are also required to know their situation and act in preventing
environmental damage to wildlife, livestock, and human health [35].

5. Conclusions

The effectiveness of chlorine or UV irradiation treatment in reducing the transforma-
tion efficiency of free naked pUC19 into E. coli reminds us that commonly used technologies
play an important role in reducing the spread of antibiotic resistance at WWTP if sufficient
doses of chlorine (>0.5 mg-Cl2/L) and sufficient treatment times (>60 min) are used. This
study conducted a dynamics analysis of naked plasmid DNA disinfected using chlorine
or UV and analyzed the relationship between transformation efficiency and PCR/qPCR
detection, which helps understand disinfection efficiencies in actual complex conditions.
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