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ABSTRACT: The dissemination of antibiotic resistance genes (ARGs) has [ o~r A Heat treatment at 75°C enhances e aPCR

replication, { detectability of supercoiled from plasmid
garnered significant attention. Our study revealed that nearly 90% of the ~ LA ~ y of suf .
supercoiled form plasmids in laboratory standard ARGs vector plasmids Supertere ™

Covalently closed

were undetectable by direct detection using Quantitative Real-time |“Guiow
polymerase chain reaction (qPCR). We propose a pretreatment heating
at 75 °C for 10 min to enhance the efficiency of qPCR detection for
plasmid borne ARGs. Treatment of the pBR322 plasmid using this method
enhanced the qPCR detectability of tetA (carried by pBR322 plasmid) from
14.1% to 69.1%. Subsequently, we extracted DNA from water samples
collected from the Songhua River and compared the relative abundance of
ARGs in the samples before and after the heat pretreatment. The results
revealed that the relative abundance of approximately 56% of the ARGs
increased, the majority of which are located on plasmids. This finding
indicates that direct detection using qPCR could lead to an underestimation of the levels of contamination associated with plasmid-
borne ARGs. In addition, we investigated that the change of vector plasmid structure in the ARGs degradation experiment can
seriously interfere with the qPCR quantification of ARGs, thereby presenting a challenge to accurately assessing the degradation rate
of ARGs.
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B INTRODUCTION and the relative abundance of tetD in the Altamaha River
estuary is even as high as 1.48 X 107" copies/16S rRNA.”
Horizontal gene transfer (HGT) is a key factor contributing
to the rising levels of ARG contamination, encompassing four
modes: conjugation transfer, transformation, transduction, and
vesicular transport.”” Mobile genetic elements (MGEs) serve
as vectors of ARGs and play crucial roles in HGT." For
instance, integron can capture and integrate exogenous genes,

The issue of antimicrobial resistance arising from antibiotic
misuse has garnered extensive global attention." Although the
emergence of antimicrobial resistance is a natural process, it
has been significantly accelerated by the extensive use of
antibiotics in healthcare and aquaculture, leading to the
proliferation of antibiotic-resistant bacteria (ARB).”’ From
2000 to 2015, global antibiotic use increased by 65% and is

projected to reach 128 billion defined daily doses (DDDs) by ;or};ert1nghthem 1rflto f?ncn?r?l gene expression u‘mti Whlc,h
2030.4 There is a Signiﬁcant correlation between the acilitate the transfer ot multiarug-resistant genes in bacteria

. 111 .
emergence of antibiotic resistance genes (ARGs) and antibiotic zla téansp osons or plg;n:ilds._ The I}Rl;Gsdlnl;clh € k_i(t;St _PL_SDB
concentrations. For instance, the relative abundance of sull atabase were quantified using ndertlus, 1 entlfylng.a
o . . . . total of 96,072 ARGs across 59,895 complete plasmid
and sul2 in river sediments is positively correlated with This implies th b olasmid )
sulfonamide concentrations in river water.” Thus, the misuse of .sequelncels.é AlliGlmp les that cac Nf asmit contalnshaP Pr(ﬁ(—
antibiotics exacerbates the contamination level of ARGs in the imately 1. § on average. oreover, research in the

environment. An analysis utilizing Natural Language Process-

ing (NLP) identified 9374 studies reporting ARG contami- Received: March 9, 202§
nation across various regions.” Among these, multidrug Revised:  June 24, 2025
resistance was the most frequently documented, followed by Accepted:  June 26, 2025

P-lactams, glycopeptides, sulfonamides, and tetracyclines. Published: June 29, 2025

Survey statistics indicate that the relative abundance of
ARGs in the environment was 1072—1077 copies/16S rRNA,
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medical field has shown that the most clinically significant
ARGs are often located on various MGEs and can be
transmitted between both pathogenic and nonpathogenic
organisms.'® Therefore, accurately identifying and quantifying
plasmid-borne ARGs is essential.

However, as one of the primary tools for ARGs detection,
qPCR may not be capable of directly detecting plasmid-borne
ARGs. As early as 1992, Garner and Chrambac discovered
three forms of the pBR322 plasmid:a negative supercoiled
form (hereafter referred to as supercoiled form), a nicked
circular form, and a linear form, while it was also detected that
the migration distances of the pBR322 plasmid in these
different conformations vary during electrophoresis.'"
Subsequently, other scholars identified the fourth structure of
pBR322, known as the relaxed circular form. Researchers have
determined that supercoiled form plasmids are poor substrates
for gPCR.'® This is because covalently closed circular DNA
generates a positive supercoiled form when analyzed by qPCR,
which inhibits the breaking of DNA double strands and
prevents DNA replication.17 In contrast, nicked circular and
linear form plasmids are suitable substrates for gPCR because
they lack a complete loop structure and cannot form a positive
supercoil. This observation has also been noted in the
literature concerning ARGs degradation, as most ARGs studied
in the laboratory are carried by plasmids."*"”

High-Throughput qPCR (HT-qPCR) is an advanced
technology in real-time quantitative polymerase chain reaction
that integrates automated equipment, microfluidic chips, or
multiwell plate technology. This integration facilitates rapid
and precise large-scale quantitative analysis of samples or target
genes. Owing to its advantages of low cost, high sensitivity,
high specificity, and high throughput, this technique is widely
employed for detecting ARGs in environmental samples.”’™**
Zhuang et al. conducted a Natural Language Processing (NLP)
analysis of papers related to ARG contamination detection and
provided a detailed list of 40 papers, 29 of which employed
gqPCR/PCR methods. Currently, the accuracy of qPCR in
detecting plasmid DNA remains uncertain. Given that a
substantial number of ARGs in the environment are found on
plasmids, which exhibit higher transmissibility,”® accurate
quantification of plasmid-borne ARGs is essential for assessing
both their ecological impact and potential human health risks.

This study assessed the detectability of laboratory standard
ARG vector plasmids using qPCR. Simultaneously, we
proposed a sample pretreatment method designed to non-
specifically enhance the detection efficiency of qPCR for
plasmid-borne ARGs. This method was employed to detect
and analyze ARGs in river water samples from the Songhua
River located in northeast China, revealing significant changes
in ARGs abundance before and after treatment. Our findings
demonstrate that direct detection of ARGs using qPCR in the
environment substantially underestimates contamination levels
of plasmid-borne ARGs.

We finally discuss that when plasmid-borne ARGs are
utilized in photodegradation experiments, the experimental
samples could not be accurately quantified by qPCR. This
leads to a paradoxical trend of increasing ARGs concentrations
in the early stages of degradation, complicating the accurate
analysis of the degradation rate of ARGs. Consequently, we
propose utilizing nucleic acid endonuclease to construct linear
form ARGs vector plasmids for degradation experiments to
ensure data accuracy.
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B METHODS AND MATERIALS

Plasmids and Nucleic Acid Endonucleases. The
pBR322 plasmid (0.5 g/L) containing the tetracycline
resistance gene fetA and the pUCS7 plasmid (0.5 g/L)
containing the ampicillin resistance gene AmpR, were
purchased from Thermo Fisher Scientific and Sangon Biotech
Co., Ltd. (Shanghai, China), respectively. The nucleases ApaL
I and Smal, used for the construction of linear form plasmids,
were purchased from BBI Life Sciences Corporation. The
nuclease Nt.BstNBI used to construct the nicked circular form
plasmid was purchased from Beyotime Biotechnology. Addi-
tional chemicals, reagents, materials, and their corresponding
commercial suppliers are listed in Text S1 of the Supporting
Information.

Construction of Linear, Relaxed Circular and Nicked
Circular Form Plasmids. Linear form pBR322 was
constructed using ApaL I nuclease, which has a single cleavage
site (5'-GJTGCAC-3/, 3'-CACGT1G-5'). The digestion
system comprised 16 L of nuclease-free water, 2 uL of 10X
Buffer Y, 1 uL of DNA (0.1 pg/uL) and 0.5 of uL ApaL I (10
U/uL). After gentle mixing and brief shaking, the mixture was
incubated at 37 °C for 2 h. Similarly, linear pUCS7 was
constructed using Smal endonuclease, which has a single
cleavage site (5’-CCCT1GGG-3’, 3'-GGGJCCC-S’). The
enzymatic procedure for Smal was identical to that employed
for ApaL L

Relaxed circular form of pBR322 and pUCS7 were
constructed using cowpox DNA topoisomerase I. This enzyme
catalyzes the breaking and rejoining of phosphodiester bonds
at specific sequences in single-stranded regions within double-
stranded DNA, leading to the relaxation of both positive and
negative supercoiled forms of covalently closed circular
DNA.**** The reaction mixture consisted of 15 uL nuclease-
free water, 2 uL 10X reaction buffer, 2 uL. DNA (50 ng/uL),
and 1 uL cowpox DNA topoisomerase I (1 U/uL). After
gentle mixing and brief shaking, the mixture was incubated at
37 °C for 2 h.

Nicked circular form plasmid was constructed using the
Nt.BstNBI enzyme. The digestion system comprised 16 uL of
nuclease-free water, 2 uL of 10X Buffer O, 1 uL of DNA (0.1
ug/uL) and 0.5 of uL ApaL I (10 U/uL). After gentle mixing
and brief shaking, the mixture was incubated at 55 °C for 1 h.
It is worth noting that relaxed circular and nicked circular form
plasmids represent distinct topological forms. The fundamental
structural difference involves strand continuity: relaxed circular
plasmids preserve complete double-stranded integrity, while
nicked circular form plasmids contain a single-strand nick,
resulting in an interrupted phosphodiester backbone in one
DNA strand.

gPCR Standard Curve for ARGs. The ARGs solution was
serially diluted to prepare concentrations of 10 mg/L, 1 mg/L,
0.1 mg/L, 10 ug/L, and 1 ug/L. The prepared solutions were
analyzed using qPCR to obtain the corresponding Ct values,
with three parallel assays conducted for each sample group.
Standard curve equations were constructed for ARG
concentration against Ct values, yielding an R* value of 0.999.

DNA Electrophoresis and Fluorescence Signal Anal-
ysis. DNA electrophoresis is a valuable technique for plasmid
structure analysis. For example, electrophoresis can be used to
analyze the pBR322 plasmid through electrophoretic bands,
identifying structures such as supercoiled form (4500 bp),
nicked circular form (>5000 bp), linear form (between

https://doi.org/10.1021/acsestwater.5c00272
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supercoiled and nicked circular form), and single-linear form
(2000 bp)."”

Half a gram of 1% agarose was dissolved in 50 mL of TAE
buffer solution and microwaved until completely dissolved. An
amount of 2.5 uL of 4S Green Plus nontoxic nucleic acid dye
was added to the solution, and allowed to cool to form an
electrophoresis gel. In each sample well, 1 uL of 6X Glycerol
Gel Sampling Buffer VII mixed with S L of ARGs sample was
added. Electrophoresis was conducted at 120 V for 20 min
using DNA Marker S (100—S000 bp) as a molecular weight
standard. Electropherograms were captured using an electro-
phoresis gel imaging system.

Image] software facilitates precise quantification of fluo-
rescence signals specifically emanating from targeted areas in
electropherogram analyses.”® The area and average fluores-
cence intensity of the bright regions were identified and
measured. The total fluorescence was calculated as the product
of the area and the average fluorescence intensity, representing
the number of DNA molecules in the region.

Heat Pretreatment of Plasmid Samples. First, added 90
uL of plasmid DNA sample to a 200 4L PCR tube and heated
at 75 °C for 10 min in a thermostatic metal bath. Immediately
cooled the tubes in an ice bath. Subsequently, added S uL of
200 mM Tris—HCI solution and § pL of 20 mM EDTA
solution to achieved final concentrations of 10 mM Tris—HCI
and 1 mM EDTA, respectively, to prevent DNA degradation
during storage. Stored the treated samples at —20 °C.

DNA AFM Image. The damage to DNA after exposure to
light was observed using atomic force microscopy (AFM).””**
Applied 1 mL of a 10 ng/uL DNA sample onto a mica sheet.
Allowed the droplet to dry nearly completely, then blotted
away the excess liquid with filter paper. Once the sample was
completely dry, proceeded with testing on the machine.
Imaging was performed using a Dimension ICON instrument,
scanned with an Otespa-r3 probe in contact mode at a
scanning speed of 1 Hz. AFM images were analyzed using
Nano Scope Analysis 1.8 software to measure DNA length.

Extraction and Analysis of ARGs in Songhua River
Water Samples. We collected water samples from the
Songhua River located in northeast China in August. The
sampling sites are illustrated in Figure S1, and their coordinates
are listed in Table S3. Water samples were collected at a depth
of 0.5 m using a water sampling bucket, transferred into sterile
bio sampling bags, and then transported to the laboratory for
storage at 4 °C. Sample DNA was extracted, and high-
throughput detection of target ARGs was conducted using the
QuantStudio 12 K Flex (Applied Biosystems). Relative
abundance (RA) was calculated using the equation 2ACt
where ACt = Ct (target gene) — Ct (internal reference gene).

B RESULTS AND DISCUSSION

Plasmid-Borne ARGs Cannot be Fully Detected by
gPCR. The structure of the ARGs vector plasmid may interfere
with ARG detection by qPCR. We utilized the Apal I
endonuclease to create the linear form pBR322 plasmid (tetA
vector plasmid), which linearized the plasmid without
impacting the ARGs. The tetA standard curves were generated
using the fetA vector plasmid both before and after
linearization as the qPCR reaction substrate: the gqPCR
methods and primers are detailed in Text S2 and Table S1.
The results indicated that ARGs utilizing the linearized
pBR322 plasmid as a vector exhibited lower Ct values (Figure
1a). The analysis of the two standard curves presented in
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Figure 1. Variations in ARGs qPCR standard curves observed before
and after the digestion of pBR322 (a) and pUCS7 (b) plasmids.
Variations in ARGs qPCR standard curves observed before and after
the despiralization of pBR322 (c) and pUCS7 (d) plasmids. The
standard curve equations are listed in Table S2.

Figure la revealed that the difference in intercept between the
two sets of equations (ACt"”) was 2.82. This suggests that the
concentration of tetA detected following the linearization of
the pBR322 plasmid was 7.06-fold higher compared to that of
the untreated plasmid, if quantified using a standard curve
generated using linear form plasmids. Since linear form
plasmids serve as excellent templates for qPCR, the standard
curve generated using linear form plasmids as vectors can
accurately determine the actual concentration of tetA genes.'®
This indicated that only 14.1% of the untreated pBR322
plasmid can be directly detected by gPCR (The calculations
are detailed in Text SS). The experiments were repeated using
Smal endonuclease to construct a linear pUCS7 plasmid
(AmpR vector plasmid). It was found that only 12.4% of the
untreated pUCS7 plasmid could be directly detected by gPCR
(Figure 1b).

ARGs Carried by Supercoiled Form Plasmids are Poor
Substrates for qPCR. To identify which plasmids in the
standard plasmid samples could not be directly detected by
qPCR, we employed electrophoresis to analyze the standard
pBR322 and pUCS7 plasmid samples, which revealed a high
prevalence of the supercoiled form and a small fraction of the
nicked circular form. After treatment with nucleic acid
endonuclease, all plasmids converted to the linear form
(Figure 2a,b). To analyze the proportion of plasmids with
supercoiled and nicked circular form in the samples, we
quantified the fluorescence signals of the plasmid bands in the
electropherograms using Image] software. The results
indicated that the nicked circular form in the standard
pBR322 and pUCS7 plasmids accounted for only 12.6 and
10.9% of the total plasmids. This proportion closely resembles
the 9% finding by Shin and Lee, underscoring the widespread
presence of plasmids exhibiting nicked circular form.** These
percentages closely align with the quantifiable proportion in
the standard plasmids, which are 14.1 and 12.4% for pBR322
and pUCS7, respectively. Subsequently, we simulated the
qPCR predenaturation process for the pBR322 plasmid.
Heating at 95 °C for 1 min left the supercoiled form largely
unchanged, while the original nicked circular form was
converted into single-stranded DNA (Figure 2c), enabling it

https://doi.org/10.1021/acsestwater.5c00272
ACS EST Water 2025, 5, 4025—-4034


https://pubs.acs.org/doi/suppl/10.1021/acsestwater.5c00272/suppl_file/ew5c00272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.5c00272/suppl_file/ew5c00272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.5c00272/suppl_file/ew5c00272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.5c00272/suppl_file/ew5c00272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.5c00272/suppl_file/ew5c00272_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestwater.5c00272?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.5c00272?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.5c00272?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.5c00272/suppl_file/ew5c00272_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestwater.5c00272?fig=fig1&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.5c00272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

pBR322
) e -

Marker S
5000 bp

3000 bp 2-1 2-2 3-1 3-2
2000 bp

1500 bp Untreated

Digestion

4-1 4-2

=

6-1 6-2
= =

Untreated

Marker S

puUC57

5000 bp

3000 bp
2000 bp

1500 bp Digestion

e oy form

5000bp « o -ZZZZZZIZICC E It L 5000 bp
Iheise | Sw—_—" Dt e '

P %% Supercoiled form Linear form SUbp ; : —-:—

1
20000 2000 bp RITTE AR ! Linear form b
e i, o (a) 1500 bp Supercoiled form ( )
pBR322

Marker S i
5000 bp W o

3000 bp W
1

2000 bp W |-

1500 bp M

0 min

w15 (€

<— Single stranded )J

Figure 2. Electropherograms of pBR322 (a) and pUC57 (b) plasmid before and after enzymatic treatment (The numbering of fluorescence regions
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Structure change of pBR322 plasmid after heating treatment at 95 °C (c).
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Figure 3. Electrophoretic strips of plasmid DNA after deconvolution by topoisomerases (a). Effect of treatment of pBR322 plasmid with 0.2 M
NaOH on tetA qPCR Ct value (b). Electrophoretic bands of pBR322 plasmid after different times of treatment with 0.2 M NaOH (c).

to bind to the primer and facilitate subsequent DNA
replication. However, the supercoiled form of the plasmid
was not effectively deconvoluted, which impeded the DNA
replication process and ultimately reduced the qPCR detection
efficacy of the plasmid.””*" We constructed the nicked circular
form plasmid using the nicking enzyme Nt.BstNBI It was
observed that at identical concentrations, the Cq value of the
nicked circular pPBR322 was significantly lower than that of the
untreated pBR322. This behavior was similar to that of the
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linearized plasmid, demonstrating that the nicked circular form
plasmid is an effective substrate for gPCR (Figures S6 and S7).

This finding suggests that the structure of ARGs vector
plasmids has a non-negligible influence in JPCR. ARGs vector
plasmids found in the environment are typically present in
their supercoiled form.” Given the widespread use of HT-
gPCR for detecting environmental ARGs, it is essential to
assess whether employing HT-qPCR for the direct detection of
environmental samples results in an underestimation of
plasmid-borne ARGs contamination levels. This work was
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Figure 4. Structure change of pBR322 plasmid under heating at 75 °C (a). AFM images of pBR322 plasmid before (b) and after (c) treatment at
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commercial plasmid not subjected to enzyme treatment; Linear form plasmid: commercial plasmid that has undergone enzyme treatment). The
stability of the heat pretreatment samples was assessed after storage at —20 °C for 7 days (indicated by the blue line in the figure).

very challenging due to our inability to utilize enzymatic
processing on plasmids of unknown sequences found in the
environment. Therefore, it is essential to develop a nonspecific
enhancement for the processing of supercoiled form plasmids
to enhance their detectability by gPCR.

Disruption of the Covalently Closed Loop Structure
of Vector Plasmids is Crucial for Enhancing the qPCR
Quantifiability of ARGs. To develop a method for
nonspecifically enhancing the qPCR quantifiability of plas-
mid-borne ARGs, we explored the use of topoisomerases and
NaOH base denaturation. These methods are designed to
disrupt the supercoiled form of plasmids. In bacteria, type I
and type II topoisomerases are capable of relaxing negative as
well as positive supercoiled form of plasmids by cleaving and
rejoining the DNA double strands.””** This facilitates the
unspooling and successful replication of plasmid DNA.” We
attempted to utilize cowpox topoisomerase I to relax the
supercoiled form of the pBR322 and pUCS57 plasmids.
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Electrophoretic analysis of the treated samples demonstrated
significant upward shifts in the electrophoretic bands of the
plasmids, indicating that the plasmid structures had relaxed,
thereby confirming the successful construction of plasmids in a
relaxed circular form (Figure 3a). The standard curve for
qPCR was established using the ARGs carried by the relaxed
circular form plasmid as the substrate, and it was found that
there was no significant difference when compared to the
untreated plasmid (Figure 1lc,d), confirming that the relaxed
circular form plasmid was also a poor substrate for qPCR.
Given that certain chemicals can denature DNA, we
attempted to generate single-stranded DNA by breaking the
hydrogen bonds of plasmid DNA using NaOH (Text $6).”°**
When treating pBR322 with varying NaOH concentrations, we
observed denaturation beginning at 0.2 M NaOH (Figure S2).
The denatured plasmid band appeared between the super-
coiled form plasmid and the single-stranded DNA bands,
forming a new band. Studies by some scholars indicate that
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while NaOH effectively cleaves hydrogen bonds within DNA,
enabling the transition to single-stranded DNA, its efficacy is
primarily observed in linear DNA. Plasmid DNA presents a
distinct scenario as its structural extremities, the 3’ and 5’ ends,
are fortifyingly connected through covalent bonds, impervious
to NaOH-induced cleavage. Thus, plasmid DNA, when
exposed to NaOH, indeed transitions to a single-stranded
state; however, the single strands remain joined due to these
robust covalent bonds. Upon re-exposure to neutral pH,
complementary base pairing facilitates the reformation of the
double-stranded DNA, engendering a new topological form of
the plasmid. This transition manifests prominently as a
pronounced downward shift in the electrophoretic band
patterns.”” To evaluate whether this new structure facilitates
plasmid DNA deconvolution, we treated pBR322 with 0.2 M
NaOH and observed that the structure remained stable with
extended treatment durations (Figure 3c). Subsequent gPCR
assays indicated that this new structure did not enhance the
efficiency of qPCR detection of tetA carried by the pBR322
plasmid (Figure 3b). Therefore, the interference of the plasmid
structure with qPCR may only be resolved by disrupting the
intact circular structure of the plasmid and mitigating the
generation of twisting stresses.

Heat Treatment at 75 °C Nonspecifically Enhances
the qPCR Detectability of Plasmid-Borne ARGs. Liter-
ature states that DNA can be partially denatured at
temperatures above 50 °C, resulting in disruption of hydrogen
bonding.40 In our experiments, we observed that heat
treatment at 75 °C effectively eliminated the supercoiled
form of the pBR322 plasmid, whereas prolonged heating
(more than 3 min) at 95 °C resulted in significant damage to
the plasmid (Figure S3). Electrophoretic analysis of pBR322
plasmid samples after heat treatment at 75 °C indicated that
the quantity of single-stranded DNA increased significantly
with prolonged treatment time. Concurrently, the bands
corresponding to the supercoiled form shifted slightly upward,
indicating that some plasmids had converted into their linear
form (Figure 4a). To visualize the structure change of the
pBR322 plasmid more intuitively, we examined the morphol-
ogy of the plasmid in the samples using atomic force
microscope (AFM). The results revealed that most of the
plasmid in the untreated samples appeared as compact
globules. These globules had diameters of approximately 150
nm (Figure 4b), indicating that the DNA existed in a
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supercoiled form.*' In contrast, the samples subjected to

heat treatment at 75 °C for 10 min exhibited numerous linear
form plasmids with lengths exceeding 1000 nm (Figure 4c),
demonstrating that the heat treatment caused plasmid
breakage and the formation of linear form and single-stranded
plasmids. Heat treatment serves a dual function in plasmid
DNA alteration: first, it induces substantial denaturation of
plasmid DNA, resulting in the collapse of single-stranded
regions; '’ second, it disrupts hydrogen bonds within the DNA
double helix, thereby compromising its structural integrity and
rendering the DNA more vulnerable to hydrolytic and
oxidative damage. Consequently, these effects facilitate the
transition of plasmid DNA to its linear form and contribute to
the production of substantial quantities of linear and single-
stranded DNA. This subset of linear form plasmids and the
single-stranded DNA were suitable substrates for qPCR
amplification. Although this method does not completely
eliminate the supercoiled form of the plasmid, the ratio of such
structures is significantly reduced.

The results of the qPCR detection indicated that the
concentration of tetA detected in the samples increased
gradually with the duration of heat treatment at 75 °C.
However, the increase in the quantifiable rate of plasmid-borne
ARGs during heat treatment reaches a plateau period.
Specifically, pBR322 enters the plateau period at 6 min,
while the pUCS57 plasmid does so after 10 min. Based on these
observations, we selected 10 min as the optimal duration for
heat treatment. After 10 min of treatment, the detected
concentration of tetA rose 4.90-fold (Figure 4d), indicating
that this method enhanced the proportion of the detectable
fraction of the pBR322 plasmid from 14.1 to 69.1%. Similarly,
treatment of the pUCS7 plasmid using this method increased
the detected concentration of AmpR by 2.16-fold (Figure 4e),
suggesting that the method has a certain degree of general
applicability.

To verify the stability of the heat-treated samples, we stored
them at —20 °C for 7 days. Following storage, we conducted
gPCR again and observed that the detected concentrations of
both tetA and AmpR increased during exposure from 0 to 10
min (Figure 4d,e). This increase may be attributed to damage
of the supercoiled form plasmid caused by freezing and
thawing, which likely resulted in the formation of some nicked
circular and linear form plasmids.**** In conclusion, this
method nonspecifically enhanced the qPCR detectability of
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plasmid-borne ARGs by disrupting the supercoiled form of the
plasmid through heat pretreatment at 75 °C.

HT-qPCR Underestimated the Level of Plasmid-borne
ARGs Contamination in the Environment. HT-qPCR is
an enhanced version of traditional quantitative PCR. It enables
rapid and precise quantitative analysis of hundreds to
thousands of samples or target genes simultaneously by
incorporating automated equipment, microfluidic chips, or
multiwell plate technology.”* According to the literature, a
significant proportion of plasmids in natural water environ-
ments exist in supercoiled form, a finding substantiated by our
experimental results (Figure $5).*>*® The quantification of
plasmid-borne ARGs using HT-qPCR with standard curve-
based calculations may lead to underestimation of their
environmental contamination potential. We collected water
samples from sampling sites S1, S2, and S3 along the Songhua
River, extracted the DNA, and selected 58 ARGs for HT-qPCR
detection. Among these, 18 ARGs were undetectable at all
three sampling sites. The relative abundance of ARGs (16S
rRNA-normalized) in the untreated DNA samples was
compared with that in the DNA samples after pretreatment
at 75 °C for 10 min. The results showed that, on average,
55.9% of the ARGs exhibited significant enhancement across
the three sampling sites, while 34.3% of the ARGs were
undetectable before heat treatment but showed higher relative
abundance after treatment (Figure Sa and Table SS).

Simultaneously, we observed a reduction in the relative
abundance of certain ARGs. To investigate this phenomenon,
samples from the S2 sampling site were selected to extract
plasmid DNA and conduct HT-qPCR detection (the method-
ology is detailed in Text S3). The results indicated that ARGs
with increased relative abundance are located on plasmids,
whereas those with significantly decreased relative abundance
were associated with nonplasmid DNA. This suggests that the
heat treatment method could potentially lead to the
degradation of nonplasmid borne ARGs (Figure Sb and
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Table S6). In conclusion, our findings indicate that qPCR,
when used to directly detect environmental samples of ARGs,
significantly underestimates the contamination levels of
plasmid-borne ARGs, which are associated with a high risk
of dissemination.”” Heat pretreatment methods can signifi-
cantly enhance the proportion of quantifiable plasmid, enabling
more accurate quantification of ARGs concentrations through
standard curves generated using linearized ARGs substrates.
Meanwhile, detection of plasmid-borne ARGs in the environ-
ment should receive more attention.

B ENVIRONMENTAL IMPLICATIONS

Accurate Detection of Plasmid-Borne ARGs is
Essential for Evaluating Their Potential Risks to
Human Health. The human health risk assessment frame-
work for ARGs developed by Zhang et al. includes three
assessment criteria: (1) enrichment in human-associated
environments, (2) gene mobility, and (3) presence/absence
in ESKAPE pathogens (host pathogenicity).”” Zhang et al.
proposed the following classification: ARGs that fail to meet
the first criterion are classified as Rank IV (lowest risk), those
meeting the first but not the second criterion as Rank III, those
meeting the first and second but not the third criterion as Rank
II, and those meeting all three criteria as Rank I (highest risk).
When ARGs are carried by a plasmid, they are considered
mobile, meaning that criterion (2) is met. However, gPCR
underestimates the contamination concentration of ARGs
borne by supercoiled form plasmids. This implies that these
ARGs may not be identified in the environment, potentially
leading to Rank II ARGs being misclassified as Rank IV.
Therefore, accurate quantification of plasmid-borne ARGs is
crucial for assessing their potential risks to human health.
Currently, metagenomic sequencing is also used to detect
environmental ARGs. Before sequencing environmental DNA
samples, the DNA must be fragmented into approximately 350
bp using ultrasound and other methods.***” This pretreatment
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mitigates the impact of the plasmid structure on the
constructed metagenomics library, highlighting the advantages
of metagenomics sequencing (i.e., the integrity of the ARGs is
not a prerequisite). However, HT-qPCR is likely to remain an
important tool in future investigations of ARGs contamination
due to its advantages, including high throughput, high
specificity, and low cost. Therefore, it is crucial to develop a
method that effectively addresses the impact of plasmid
structure on qPCR detection.

A Structure Change in Vector Plasmids can Interfere
with Data from ARG Degradation Experiments. Given
the rising pollution caused by ARGs, various degradation
technologies, such as photodegradation and advanced
oxidation processes, are being increasingly developed. In
experiments aimed at developing ARGs degradation techni-
ques, plasmid-borne ARGs are commonly used as the subjects
of study, and it is crucial to consider the potential interference
of the plasmid structure in qPCR detection. For instance, in
ARGs photodegradation experiments, DNA may undergo
direct degradation and indirect photolysis when exposed to
simulated sunlight.”” This DNA damage may result in a
structure change in the ARGs vector plasmid.'” The impact of
these changes on the ARGs qPCR assay remains however
uncertain. We irradiated the pBR322 plasmid with a 1000 W
xenon lamp and measured the fefA concentration in the
samples using qPCR (Text S4). The concentrations of all
measured ARGs were determined using standard curves
generated with linearized ARGs vector plasmids as calibration
standards. The results indicated that the tetA concentration
initially increased, peaked at 4 h, and subsequently decreased
(Figure 6a). However, the photodegradation of tetA should in
theory follow a quasi-first-order kinetic model. Electrophoresis
analysis of the photolysis sample of the pBR322 plasmid
revealed significant structure changes during the photolysis
process (Figure 6d).

Quantitative analysis of the fluorescence signals in the
electropherograms using Image] software showed that the
pBR322 plasmid primarily exhibited a supercoiled form at 0 h.
As photolysis progressed, this supercoiled form gradually
transitioned to a nicked circular form due to DNA damage
caused by light exposure. By 4 h of photolysis, all plasmids had
converted to the nicked circular form, coinciding with the peak
concentration of tetA detected. Continued photolysis further
disrupted the plasmid, resulting in the formation of the linear
form (Figures 6c and S4). A similar process of structural
changes in plasmid conformation was detailed in the study by
Shin and Lee.”® These findings suggest that the structure
change in the pBR322 plasmid led to observed variations in the
tetA concentration. Although tetA was progressively photolyzed
from O to 4 h, the increase in the nicked circular form of the
plasmid enhanced the efficiency of tetA detection, resulting in
an upward trend in tefA concentration during the initial
photolysis period. After 4 h, when the pBR322 plasmid had
fully transitioned to the detectable nicked circular and linear
form, the detected tetA concentration gradually decreased as
photolysis continued.

To address this issue, we treated the photolyzed samples
with ApaL I nucleic acid endonuclease, converting all pBR322
plasmids into their linear form. Subsequent qPCR analysis
indicated that the tetA concentration decreased from 0 h,
aligning with the quasi-primary kinetic equation (Figure 6b).
Therefore, to prevent interference from the supercoiled form
of the plasmid in qPCR detection, it is essential to linearize the
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ARGs vector plasmid using an appropriate restriction
endonuclease, thereby ensuring the accurate detection of
ARGs.

B CONCLUSIONS

This study demonstrated that plasmid samples containing
approximately 90% supercoiled form plasmid could not be
directly detected by qPCR. Therefore, we propose a heat
pretreatment method that involves heating the plasmid
samples at 75 °C for 10 min. This method significantly
increased the quantifiable percentage of the tetA gene in the
pBR322 plasmid from 14.1% to 69.1%. This is attributed to the
ability of heat pretreatment to diminish the supercoiled form of
the plasmid, thereby increasing the proportion of linear form
and single-stranded DNA that can be detected. In this
experiment, the method was validated in water samples from
the Songhua River in Northeast China, and it was found that
the relative abundance of about 56% of the ARGs in the
samples was increased after heat pretreatment, suggesting that
the use of qPCR for the detection of environmental ARGs may
have underestimated the level of contamination of plasmid-
borne ARGs. In addition, the study highlighted the
interference caused by plasmid structural variations on qPCR
quantification of ARGs in degradation experiments, under-
scoring the critical role of plasmid linearization in optimizing
the accuracy of ARGs qPCR assays. Overall, this study
provides potential solutions for precise detection of ARGs in
environmental contexts.
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