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ABSTRACT

Class 1 integrons facilitate horizontal gene transfer, significantly influencing antibiotic resistance gene
(ARG) dissemination within microbial communities. Wastewater treatment plants (WWTPs) are critical
reservoirs of ARGs and integrons, yet the integron-mediated dynamics of ARG transfer across different
WWTP types remain poorly understood. Here we show distinct ARG profiles associated with class 1
integrons in municipal and industrial WWTPs using a novel approach combining nested-like high-
throughput qPCR and PacBio sequencing. Although industrial WWTPs contained higher absolute inte-
gron abundances, their relative ARG content was lower (1.27 x 107-9.59 x 107 copies per ng integron)
compared to municipal WWTPs (3.72 x 107-1.98 x 108 copies per ng integron). Of the 132,084 coding
sequences detected from integrons, 56.8% encoded antibiotic resistance, with industrial plants showing
lower ARG proportions, reduced ARG array diversity, and greater incorporation of non-ARG sequences.
These findings suggest industrial WWTP integrons integrate a broader array of exogenous genes,
reflecting adaptation to complex wastewater compositions. This work enhances our understanding of
integron-driven ARG dynamics in wastewater and offers a robust strategy for environmental integron
analysis.
© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

concerns. Wastewater treatment plants (WWTPs) serve as both
barriers and hotspots for the dissemination of ARGs [3]. Uncov-

Antibiotics are powerful therapeutic agents crucial in treating
bacterial infections and safeguarding human health. However, the
rapid emergence and spread of antibiotic resistance in both clinical
settings and the environment poses a significant threat to effective
antibiotic therapy [1]. Pathogens continuously challenge the effi-
cacy of therapy by developing multidrug resistance, while the
development of new antibiotics progresses relatively slowly [2].
The spread of antibiotic-resistant genes (ARGs) and the develop-
ment of multidrug-resistant pathogens raise serious societal
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ering the presence, distribution, and dispersal characteristics of
resistome in WWTPs is therefore critical work that is widely un-
derway but remains incomplete.

Integrons are versatile gene acquisition systems present in
prokaryotes. They facilitate the incorporation of exogenous resis-
tance genes through the action of integrase, making them vital
mediators in acquiring and evolving multiple antibiotic resistance
in microbes. Among the different classes of integrons, class 1
integrons are recognized for harboring the greatest diversity of
antibiotic resistance gene cassettes, thereby playing a prominent
role in integron-mediated multidrug resistance [4,5]. Multiple
antibiotic resistance gene cassettes carried by class 1 integrons
have frequently been detected in clinical settings [4,6] and pose a
serious threat to patient health. The challenge of class 1 integron-
mediated multidrug resistance requires significant attention, and
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necessary efforts should be made to mitigate its spread in the
environment. As hotspots for ARGs, the characteristics of ARGs
associated with class 1 integrons in WWTPs, particularly the ar-
rays of multiple antibiotic resistance gene cassettes, warrant
focused investigation.

In WWTPs, a significant positive correlation has been recog-
nized between the class 1 integron-integrase gene, intl1, and the
overall abundance of ARGs [7]. Increased intl1 has also been pro-
posed as a proxy for anthropogenic pollution due to its association
with genes that confer resistance to antibiotics, disinfectants, and
heavy metals [8]. Class 1 integrons are believed to be a crucial
genetic element carrying ARGs in WWTPs. However, most previ-
ous studies have relied on the quantitative polymerase chain re-
action (qPCR) method [9,10], which evaluates the abundance of
intl1 and ARGs but does not provide information on the types,
abundance, or arrangements of ARGs carried by integrons. Only a
few studies have investigated class 1 integron-associated ARGs in
WWTPs and reported the abundance of ARGs on class 1 integrons
in these systems [11-13].

Previous studies of class 1 integrons in WWTPs have two
notable deficiencies. First, these studies have primarily focused on
municipal WWTPs, while the characteristics of ARGs associated
with class 1 integrons in industrial WWTPs remain unexplored.
The type of wastewater significantly affects the abundance of ARGs
and intl1, with higher levels commonly found in industrial WWTPs
than in municipal WWTPs [14,15]. However, whether industrial
WWTPs harbor more ARGs associated with class 1 integrons re-
mains unclear.

Furthermore, the effect of wastewater type on microbial com-
munity structure is considered an important reason for the vari-
ation of ARGs in WWTPs [16]. Notably, gene cassette arrays on
integrons can dynamically change under the action of integrase;
thus, the genes on class 1 integrons do not fully align with the
microbial community. Due to the complex conditions of industrial
wastewater, microorganisms in these settings may experience
heightened selective pressures compared to those in municipal
WWTPs. Therefore, we hypothesize that class 1 integrons in in-
dustrial WWTPs may incorporate a broader range of exogenous
gene cassettes. This leads to a lower overall abundance of ARGs
associated with class 1 integrons in these facilities. To validate this
hypothesis, it was necessary to undertake a comprehensive anal-
ysis of ARGs on class 1 integrons in industrial WWTPs and sys-
tematically compare the gene cassette characteristics between
industrial and municipal WWTPs.

The second deficiency lies in the methodology employed to
analyze class 1 integron-associated ARGs. Previous studies have
utilized clone libraries and Illumina sequencing for this purpose
[11,13,17,18]. However, the low throughput of clone libraries limits
the analysis of gene cassette arrays on integrons, while the short-
read length of [llumina sequencing is insufficient for capturing the
full length of class 1 integrons. The complexity of integrons, which
feature repeated integration sites and random arrangements of
gene cassettes on integrons, also complicates the accurate as-
sembly of shotgun sequencing reads. Consequently, the analysis of
gene cassette arrays on class 1 integrons has proven challenging,
and quantitative assessments of ARGs on these integrons have also
been limited.

To address these limitations, this study proposes a novel
methodology that combines nested-like qPCR and PacBio
sequencing to analyze ARGs and gene cassette arrays associated
with class 1 integrons. Initially, conventional PCR was employed to
amplify class 1 integrons, followed by a quantitative analysis of
ARGs on the integrons using high-throughput qPCR with the
amplicons as the deoxyribonucleic acid (DNA) template. This
approach enabled an evaluation of the relative abundance of ARGs
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on class 1 integrons. The main amplification bands of class 1
integrons, retrieved from electrophoresis gel, were then subjected
to PacBio sequencing. The long-read length and high throughput of
PacBio sequencing allow for accurate analysis of the gene cassette
arrays on class 1 integrons.

Utilizing the above strategy, this study characterized the types
and relative abundance of ARGs carried by class 1 integrons and
elucidated the genetic arrangement of gene cassette arrays in nine
WWTPs: five industrial and four municipal. A comprehensive
comparison of the characteristics of ARGs on class 1 integrons
between industrial and municipal WWTPs was conducted to
evaluate the hypothesis that class 1 integrons in industrial WWTPs
may incorporate a wider array of exogenous gene cassettes than
those in municipal WWTPs. Activated sludge, consisting of abun-
dant microorganisms, serves as the foundation of WWTPs and is
the source of ARGs exported from WWTPs through effluent and
excess sludge discharges. For this reason, activated sludge samples
were collected for the analysis of class 1 integrons in the industrial
and municipal WWTPs. This study not only enhances our under-
standing of class 1 integron-associated ARGs in WWTPs but also
introduces a novel strategy for investigating class 1 integrons in
environmental samples.

2. Materials and methods
2.1. Sample collection and DNA extraction

Activated sludge samples were collected from the aerobic units
of nine WWTPs in April 2021 (Supplementary Table S1). XC, XB, SF,
and SYM are four WWTPs treating municipal wastewater. SYI is a
WWTP treating integrated wastewater from an industrial park
containing mainly fine chemicals and dyes production factories.
GB and XHC are WWTPs in two pharmaceutical factories; the GB
factory mainly produces quinolone and macrolide antibiotics, and
XHC mainly produces vitamin A, vitamin E, and astaxanthin. YT
and YN are WWTPs in two pesticide factories; YT produces various
herbicides, fungicides, and insecticides, and YN produces mainly
glufosinate and some other herbicides. The samples were centri-
fuged at 10,000xg for 10 min and stored at —20 °C after the su-
pernatant was discarded. DNA extraction was performed using the
PowerSoil DNA Isolation Kit (Mobio, the United States).

2.2. Amplification and extraction of class 1 integrons

The gene cassette-containing region of class 1 integrons was
amplified with a primer set of 5'CS (5’-GGCATCCAAGCAGCAAG-3’)
and 3'CS (5’-AAGCAGACTTGACCTGA-3’) [19], which are comple-
mentary to the 5’ and 3’ conserved segments of class 1 integrons,
respectively. The thermal program was 95 °C for 10 min; 35 cycles
of 94 °Cfor 305,55 °Cfor30s,and 72 °C for 2 min 30 s; then 72 °C
for 10 min. The amplification was performed with a 25 pL reaction
mixture consisting of 12.5 pL 2 x TransStart FastPfu PCR SuperMix
(TransGen, Beijing, China), 1 pL forward primer, 1 pL reverse
primer, 1 uL DNA template, and 9.5 pL double-distilled water
(ddH,0).

Electrophoresis was performed after PCR. The gel comprised 1%
agarose in 1 x TAE buffer with SYBR Safe DNA Gel Stain (Thermo
Fisher, the United States) incorporated. The PCR products were
electrolyzed within the gel for 30 min at an applied voltage of
150 V. As the PCR products of empty integrons with no gene cas-
settes are 153 bp in size, consisting of 97 bp of the 5’ conserved
segment and 56 bp of the 3’ conserved segment [20], the bands in
the gel at about 153 bp were not extracted. The amplification
products with at least one gene cassette were extracted with a
SanPrep Column DNA Gel Extraction Kit (Sangon Biotech,
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Shanghai, China) by cutting the gel in the range of 200-4500 bp.
The recovered amplification products were quantified with a Qubit
4.0 and stored at —20 °C for further analysis.

2.3. Quantification of intl1 and class 1 integron-associated ARGs

The intl1 gene abundance was quantified with primers of Intl1-
F (5’- CCTCCCGCACGATGATC-3’) and IntI1-R (5’- TCCACGCATCGT-
CAGGC -3’)[21] on a QuantStudio 3 real-time PCR system (ABI, the
United States). The qPCR was conducted with a 20 pL reaction
mixture consisting of 10 pL SYBR Green qPCR Mastermixes (QIA-
GEN, Germany), 1 pL forward primer, 1 pL reverse primer, 1 uL DNA
template, and 7 pL ddH;0. The thermal program was 94 °C for
9 min, followed by 40 cycles of 94 °C for 30 s, 57.5 °C for 30 s, and
72 °C for 60 s. A standard curve was constructed using a standard
plasmid containing the targeted sequence.

Using a WaferGen SmartChip real-time PCR system (WaferGen
Inc., Fremont, the United States), high-throughput qPCR (HT-qPCR)
was adopted to analyze the ARGs on class 1 integrons, with the
integron amplification products extracted from agarose gel used as
the DNA template. One microliter of purified 16S rRNA gene
amplified from Escherichia coli DH5a with primers of 27F and
1492R was added into the DNA template as the reference gene.
Each qPCR assay contained 215 primer sets for ARG analysis and 1
primer set for 16S rRNA gene measurement (Supplementary
Table S2). Each PCR reaction was conducted in a 100 nL mixture
consisting of 1 x LightCycler 480 SYBR Green I Master (Roche
Applied Sciences, IN, the United States), 1 mg mL~! bovine serum
albumin (New England Biolaboratories, MA, the United States),
500 nM primers, and 2 ng pL~! DNA template. The thermal pro-
gram for HT-qPCR was 95 °C for 10 min, followed by 40 cycles of
95 °Cfor 30 s and 60 °C for 30 s. The ARGs on class 1 integrons were
analyzed for their relative abundance, defined as copies per ng
integron. All assays were performed in triplicate.

2.4. PacBio sequencing of class 1 integrons and bioinformatic
analysis

For PacBio sequencing, class 1 integrons were amplified using
barcode-marked 5'CS and 3'CS primers. The PCR reactions were
conducted in triplicate within a 20 uL mixture containing 4 pL
5 x FastPfu Buffer, 2 uL 2.5 mM dNTPs, 0.8 pL 5 uM each primer,
0.4 uL FastPfu Polymerase, and 10 ng DNA template. The thermal
program was 95 °C for 5 min, 27 cycles of 95 °C for 30 s, 55 °C for
30 s, and 72 °C for 45 s; then 72 °C for 10 min. PCR products were
analyzed using agarose electrophoresis, and some specific inte-
gron bands on the gel were retrieved using an AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, CA, the United States).
SMRTbell libraries were prepared from the retrieved integron
bands using blunt-ligation according to the manufacturer’s pro-
tocol (Pacific Biosciences). The purified SMRTbell libraries were
then subjected to sequencing on dedicated PacBio Sequel II 8M
cells using a sequencing kit 2.0. PacBio raw reads were processed
using SMRT Link Analysis software version 9.0 to obtain demulti-
plexed circular consensus sequence reads with the following set-
tings: minimum number of passes = 3 and minimum predicted
accuracy = 0.99. Raw reads were processed through the SMRT
Portal to filter low-quality sequences. The remaining sequences
were further filtered by removing barcodes, primer sequences,
chirmas, and sequences that contained 10 consecutive identical
bases.

The filtered data were subjected to coding sequence (CDS)
prediction and functional annotation using PROKKA (v1.13) with
default parameters. CDSs were searched against the SARG data-
base (v2.2) using BLASTP (v2.6.0) with a threshold e-value of 107,
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A CDS was annotated as a potential ARG with a cutoff value of
sequence identity of >80%, query coverage of >70%, and an
alignment length corresponding to >25 amino acids. Gene subtype
abundance was normalized by the total number of reads for each
sample according to a previous study [11]. The risk level of all the
ARG hits was evaluated using the arg_ranker v2.0 [22]. The raw
data were deposited into the National Center for Biotechnology
Information Sequence Read Archive database (accession number:
PRJNA1111236).

2.5. Data analysis

Principal component analysis (PCA) and nonmetric multidi-
mensional scaling (NMDS) ordinations were conducted in the R
environment using the ‘vegan’ package. The Procustes analysis was
also performed using vegan, based on the results of PCA. The di-
versity of shared ARGs among different samples was visualized
using the ‘UpSetR’ package. The arrangement of ARGs on integron
sequences was visualized using the ‘genoPlotR’ package. The sta-
tistical significance of the difference in gene abundance between
municipal and industrial samples was analyzed using the inde-
pendent t-test with SPSS Statistics after logarithmic trans-
formation of the gene abundance values.

3. Results and discussion

3.1. Intl1 abundance and electrophoresis analysis of class 1
integrons

The absolute abundance of intl1 was 2.33 x 107-1.66 x 10°
copies per g sludge, with a relative abundance of 0.002-0.111
copies per 16S rRNA copy in the activated sludge (Fig. 1). Consis-
tent with previous studies [7,9], the high abundance of intl1
indicated a significant presence of class 1 integrons in WWTPs.
Both the absolute abundance (P < 0.01) and relative abundance
(P < 0.05) of intl1 were significantly higher in industrial WWTP
samples (SYI, GB, XHC, YT, and YN) than in the municipal samples
(XC, XB, SF, and SYM) (Fig. 1), indicating a higher abundance of
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Fig. 1. Intl1 gene abundance and the electrophoretogram of class 1 integron poly-
merase chain reaction (PCR) products. a, Absolute abundance of intI1 gene. b, Relative
abundance of intI1 gene. ¢, Electrophoretogram of class 1 integron PCR products. Error
bars represent standard errors of triplicate tests. XC, XB, SF, SYM, SYI, GB, XHC, YT, and
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collected for analysis.
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class 1 integrons in the WWTPs treating industrial wastewater.
This finding is consistent with some previous studies suggesting
that industrial WWTPs tend to harbor higher levels of class 1
integrons than municipal WWTPs [14,23].

The industrial WWTPs possessed a higher absolute abundance
(P < 0.01) of total ARGs in the sludge than the municipal WWTPs
(Supplementary Fig. S1). The PCA indicated the differences in both
ARG compositions and microbial communities between industrial
and municipal WWTPs (Supplementary Fig. S1). Furthermore, the
Procrustes analysis (Supplementary Fig. S1) confirmed the signif-
icant influence of microbial communities on ARG characteristics in
WWTPs (P < 0.05). However, whether the high abundance of class
1 integrons correlates with a higher prevalence of ARGs carried by
class 1 integrons in industrial WWTPs has not previously been
determined. The ARGs carried by class 1 integrons should be
further analyzed with more targeted approaches.

Electrophoresis of class 1 integron PCR products showed
diverse bands for each sample. The shortest band was the empty
integrons, which had no gene cassettes with a size of 153 bp [20].
The longer bands indicated the integrons carrying gene cassettes.
Generally, the bands of the integrons showed relatively strong
brightness in the majority of industrial samples—YT, YN, SYI, and
XHC (Fig. 1c)—which was consistent with the high intIT abundance
in these industrial samples revealed by qPCR (Fig. 1a).

3.2. Types and relative abundance of ARGs on class 1 integrons

A total of 48-64 ARG subtypes were detected on class 1 inte-
grons in each sludge sample using nested-like HT-qPCR, with
57-62 subtypes detected in municipal WWTPs and 48-64 sub-
types detected in industrial WWTPs. These ARGs are associated
with resistance to a wide range of antibiotic classes (Fig. 2a).
Antibiotic deactivation was the dominant resistance mechanism of
the ARGs on class 1 integrons, accounting for 42.1-47.9% of all
detected ARG subtypes (Fig. 2b). Cellular protection and efflux
pumps were present in similar proportions but to a lesser extent
than antibiotic deactivation. The relative abundance of total
detected ARGs on class 1 integrons was generally lower in indus-
trial WWTPs (1.27 x 107-9.59 x 107 copies per ng integron) than in
municipal WWTPs (3.72 x 107-1.98 x 10% copies per ng integron)
(Fig. 2c), which contrasted with the higher abundance of intI1 and
total ARGs in the industrial WWTPs than in the municipal ones.
However, the difference between the industrial and municipal
samples was insignificant (P = 0.088), because GB, as an industrial

(3]

Relative abundance
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WWTP treating antibiotic wastewater, harbored a relatively high
abundance of ARGs on class 1 integrons compared to other in-
dustrial samples. The overall abundance of aminoglycoside ARGs
was the highest ARG type, representing 48.2-96.3% of all detected
ARGs on the class 1 integrons in eight out of the nine sludge
samples. This is consistent with previous findings [11,13] that
aminoglycoside resistance genes are the most abundant type of
ARGs on class 1 integrons in activated sludge samples. The rela-
tively low abundance of aminoglycoside ARGs in industrial
WWTPs (1.38 x 10°-7.49 x 107 copies per ng integron) compared
to municipal WWTPs (2.93 x 107-1.90 x 10® copies per ng inte-
gron) was a contributor to the lower abundance of ARGs on class 1
integrons in industrial WWTPs.

In addition to aminoglycoside, p-lactamase is another abundant
ARG type on class 1 integrons found in municipal WWTPs [11,13].
In investigations utilizing the clone library method, aminoglyco-
side and p-lactamase ARGs, such as aadA, aacA, and blagxa, have
been found as to be the major gene cassettes on class 1 integrons in
hospital effluent and the WWTP impacted by hospital effluent
[20]. Diverse aminoglycoside and B-lactamase resistance gene
cassette sequences have been deposited in GenBank and have
become the most important proportion of gene cassette sequences
in the database [24]. Illumina sequencing of gene cassettes across
12 urban WWTPs in Europe revealed that more than 50% of all
detected gene cassettes contained ARGs in most facilities, with
aminoglycoside and p-lactamase ARGs dominating in five and six
WWTPs, respectively. [12]. In this study, p-lactamase ARGs were
also relatively abundant on class 1 integrons in the municipal
WWTPs (146 x 105-2.11 x 10% copies per ng integron), but
exhibited low abundance on class 1 integrons in the industrial
WWTPs (124 x 103-3.44 x 10* copies per ng integron)
(Supplementary Fig. S2). The lower relative abundance of p-lac-
tamase ARGs on the class 1 integrons in industrial WWTPs
(P < 0.01) was another contributor to the lower relative abundance
of ARGs on class 1 integrons in industrial WWTPs than in munic-
ipal ones.

The PCA showed that the composition of ARGs on class 1
integrons in three of the four municipal WWTPs (SYM, SF, and XC)
was relatively similar, while that in XB was quite different (Fig. 2d).
The composition of ARGs on class 1 integrons in the industrial
WWTPs exhibited heterogeneity, both between themselves and in
comparison to the municipal WWTPs. The Procrustes analysis of
similarities between the class 1 integron-associated ARGs and the
microbial community, as well as between the class 1 integron-
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associated ARGs and the total ARGs, yielded statistically insignif-
icant results (P > 0.05) (Supplementary Fig. S3). The Pearson cor-
relation analysis also showed a paucity of statistically significant
correlations between class 1 integron-associated ARG types and
the microbial taxa at the class level (Supplementary Table S3).
These findings suggest that ARGs on class 1 integrons are hetero-
geneous compared to the microbial community and total ARGs,
likely due to the recombination of gene cassette arrays on inte-
grons mediated by integrase [4]. Nevertheless, Planctomycetes,
Saccharimonadia, and Thermoleophilia demonstrated positive
correlations with p_lactamase and macrolide-lincosamide-
streptogramin B (MLSB) ARGs on the class 1 integrons, while
Dadabacteriia exhibited positive correlations with Sulfonamide
ARGs. Furthermore, Actinobacteria and Thermoleophilia positively
correlated with the total abundance of ARGs on class 1 integrons
(Supplementary Table S3). These microorganisms may serve as
probable hosts for class 1 integron ARGs. Class 1 integrons have
been identified in various microorganisms [13,17], including Aer-
omonas, Pseudoxanthomonas, Comamonas, Escherichia, Klebsiella,
Pseudomonas, Salmonella, Acinetobacter, and Enterobacter, sug-
gesting a widespread distribution of class 1 integrons in microbial
communities.

In previous studies, many ARGs in samples, such as tetA, tetC,
tetO, qnrA, ermA, ermB, mphA, ereB, vatB, blaPSE-1, sull, sulll, and
vanA, have shown positive correlations with intl1 using the con-
ventional qPCR method [25-27]. However, in this study, the above-
mentioned genes were either not detected or detected at very low
levels on class 1 integrons. This suggests that inferring the pres-
ence or abundance of genes on integrons based solely on corre-
lation might not be effective. Utilizing integron PCR products as
the template for qPCR analysis, the absolute abundance of ARGs on
class 1 integrons could not be quantified, potentially leading to an
amplification of disparities in gene abundance during the initial
amplification step. However, the nested-like HT-qPCR strategy
enabled the comparison of the abundance of different genes on
class 1 integrons. The reliability of the nested-like qPCR method
was validated using control samples (Supplementary Text S1). This
method was first used to indicate the notable differences in class 1
integron-associated ARG abundance between the industrial and
municipal WWTPs. In contrast to the higher prevalence of class 1
integrons in the industrial WWTPs, the relative abundance of ARGs
carried by class 1 integrons in these facilities was generally lower
than that in municipal WWTPs. Based on this method, the relative
abundance of ARGs on class 1 integrons was revealed as copies per
ng integron. Given the variability in the length of class 1 integrons,
an accurate calculation of the absolute abundance of class 1 inte-
grons carrying ARGs in the sludge is not possible. However, esti-
mations were conducted according to the length range of class 1
integrons revealed by electrophoresis analysis. The estimations
indicated that the proportion of ARGs carried by class 1 integrons
in the total ARGs of sludge was approximately 1074-1073
(Supplementary Text S2), reflecting the important but not major
contribution of class 1 integrons to the overall ARGs of sludge.

3.3. Gene cassette array analysis of class 1 integrons

PacPio sequencing was utilized to complement the arrange-
ment information of the gene cassette arrays on the class 1 inte-
grons. Given that the majority of the samples exhibited relatively
bright bands around 1000 bp for class 1 integrons, and to eliminate
the potential influence of gene cassette array length differences on
the comparison of their arrangement characteristics, the approx-
imately 1000 bp bands were extracted from the electrophoresis gel
and sequenced on the PacBio platform. Because the bands of GB
and XB were faint, they were not sequenced. A total of 94,051 clean
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reads were obtained from the seven samples, with a range of 9621
to 15,579 reads per sample (Supplementary Table S4). The mean
length of these clean reads ranged from 825 to 1205 in the sam-
ples. A total of 132,084 coding sequences (CDSs) were inferred
with putative functions, and 56.8% of these CDSs in all the samples
(ranging from 12.7% to 87.7%) were predicted to encode antibiotic
resistance (Fig. 3a). The predicted ARGs accounted for a high
proportion of the detected CDSs in the three municipal WWTP
samples, ranging from 67.8% to 87.7%. In the industrial WWTP
samples, the proportions of ARGs in YN and YT were also relatively
high, at 62.1% and 85.7%, respectively. However, the proportion of
ARGs in the detected CDSs was only 17.9% and 12.7% in SYI and
XHC, respectively. The results demonstrated that the percentage of
ARGs on class 1 integrons of SYI and XHC was significantly lower
than that of the municipal samples, while the percentage of ARGs
on class 1 integrons of YN and YT was slightly lower than that of
the municipal samples.

The nested-like HT-qPCR (Fig. 2c) revealed that the relative
abundance of ARGs on class 1 integrons in industrial samples,
including YN and YT, was lower than that in municipal samples.
PacBio sequencing showed a relatively high proportion of ARGs on
the class 1 integrons of YN and YT. This discrepancy might be due
to the sequencing targeting class 1 integrons of around 1000 bp,
thereby not capturing all band lengths. The sequencing data
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(Fig. 3a) suggest that class 1 integrons around 1000 bp may contain
a higher proportion of ARGs than integrons of other lengths in YN
and YT. Nonetheless, the sequencing results still indicated an
overall lower proportion of ARGs in the class 1 integrons of in-
dustrial samples than municipal samples, consistent with the
findings of the nested-like HT-qPCR analysis.

The number of normalized ARG hits ranged from 3713.3 (XHC)
to 21,831.5 (YT) (Fig. 3b). These ARGs conferred resistance to a
range of antibiotics, including aminoglycoside, beta-lactam,
chloramphenicol, trimethoprim, multidrug, MLSB, rifamycin, and
sulfonamide. Among them, aminoglycoside resistance genes
accounted for 93.4% of ARG hits across all the samples, and aadA,
which confers resistance to aminoglycoside, was the most
frequently integrated ARG subtype. The predominant resistance
mechanism of ARGs was identified as antibiotic deactivation, ac-
counting for 63.1%-98.4% of the samples (Fig. 3c). Efflux pump was
another dominant resistance mechanism in the SYI sample
(36.4%). Of all the ARGs on the integrons, 13 unique ARG subtypes
were identified as the most significant threat to public health,
including three aminoglycoside (aac(6')-I, ant(2")-I, and aadA),
four beta-lactam (GES-11, OXA-1, OXA-10, and OXA-4), two chlor-
amphenicol (catB and cmlA), and four trimethoprim resistance
genes (dfrA5, dfrA12, dfrA14, and dfrB1). These ARGs in the top two
ranks (I and II), as prioritized by the arg_ranker, might be trans-
missible between environments due to their prevalence in mobile
genetic elements of human pathogens and phylogenetically
diverse bacterial hosts, thus posing great risks to human health.
The normalized hits of these high-risk ARGs ranged from 59.3
(XHC) to 1157.2 (SYI) (Fig. 3d).

NMDS analysis showed that the composition of class 1
integron-associated ARGs was significantly different between
municipal and industrial WWTPs (Fig. 4a). Specifically, the
composition of ARGs in the industrial WWTPs displayed greater
variability, which might be owing to the more diversified func-
tional requirements under the complex selection pressures from
industrial wastewaters, leading to the integration of a wider range
of exogenous gene cassettes.

The number of detected ARG subtypes was also generally
higher in municipal WWTPs (ranging from 42 to 55) than in in-
dustrial WWTPs (ranging from 13 to 22) (Fig. 4b). Many ARG
subtypes were shared or unique among the three municipal
WWTPs. The number of integron sequences carrying ARGs in the
SYI and XHC samples was lower than that observed in three
municipal WWTPs (Fig. 4c). The number of array arrangements
containing at least two ARGs was found to be lower in all the in-
dustrial WWTPs than in the municipal WWTPs, indicating that the
diversity of ARG-associated arrays (>2 ARGs) in industrial WWTPs
was generally lower than that in municipal WWTPs.

In contrast, the number of class 1 integron sequences not car-
rying ARGs, as well as the number of non-ARG CDSs carried by
class 1 integrons in industrial WWTPs, was generally higher than
that in municipal WWTPs (Fig. 5a). Since only class 1 integrons of
around 1000 bp in length were sequenced, there might be a bias in
using these results to infer the overall class 1 integron gene
cassette arrays of the samples. However, nested-like HT-qPCR
analysis indicated that the relative abundance of ARGs on class 1
integrons from industrial samples was lower than that in munic-
ipal samples (Fig. 2c). This suggests that industrial samples might
contain more empty integrons lacking gene cassette arrays or
more integrons with a higher proportion of non-ARG gene cas-
settes. Furthermore, the electropherogram of class 1 integrons
showed less prominent empty integron bands in industrial sam-
ples from SYI, YN, and YT (Fig. 1c), further supporting the idea that
these integrons carry a larger proportion of non-ARG gene cas-
settes. These obtained non-ARG CDSs were mainly associated with
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hypothetical proteins, transport, stress resistance, and biosyn-
thesis functions (Fig. 5b). This confirms that class 1 integrons in
the industrial WWTPs mediated the transfer of more diverse
functional genes, likely to help microorganisms adapt to harsh
environments.
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There were 58,129 integron sequences carrying at least one
ARG hit identified in all samples, and 26.8% of them carried at least
two ARG hits. A total of 180 distinct integron-associated ARG ar-
rangements (>2 ARGs) were identified in all the samples
(Supplementary Table S5). Among them, |aadA/aadA| was the most
prevalent ARG arrangement in all the samples, followed by |aadA/
aadA/aadA|. Noteworthy variations in the prevalence of specific
ARG arrangements were observed across different samples. For
instance, the number of |aac(6’)/aadA| arrangements was highest
in the SYI sample, while the |aac(6')/catB| arrangement was highest
in the YT sample.

A total of 19 multi-resistant integron sequences carrying three
or more ARG subtypes were selected to visualize the ARGS’ pair-
wise co-occurrence (Fig. 6a), with most of them identified in the
municipal WWTP samples (ten sequences in SF, five sequences in
SYM). Importantly, the 13 high-risk ARGs (top two ranks)
frequently co-occurred on the integron sequences, further under-
scoring the high risk of integron-borne ARGs in the municipal
WWTPs. Some identified ARG arrangements, including |aadA/
catB|, |aadA/cmlA|, and |aadA]/OXA-2|, were reported in a previous
study [13], indicating certain similarities of gene cassette arrays
among WWTPs.

The high-risk ARG arrangements identified in this study, such
as |aadA/aadA|, |aadA/dfrA17|, and |aadA/dfrA1|, were similar to the
ARG composition of the detected gene cassette arrays in Entero-
bacteriaceae isolated from patients in hospitals and community
clinics [28]. The integron gene cassettes in E. coli from healthy
individuals and animals were also found to be rich in the ar-
rangements of dfr and aad, such as |dfrAl/aadAl| [29], |dfrA17/
aadA>5| [29], |dfrA1/aadA2| [30], and |dfrA17/aadA5| [30]. This in-
dicates that the ARG arrangements on class 1 integrons in WWTPs
had certain similarities with clinic samples, probably due to the
exchange of antibiotic resistomes between environmental bacteria
and human pathogens [31]. However, the identification of more
unique ARG arrangements in this and previous studies highlights
the diversity of gene cassette arrays on class 1 integrons in WWTP
environments [11,13]. Unique ARG arrangements, such as |qacG/
qacG| in biofilm reactors [17] and |aadA1/qacEA1/[sull| and |catB8/
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aadAl/qacEA1[sull| in WWTP effluent-impacted river sediment
[32], have also been reported. This might be attributed to the dy-
namic nature of gene cassette arrays on integrons under the action
of integrases.

The comparison between municipal and industrial WWTPs
revealed that municipal WWTPs exhibited a greater diversity of
ARG-associated gene cassette arrays on class 1 integrons than in-
dustrial WWTPs. Class 1 integrons in municipal WWTPs also car-
ried a larger number of ARGs than those in industrial WWTPs. In
contrast, class 1 integrons in industrial WWTPs integrated a
greater variety of non-ARG gene cassettes, probably due to the
more complex wastewater quality and the fact that microorgan-
isms could be subjected to a wider variety of selective pressures
(Fig. 5). The number of class 1 integrons carrying gene cassette
arrays with three or more non-ARG CDSs was also generally higher
in industrial WWTPs (Fig. 6b). In the XHC sample in particular,
there were nine integron sequences carrying at least six non-ARG
CDSs (Fig. 6¢). Most of these CDSs do not have accurate informa-
tion on functional annotations. This suggests that the role of class 1
integrons in the microbial ecology of industrial WWTPs requires
further study.

3.4. Environmental implications

To address the limitations of previous methodologies for
analyzing class 1 integron-associated ARGs, a novel approach that
combined nested-like qPCR and PacBio sequencing was employed
in this study to gain insights into the differences in the charac-
teristics of ARGs and gene cassette arrays on class 1 integrons
between municipal and industrial WWTPs. Although nested-like
qPCR did not permit the direct quantification of ARG-carrying
integrons, it enabled a comparison of the relative abundance of
ARGs on integrons between different samples. PacBio sequencing
allowed the high-throughput analysis of integron sequences and
the acquisition of substantial information regarding gene cassette
arrays.

Compared to previous studies employing clone libraries and
Illumina sequencing, the present strategy is capable of obtaining
more data regarding the prevalence of ARGs on class 1 integrons,
as well as a more comprehensive insight into gene cassette arrays.
By employing this strategy, this study uncovered the distinctive
characteristics of ARGs on class 1 integrons in industrial and
municipal WWTPs. The relative abundance of ARGs and the di-
versity of ARG gene cassette arrays on class 1 integrons were both
found to be lower in industrial WWTPs than in municipal WWTPs.
In line with these findings, the abundance of non-ARG CDSs and
non-ARG CDS gene cassette arrays was observed to be higher in
industrial WWTPs. These results support the hypothesis that class
1 integrons in industrial WWTPs may integrate a greater diversity
of exogenous genes beyond ARGs to help microorganisms in
response to more complex water quality conditions and diverse
selective pressures.

The results of this study indicate the presence of class 1 inte-
grons in all samples from both municipal and industrial WWTPs,
along with the abundant ARGs on the class 1 integrons. This
finding indicates the high prevalence of class 1 integrons and their
associated ARGs in environmental samples. Furthermore, the re-
sults showed that class 1 integron-associated ARGs were an
important but non-dominant component of the overall ARGs of
sludge. However, the gene cassette arrays with multiple ARGs on
the class 1 integrons increase the risk of multidrug resistance
proliferation. Consequently, it is argued that the significance
attributed to class 1 integron-associated ARGs is not contingent on
their contribution to the abundance of ARGs in environments but
on their pivotal role in the development and propagation of
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multidrug resistances. In summary, this study provides valuable
insights into the study of environmental integron-associated
ARGs, and an effective approach for future environmental inte-
gron research.

4. Conclusion

This study investigated the compositional characteristics of
ARGs and gene cassette arrays associated with class 1 integrons in
municipal and industrial WWTPs, utilizing a proposed strategy
that combines nested-like HT-qPCR and PacBio sequencing. In-
dustrial WWTPs exhibited a higher abundance of class 1 integrons;
however, the relative abundance of ARGs on these integrons were
lower in industrial WWTPs than in municipal ones. Aminoglyco-
side was the predominant ARG type on class 1 integrons in both
municipal and industrial WWTPs. The relatively lower abundance
of aminoglycoside ARGs was a key factor contributing to the
diminished abundance of ARGs on class 1 integrons in industrial
WWTPs compared to municipal ones. Additionally, the proportion
of ARGs in the detected CDSs and the diversity of ARG array ar-
rangements were relatively lower in industrial WWTPs than in
municipal WWTPs. Conversely, the abundance of non-ARG CDS
and non-ARG CDS gene cassette arrays was higher in industrial
WWTPs. The class 1 integrons in industrial WWTPs appear to
integrate a greater diversity of exogenous genes beyond ARGs in
response to more complex water quality conditions and diverse
selective pressures. This study highlights the distinct characteris-
tics of class 1 integrons between industrial and municipal WWTPs
and provides an effective strategy for investigating environmental
integrons.
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