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A B S T R A C T

Class 1 integrons are strongly associated with the dissemination of antibiotic resistance in bacteria. However,
little is known about whether the presence of antibiotics affects the abundance of integrons and antibiotic
resistance genes during biological wastewater treatment. To explore the roles of class 1 integrons in spreading
antibiotic resistance genes in environmental compartments, the dynamics of integrons were followed in biofilm
reactors treating synthetic wastewater respectively spiked with streptomycin (STM) and oxytetracycline (OTC).
The relative abundance of the integron-integrase gene (intI1) increased 12 or 29-fold respectively when treated
with STM or OTC, under incrementally increasing dosage regimes from 0 to 50 mg L−1. Significant increases in
intI1 abundance initially occurred at an antibiotic dose of 0.1 mg L−1. At the beginning of the experiment, 51%
to 64% of integrons carried no gene cassettes. In STM and OTC spiked systems, there was a significant increase in
the proportion of integrons that contained resistance gene cassettes, particularly at intermediate and higher
antibiotic concentrations. Gene cassettes encoding resistance to aminoglycosides, trimethoprim, beta-lactam,
erythromycin, and quaternary ammonium compounds were all detected in the treated systems. Three tetra-
cycline resistance genes (tetA, tetC, tetG) were significantly correlated with the abundance of intI1 (p < 0.01),
despite no tet resistance being present as a gene cassette. Genome sequencing of isolates showed synteny be-
tween the tet resistance genes and intI1, mediated through linkage to transposable elements including Tn3, IS26
and ISCR3. Class 1 integrons appeared to be under positive selection in the presence of antibiotics, and might
have actively acquired new gene cassettes during the experiment.

1. Introduction

Horizontal gene transfer of antibiotic resistance genes (ARGs)
among bacteria has driven the rapid spread of antibiotic resistance
(Davies and Davies, 2010; Frost et al., 2005; Karkman et al., 2018).
Class 1 integrons have played a central role in the transfer of ARGs
among bacteria cells (Domingues et al., 2012; Gillings et al., 2008; Hall
and Collis, 1998; Mazel, 2006). These integrons acquire resistance
genes as gene cassettes, inserting them at the recombination site attI
using an integron-integrase, encoded by the gene intI1. Gene cassettes
are then expressed from the promoter Pc (Cambray et al., 2010; Hall
and Collis, 1995; Stokes and Hall, 1989).

Antibiotics are a powerful selective agent for dissemination of

integrons and ARGs. Numerous studies have shown that intI1 is more
abundant in antibiotic contaminated environments (Kristiansson et al.,
2011; Li et al., 2010; Liu et al., 2012; Ma et al., 2011; Stalder et al.,
2014; Zhang et al., 2009; Zhu et al., 2013). Stalder et al. (2014) found
that intI1 in hospital effluent was nearly 40 times more abundant than
in the upstream river water, while Kristiansson et al. (2011) found that
the fluoroquinolone contaminated river sediments by antibiotic pro-
duction wastewater exhibited much higher intI1 abundance than that in
the upstream sediments of the receiving river. It has consequently been
suggested that intI1 could be used as a general indicator of environ-
mental pollution (Gillings et al. 2015). However, the involvement of
intI1 in the spread of ARGs and its potential for selection in antibiotic
contaminated environments is still not well understood.
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In this study, the response of class 1 integrons to streptomycin
(STM) and oxytetracycline (OTC) contamination was evaluated in
biofilm reactors. These reactors were used to treat synthetic wastewater
over a period of 636 days, during which antibiotic concentrations were
incrementally increased from 0 to 50 mg L−1 in six steps. These ex-
perimental systems have been used to reveal the phenotypic develop-
ment of antibiotic resistance in bacteria under STM stresses (Selvaraj
et al., 2018), the characteristics of ARG-carrying plasmidome under the
OTC dose of 25 mg L−1 (Shi et al., 2018), and the minimum con-
centrations of antibiotics for selecting antibiotic resistance in aerobic
biofilm microbiota (Tian et al., 2020). This study mainly focuses on the
roles of the class 1 integron in the dissemination of ARGs under dif-
ferent antibiotic stresses. Changes in the abundance of the integron-
integrase gene intI1 were followed using qPCR, and the structures of
gene cassette arrays were examined using clone libraries. Antibiotic
resistant bacteria carrying class 1 integrons were isolated and nine of
them were fully sequenced. The results of this study will be helpful in
deepening our understanding of the development of antibiotic re-
sistance under the influence of antibiotic pressures.

2. Materials and methods

2.1. Biomass sampling and bacterial isolation

Three aerobic biofilm reactors (effective volume, 2 L) were con-
structed, with each one filled with 18 fiber balls (diameter, 2 cm) as
bio-carriers. Inoculum (activated sludge) was taken from a municipal
wastewater treatment plant in Beijing. Synthetic wastewater was pre-
pared by adding glucose, tryptone, starch and sodium-carboxymethyl
cellulose as the carbon sources into tap water (Table S1), with the COD
and ammonia concentrations being 400 and 34 mg/L, respectively,
before antibiotic spiking. One reactor was used as the control and the
other two were fed with wastewater after spiked respectively with
streptomycin (STM) and oxytetracycline (OTC). The dosage of STM and
OTC was incrementally increased in six stages (0, 0.1, 1, 5, 25 and
50 mg L−1), with each stage running at least for twelve weeks. The
antibiotic concentration gradient was selected based on the reported
antibiotic concentrations in several typical wastewaters including mu-
nicipal wastewater, hospital wastewater and antibiotic production
wastewater (Ngigi et al. 2020; Afsa et al. 2020; Liu et al. 2012). The
high antibiotic doses of 25 and 50 mg L−1 were above the minimum
inhibitory concentrations (MIC) of STM (16 mg L−1) and OTC (16 mg
L−1) for Escherichia coli (CLSI 2016; Shinozuka et al., 2019; Sunde and
Norström, 2005). The reactors were operated at a hydraulic retention
time (HRT) of 24 h and room temperature (20 ± 5 °C). The con-
centrations of STM and OTC in the effluents were 0.001–0.024 mg L−1

and 0.016–27.377 mg L−1, respectively (Tian et al., 2020). Two fiber
balls were taken out from each reactor for biological analysis at the end
of each antibiotic exposure stage, with two new ones supplemented.
Biomasses washed from the balls using phosphate buffer saline (PBS)
were used for molecular biological analysis and bacterial isolation.
Detailed experimental information is available from our previous stu-
dies (Selvaraj et al., 2018; Shi et al., 2018; Tian et al., 2020).

Triplicate tryptic soy agar (TSA) and R2 agar (R2A) non-selective
plates were used for the isolation of bacteria from the STM and OTC
reactors at different time points. In total, we recovered 191 isolates
from the STM reactor (Selvaraj et al., 2018) and 90 isolates from the
OTC reactor. Detailed methods for bacterial isolation and resistance
characterization of the bacterial isolates are presented in the
Supporting Information.

2.2. DNA extraction

Approximately 0.25 g biomass (wet weight) was used for DNA ex-
traction with a FastDNA® SPIN Kit for Soil (MP Biomedicals, USA)
following the manufacturer’s instructions. DNA was eluted in 80 μL TE

buffer, with 1 μL used for quantification on a NanoDrop ND-1000 (USA)
and 5 μL used for electrophoresis on a 1% (w/v) agarose gel. For the
extraction of genomic DNA from bacterial isolates, the Wizard®
Genomic DNA Purification Kit (Promega Madison, USA) was used ac-
cording to the manufacturer’s instructions.

2.3. Quantification of intI1 and ARGs in biomass

The integron-integrase gene (intI1) of class 1 integrons and the 16S
rRNA gene were quantified for all the collected biomass samples using
SYBR-Green qPCR (primers and annealing temperatures are showed in
Table S2). Standard plasmids carrying target gene fragments were
constructed by TA cloning, and extracted using a TIANpure Mini
Plasmid kit (Tiangen, China). These standard plasmids were used as
positive controls to construct standard curves for the qPCR analysis, and
their concentrations (ng µL−1) were determined with Nanodrop ND-
1000 (Nanodrop, USA) and converted to copies µL−1 (Pei et al., 2006).
The 25 µL reactions typically contained 1 × SybrGreen I, 1 × Dye
(Takara, Japan), 200 nM each primer, 0.5 mg mL−1 BSA, and 2 µL DNA
template. SYBR-Green qPCR was run on a LightCycler® 96 (Roche, USA)
with the program: 95 °C for 30 s, 45 cycles consisting of: (i) 95 °C for
10 s, (ii) annealing temperature for 10 s, (iii) 72 °C for 30 s. All stan-
dards, samples, and negative controls (sterile water) were quantified in
technical triplicates. To prevent inhibition by the sample matrix, 10- to
100-fold diluted samples were used for quantification. The following
requirements were satisfied to obtain reliable quantification: R2 was
higher than 0.99 for standard curves; amplification efficiencies based
on slopes were between 90% and 110%; and specificity was confirmed
by melting curves and agarose gel electrophoresis. The relative abun-
dance of intI1 was obtained by normalizing its copy number to that of
the 16S rRNA gene.

To reveal the abundance and composition of resistome, metage-
nomic sequencing using Illumina Hiseq 4000 was conducted for each
biomass sample from the control, STM and OTC systems. Detailed
methods are presented in the Supporting Information.

2.4. Characterizing gene cassette arrays of class 1 integrons using
clone library analysis

All biomass samples collected from the STM and OTC systems were
used for clone library analysis. As for the control system, considering
the abundance of intI1 remained constant over the experiment period,
only biomass samples collected from stages 1, 3, 5 and 6 were used for
clone library analysis. Since many clinical class 1 integrons carry a 3′
conserved segment (CS) (Hall and Collis, 1995), we used primers 5′CS
and 3′CS (Table S2) at 0.5 µM to amplify the variable gene cassette-
containing region from all samples, using an ABI PCR System 9700
(ABI, USA). PCR mixes of 25 µL final volume were prepared with
10–20 ng of total DNA at the appropriate dilution, using Takara Ex
Taq™ (Takara, Japan) and the associated buffer / dNTP mix as re-
commended in protocol. The PCR program was as follows: 95 °C for
3 min, 35 cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C for 2 min 30 s,
and then a step at 72 °C for 10 min. The PCR amplicons were checked
by electrophoresis on a 1% (weight/volume) agarose gel and purified
using a QIAquick Gel Extraction Kit (QIAGEN, Germany) before inser-
tion into the pMD-19T cloning vector (Takara, Japan). Ligature mix-
tures were transformed into JM109 Escherichia coli (Takara, Japan)
according to the manufacturer’s instructions. Transformants were se-
lected by blue − white screening with X-Gal. Approximately 140
random colonies were picked for each biomass sample, and then an
internal primer, MRG284 (Gillings et al., 2009) coupled with the 3′CS
primer was used for confirming the presence of a class 1 integron in
each picked colony (Stalder et al., 2014). The confirmed positive clones
were sequenced using an ABI3730 automated sequencer (ABI, USA)
with plasmid vector-specific primers M13F and M13R. After trimming
and assembling, the sequences were submitted to GenBank. BLASTn
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(www.ncbi.nlm.nih.gov/BLAST) was used to check for homology with
previously reported gene cassettes, and confirmed using the INTEGR-
ALL database (http://integrall.bio.ua.pt). For sequences without
homologies in GenBank, potential attC sites were manually checked
using IntegronFinder (https://integronfinder.readthedocs.io/en/latest/
developer_guide/api/attc.html). Predicted open reading frames be-
tween two putative attC sites were screened using BLASTX against the
NCBI-NR database (www.ncbi.nlm.nih.gov/BLAST).

Integron gene cassette arrays detected in bacterial strains isolated
from the reactors were also analyzed using the methods above.
Fourteen isolates respectively belonging to Aeromonas allosaccharophila,
A. veronii, Pseudoxanthomonas mexicana and Comamonas testosteroni
were chosen from the 191 isolates previously collected from the STM
system (Selvaraj et al., 2018) for integron gene cassette array analysis.
These strains showed increasing resistance to STM together with the
emergence of intI1 under STM selection (Table S3).

All nucleotide sequences of gene cassette arrays obtained in this
study were deposited in GenBank under accession nos. MN418905-
MN418973.

2.5. Investigation of the genetic landscape around class 1 integrons in
bacteria isolated from the OTC system

The presence of three tetracycline resistance genes (tetA, tetC and
tetG), and the integron-integrase gene intI1 in 90 isolates identified as
Stenotrophomonas, Comamonas, Pseudomonas and Aeromonas was con-
firmed by PCR after DNA extraction. PCR conditions were in ac-
cordance with the method in our previous study (Liu et al., 2012). The
PCR primers and annealing temperatures for the tet genes and intI1 are
listed in Table S2. The positive amplicons were further examined by
sequencing with an ABI3730 automated sequencer (ABI, USA).

Nine isolates, including one Stenotrophomonas maltophilia, two
Stenotrophomonas acidaminiphila, one Comamonas koreensis, one
Pseudomonas migulae, one Pseudomonas putida, two Comamonas testos-
teroni, and one Aeromonas media, known to contain both intI1 and tet
genes, were sent for PacBio sequencing (Magigene, Guangzhou, China).
Detailed methods are presented in the Supporting Information.

After de novo Genome Assembly, genome sequences were submitted
to the RAST server (http://rast.nmpdr.org) (Aziz et al., 2008) with an E-
value of 10−5 for annotations, with further checking using BLASTX
(www.ncbi.nlm.nih.gov/BLAST) in the NCBI database. Annotation of
ARGs, especially tet genes, class 1 integrons, insertion sequences (ISs)
and transposons were conducted using the following databases: the
Comprehensive Antibiotic Resistance Database (CARD) (http://
arpcard.mcmaster.ca); the INTEGRALL database (http://integrall.bio.
ua.pt/); and the ISfinder database (https://www-is.biotoul.fr/). Com-
plete genome sequences of the nine strains were deposited in the NCBI
database with accession numbers ranging from CP043565 to
CP043579.

2.6. Analysis of the synteny between tet genes and class 1 integrons based on
the NCBI genome collection

To test how frequently synteny between class 1 integrons and tetA, C
or G genes occurred, the NCBI complete genome collection was con-
structed locally. In brief, 202 complete genomes (Table S4) containing a
tetA, C or G gene, confirmed through BLAST searches for tet genes
against the NCBI Microbial Genomes database (https://www.ncbi.nlm.
nih.gov/genome/microbes/) were downloaded. Among these, 116
genomes were tetA positive, 34 genomes were tetC positive and 59
genomes were tetG positive. The Prokaryotic Dynamic Programming
Genefinding Algorithm (Prodigal) was used for gene prediction, and
class 1 integrons were identified in these genomes by moving upstream
and downstream from each seed tet gene using the Integron Visualiza-
tion and Identification Pipeline (I-VIP) (Zhang et al. 2018). Genome
DNA fragments with one end at the tet gene and the other one at the

class 1 integron were extracted, and ORFs including ARGs, class 1 in-
tegrons, and transposons in the fragments were annotated using Prokka
(Seemann, 2014) and the related databases described above.

2.7. Statistical analysis

Averages and standard deviations were calculated using Excel 2010
(Microsoft Office 2010, Microsoft, USA). One-way ANOVA with post-
hoc testing using Tukey‘s method was used to assess significant differ-
ences between stages. Correlation and one-way ANOVA analyses were
performed using SPSS version 20.0 (IBM, USA). p < 0.05 and
p < 0.01 were considered as significant and highly significant, re-
spectively. Gephi 0.9.1 software was applied for network visualization.
Easyfig software (version 2.2.2) was used for visualization of synteny
between tet genes and class 1 integrons.

3. Results

3.1. Abundance of class 1 integrons under increasing antibiotic
concentrations

The relative abundance of intI1 (the ratio of copy number of intI1 to
16S rRNA genes) in the control system was fairly constant over the
whole experimental period, spanning some 21 months (between
1.16 × 10−2 and 3.13 × 10−2, Fig. 1). The relative abundance of intI1
in the STM system exhibited a significant increase at 0.1 mg L−1

(p < 0.01), with a continual increase up to 2.59 × 10−1 at 50 mg L−1.
In the OTC system, the relative abundance of intI1 increased sig-
nificantly (p < 0.01) at an OTC dose of 0.1 mg L−1, reached a peak
value of 5.69 × 10−1 when the dose was increased to 5 mg L−1, with a
decline thereafter to 1.85 × 10−1 at 50 mg L−1 (Fig. 1). The significant
enrichment of resistomes in the OTC and STM treated reactors has been
described in our recent work (Tian et al., 2020). As shown in Fig. S1,
the abundance of intI1 was significantly correlated with that of re-
sistome in control (p < 0.05), but highly significantly correlated with
those of resistomes in STM (p < 0.01) and OTC (p < 0.01) treat-
ments, showing the co-enrichment of intI1 and ARGs in the metagen-
omes under OTC and STM stresses. This overall correlation was prob-
ably driven by very strong positive correlations with a subset of
dominant ARG types, including aadB, aadA, aacA4, ereA, strA, strB, tetA,
tetC and tetG (Table S5).

3.2. Diversity of gene cassettes in class 1 integron pools

Clone libraries of gene cassette arrays were constructed for the
control, STM and OTC systems (Table S6). In total, 67 types of gene
cassette arrays harboring 1 to 5 gene cassettes were recovered, with 35
of the arrays being novel. Arrays containing aminoglycoside resistance
cassettes, including |aadA2|, |aadA1|, |aadB| and |aadB|aadA2|, were
the most abundant resistance gene cassette arrays in all three systems. A
total of 41 resistance gene cassettes were detected, conferring resistance
to six classes of antibiotics, including aminoglycosides, trimethoprim,
beta-lactams, chloramphenicol, erythromycin, lincomycin, and qua-
ternary ammonium salts (Table S7and Table S8). A total of 24 gene
cassettes encoding proteins with known or unknown functions were
also recovered (Table S7 and Table S9). Network analysis revealed the
shared and specific ARGs cassettes among the three systems, as shown
in Fig. 2. The STM system was mainly for enriching aminoglycoside
resistance genes, while the control and OTC systems exhibited a more
diverse gene cassette pattern, including many unknown gene cassettes.

3.3. Characterization of gene cassette arrays in STM and OTC systems

At the start of the experiment, most integrons from the three sys-
tems did not contain gene cassettes (‘empty’ integrons) (Table 1).
During the course of the experiment, the number of empty cassette
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arrays in the control did gradually fall from 63% to 32%. This fall was
accounted for by an increase in abundance of integrons that contained
gene cassettes or cassette arrays that were often absent or rare in the
STM and OTC treatments (Table S6). The adaptation of bacterial
communities to synthetic wastewater might be a driving force.

In the STM treatment, there was a more marked and consistent
decline in the number of empty cassette arrays, falling from 64% at
time zero to as low as 16% at the highest streptomycin treatment
(Table 1). This fall was almost entirely accounted for by an increase in
the abundance of integrons carrying aminoglycoside resistance

Fig. 1. Relative abundance of intI1 under increasing antibiotic addition. Antibiotic dose of the antibiotic spiking reactors: Stage 1: 0 mg/L; Stage 2: 0.1 mg/L; Stage 3:
1 mg/L; Stage 4: 5 mg/L; Stage 5: 25 mg/L; Stage 6: 50 mg/L.

Fig. 2. Network based on gene cassettes recovered from the control (including time zero treatments), STM and OTC systems. Different systems are represented by
large orange dots, medium size dots with different colors represent different resistance gene cassettes, and the smallest gray dots represent ORFs with known or
unknown functions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cassettes (Table S6, S7, S10 and S11). In the 25 and 50 mg L−1 strep-
tomycin treatments, 58% of integrons carried at least one gene cassette
that encoded an aminoglycoside resistance determinant and was lo-
cated adjacent to the Pc promoter (Table 1).

In the OTC treated system, there was an immediate decline in the
number of empty integrons from 50.9% to 20.3% at the first and lowest
OTC concentration of 0.1 mg L−1. The proportion of empty integrons
remained between 15.5% and 26.5% for the remainder of the experi-
ment (Table 1). Although the cassettes in the integron arrays did not
confer resistance to tetracyclines, it is likely that the synteny with
various tet genes drove an increase in intI1 abundance via co-selection.

The proportion of integrons containing two or more cassettes
(|aadB|aadA2|, |aadB|aadA1| and |dfrA16|aacA4| being the most
abundant) significantly increased (from 7.9% to 29.1%) in the STM
treatments (Table S6 and Table S12). In general, arrays containing two
or more cassettes most commonly had an aminoglycoside resistance
cassette, including aadB, aadA1, aadA7 or aacA4 in the first position
(Table S6). The ratio of aminoglycoside ARGs in the first cassette po-
sition increased from 26.2% to 58.1% with the increase of STM dose
from 0 to 50 mg L−1 (Table 1). Aminoglycoside ARGs were also present
in the first cassette position in the Control system, but the ratio only
varied across a narrow range (14.2–25.8%). The increasing abundance
of longer arrays as the experiment proceeded lends evidence to the idea
that cassettes were actively being accumulated into arrays with the
increasing antibiotic dose. Another explanation could be the selection
of integron carrying more gene cassettes.

In the OTC treatments, the proportion of integrons containing two
or more cassettes increased from 5.3% at OTC 0 treatment to 27.3% at
OTC 25 mg L−1 treatment, then decreased finally to 11.8% (Table S12).
In the OTC system, the ratio of aminoglycoside ARGs in the first cassette
position increased from 33.3% at OTC 0 treatment to 58.3% at OTC
5 mg L−1 treatment, then decreased finally to 21.6% with the increase
of TRI (22.5%) and CHL (21.6%). Gene cassette arrays such as |cat-
B8|aadA1|, |qacG|qacG|, |orfE_variant|qacF| and |cmlA1|aadA2| were
the most commonly recovered (Table S6).

3.4. Characterization of bacterial isolates from STM and OTC systems

The distribution of class 1 integrons and gene cassette arrays was
examined in 14 strains isolated from the STM system at different steps,
and belonging to four species including Aeromonas allosaccharophila, A.
veronii, Pseudoxanthomonas mexicana and Comamonas testosteroni (Table
S3). None of the four species harbored intI1 when isolated from the STM
microcosm before addition of antibiotic, although C. testosteroni did
exhibit an MIC value of 256 mg L−1 for streptomycin. The two A.

allosaccharophila strains isolated at STM 25 and 50 mg L−1 treatments
harbored an integron carrying |aadA1|, while the two Ps. mexicana
strains from the same treatments harbored an integron carrying |aad-
B|aacA4|catB3|aadA2|. The four strains exhibited strong resistance,
with an MIC equal to or greater than 1024 mg L−1, which was much
higher than the highest spiked antibiotic concentration (50 mg L−1).
The A. veronii strains isolated at STM 0.1 and 25 mg L−1 treatments also
harbored an integron carrying |aadA1|, exhibiting stronger STM re-
sistance at the higher STM concentration. On the other hand, the C.
testosteroni strains isolated at the STM 0.1, 1 and 5 mg L−1 treatments
acquired an integron without gene cassettes, even though they also
exhibited antibiotic resistance (with MIC value of 256 mg L−1, 256 mg
L−1, and greater than 1024 mg L−1 respectively).

The distribution of class 1 integron and tetA, tetC or tetG in the 90
strains isolated from different OTC treatments is shown in Table S13.
Among them, 91.1% were positive for intI1, and 36.7%, 40.0% and
50.0% were positive for tetA, tetC, and tetG, respectively. The antibiotic
resistance features and associated gene structures of 9 strains simulta-
neously harboring intI1 and tet genes were analyzed using Pacbio Smart
Sequencing (Table S14 and Fig. 3). All strains were resistant to OTC,
with MICs ranging from 32 to 256 mg L−1. As shown in Fig. 3, tetA and
intI1 were harbored by Tn3 family transposons in A. media R1-26, Ps.
putida T25-27 and S. maltophilia T50-20, tetC and intI1 were linked
through IS26 in S. acidaminiphila T0-18, C. testosteroni T5-67 and S.
acidaminiphila T25-65, and tetG and intI1 were harbored or linked by
Tn3 family transposons in Ps. migulae R1-9, C. testosteroni R5-28 and C.
koreensis T50-37. In addition, tetG was also linked with ISCR3.

By searching the NCBI Microbial Genomes database, a total of 202
genomes harboring tetA, tetC or tetG were downloaded (Table S4), of
which 57.4% were tetA positive, 16.8% were tetC positive and 29.2%
were tetG positive. Among the 202 genomes, 52% (1 0 5) simulta-
neously harbored intI1. As shown in Fig. S2, 52.4% of the 105 genomes
showed synteny between tetA and intI1 mainly mediated by co-occur-
rence on transposons belonging to the Tn3 family (34.3%) or linked by
insertion sequences IS6 (48.6%); 13.3% showed synteny between tetC
and intI1, with IS26 being the main connecting element; 40.0% showed
synteny between tetG and intI1, with ISCR3 (40%) and the florfenicol
ARG floR (36.7%) being the main connecting elements. Consequently,
tet resistance elements are often associated with intI1, and these asso-
ciations are mainly mediated by transposons and insertion elements.
The results of the genome data analysis confirmed our sequence ana-
lysis, and showed that the linkage between tet determinants and intI1 is
common. This explains why changes in abundance of intI1 might occur
in OTC treatments, since selection for tet will co-select for linked in-
tegrons.

4. Discussion

DNA elements capable of conferring resistance to antibiotics can be
found in all environments. These genes, collectively termed the re-
sistome, are both widespread and ancient (D’Costa et al., 2006). A
subset of these genes has become clinically relevant, and a diverse
collection of such genes have been sequestered by integrons as gene
cassettes. Aminoglycoside resistance gene cassettes are often the most
abundant in various environments, followed by gene cassettes con-
ferring resistance to trimethoprim and beta lactams (An et al., 2018; Ma
et al., 2017).

In this study, we focused on the question whether residual anti-
biotics in wastewater might select for cells that contain integrons, select
for cells that have recently acquired integrons, and select for acquisition
of gene cassettes into integrons. To test this, we established aerobic
biofilm reactors inoculated with sewage sludge, and over a period of
some 21 months increased the concentration of antibiotics in the
system. During this period, bacteria were isolated and tested for phe-
notypic resistance, and the abundance of integrons, gene cassettes and
resistance genes were assessed using PCR and sequencing. The

Table 1
The relative percentages of first gene cassettes (adjacent to promotor Pc)
identified by resistance phenotype. AMI, TRI and CHL refer to aminoglycoside,
trimethoprim and chloramphenicol resistance, empty = no gene cassette.

Dose clone numbers empty AMI TRI CHL others

Control Control0 86 62.8 15.1 0 0 22.1
Control1 113 51.3 14.2 3.5 0 31
Control25 49 46.9 14.3 0 2 36.7
Control50 62 32.3 25.8 6.5 0 35.6

STM 0 mg L−1 64 64.1 26.2 0 0 9.4
0.1 mg L−1 60 53.3 33.3 3.4 0 10.1
1 mg L−1 92 39.1 37 1.1 0 22.8
5 mg L−1 97 33 33.9 15.5 0 17.5
25 mg L−1 68 22.1 57.4 11.8 0 8.9
50 mg L−1 93 16.1 58.1 1.1 0 24.8

OTC 0 mg L−1 57 50.9 33.3 0 0 15.8
0.1 mg L−1 79 20.3 51.9 0 0 27.8
1 mg L−1 117 16.2 40.2 4.3 1.7 37.6
5 mg L−1 103 15.5 58.3 0 0 26.1
25 mg L−1 110 22.7 30.9 3.6 24.5 18.2
50 mg L−1 102 26.5 21.6 22.5 21.6 7.9
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enrichment of both intI1 and resistomes and the highly significant
correlation between them in the antibiotic exposed reactors (Fig. 1 and
Fig. S1) suggest that intI1 might have played an important role in the
development of antibiotic resistance under STM and OTC stresses.

As expected, both integrons and gene cassettes were present in the
starting reactors before antibiotic was added. However, around half of
the integrons detected did not carry any gene cassettes (Table 1). The
remaining integrons often carried aminoglycoside resistance gene

Fig. 3. Mapping of chromosomal landscapes around tet resistance genes in bacteria isolated from the OTC system. (a) Synteny between class 1 integron and tetA in
Aeromonas media R1-26, Pseudomonas putida T25-27, and Stenotrophomonas maltophilia T50-20; (b) Synteny between class 1 integron and tetC in Stenotrophomonas
acidaminiphila T0-18, Comamonas testosteroni T5-67 and Stenotrophomonas acidaminiphila T25-65; (c) Synteny between class 1 integron and tetG in Pseudomonas
migulae R1-9, Comamonas testosteroni R5-28, and Comamonas koreensis T50-37.
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cassettes, with trimethoprim, beta-lactam and chloramphenicol re-
sistance gene cassettes being a smaller proportion. This was in ac-
cordance with previous observations in sewage treatment plants and
natural environments (An et al., 2018; Ma et al., 2017; Stalder et al.,
2014). The dominance of aminoglycoside resistance gene cassettes in
environmental bacteria has been attributed to the widespread use of
aminoglycosides in clinical treatment (Becker and Cooper, 2013; Zaffiri
et al., 2012). The aadA gene cassette family (that confers resistance to
aminoglycosides) incurs a negligible fitness cost (Lacotte et al., 2017),
perhaps allowing bacteria to carry them without being subjected to
negative selection pressure , which could also be supported by the in-
creased aadA allele aadA2 in the control system (Table S7).

Streptomycin was introduced into one aerobic reactor in incre-
mental doses over the 21 month period. Even at the lowest dose, there
was an immediate increase in the relative abundance of intI1 and re-
sistance gene cassettes, notably the aadA, aacA4 and aadB gene cas-
settes that confer resistance to streptomycin (Fig. 1, Table S7, Table
S10). These genes, particularly aadA, were found to be dominant ami-
noglycoside resistance genes in the STM system through metagenomic
sequencing (Tian et al., 2020). The relative abundance of intI1 con-
sistently increased with increasing streptomycin doses from 0.1 to
50 mg L−1, reaching a final abundance of 2.59 × 10−1. This enrich-
ment of both integrons and aadA cassette alleles (aadA1, aadA2 and
aadA5) were dose dependent (Table S8), as might be predicted if an-
tibiotic selection pressure were the driving force. Further, the propor-
tion of the aminoglycoside resistance gene cassettes occupying the first
position in the cassette array increased. This position is adjacent to the
promotor Pc, meaning that the aminoglycoside resistance gene cassettes
have stronger expression (Coyne et al., 2010; Hall and Collis, 1995),
which are beneficial for their host bacterium under STM stresses
thereby increasing bacterial fitness and consequently survival (Gillings,
2014). Barraud and Ploy (2015) also found that E. coli can get higher
level of chloramphenicol resistance by excising the other gene cassettes
in front of chloramphenicol resistance gene catB9 in class 1 integron.
This suggests direct selection for resistant bacteria and acquisition of
aminoglycoside resistance cassettes that were present in the biofilm
with low abundance driven by exposure to increasing concentrations of
streptomycin. Among the 67 gene cassette arrays recovered, |aadB-
R|aadA5-R| (STM 5 mg L−1) and |aadB-R|dfrB3_variant|aacA4-R| (STM
50 mg L−1) were found to have the R-spacer structure in place of the
complete attC site Table S6) (Partridge et al., 2009). These aminogly-
coside gene cassettes with incomplete attC sites may be selected under
STM stress to prevent gene excision if they were essential for bacterial
survival (Elsaied et al., 2011).

The conclusions from this part of the experiment are that selection
pressure from the addition of streptomycin led to differential survival of
cell lines that: (i) contained integrons; (ii) carried the relevant aadA
gene cassettes; and (iii) carried aadA cassettes in the first position in the
array. Such an outcome might arise from simple selection of pre-ex-
isting cells that exhibit these properties, or from the dynamic acquisi-
tion and rearrangement of integrons during the experiment. Isolates of
Aeromonas allosaccharophila, A. veronii, and Pseudoxanthomonas mex-
icana from the initial biofilm did not exhibit aminoglycoside resistance.
After exposure to STM, isolates of these species became resistant to
streptomycin, which might be associated with the acquisition of in-
tegrons containing aminoglycoside resistance genes (Table S3). One
species, Comamonas testosteroni, exhibited resistance at the beginning of
the experiment, due to the presence of the aminoglycoside (strepto-
mycin) resistance genes strA and strB (Selvaraj et al., 2018). Comomonas
strains did acquire integrons in later parts of the experiment, but
without gene cassettes (Table S3), suggesting the possibility that these
species might have acquired integrons by lateral gene transfer, and that
exposure to streptomycin drove dynamic acquisition of integrons and
appropriate resistance genes in diverse bacterial species within the
biofilm. Acquisition of integrons and the gene cassettes in the biofilm
could be realized through transformation, conjugation, or transduction

(Johnston et al., 2014). Our previous study has revealed the enrichment
of plasmid under increasing STM concentrations (Tian et al., 2020).
Thus it is speculated that conjugation might have played an important
role in the horizontal spread of integrons within the aerobic biofilm
bacterial community. Besides horizontal transfer, however, this result
could not negate the possibility of selection of species.

The system where oxytetracycline was added incrementally ex-
hibited a more complicated response. The abundance of intI1 initially
increased under oxytetracycline addition, then declined at later stages.
There was a significant correlation between intI1 and typical tet genes
including tetA, tetC and tetG. However, none of the tet genes occurred in
cassettes harbored by integrons (Fig. 2), in accordance with previous
studies (Fluit and Schmitz, 2004; Li et al., 2010; Liu et al., 2013;
Partridge et al., 2009). This suggests that integrons are not directly
responsible for spreading tet resistance genes. However, there was a
strong interaction between the tet genes and intI1 in our experiments, as
well as in other studies (Gao et al., 2018; Jang et al., 2018; Liu et al.,
2012; Lu et al., 2018; Yan et al., 2018), most likely driven by their co-
location on transposons or other mobile elements. This would explain
the common occurrence of multidrug resistance observed under oxy-
tetracycline stress (Li et al., 2010), since co-selection of integrons with
tet resistance determinants would fix resistance gene cassettes in-
cidentally.

The use of oxytetracycline could also have an influence on integron
dynamics. Some antibiotics, including tetracyclines, can trigger the SOS
response, and this affects transcription of integron-integrase genes, re-
sulting in elevated integrase activity with consequent increase in cas-
sette acquisition and rearrangement (Baharoglu and Mazel, 2011;
Guerin et al., 2009). Increased oxytetracycline stress was associated
with enrichment of diverse integron cassettes including aadA1, aadB,
blaPSE-1, blaOXA-101, blaBEL-1, dfrA22, catB3, catB8, ereA1, cmlA1,
qacG and qacF. Aminoglycoside resistance gene cassettes, particularly
aadA2, aadA1, and aadB were dominant in the oxytetracycline system,
trimethoprim (dfrA22) and chloramphenicol (catB3) resistance cas-
settes became equally important at the highest oxytetracycline dose of
50 mg L−1 (Table S7 and Table S11).

Coexistence of tet genes and intI1 has been detected in both Gram-
negative and Gram-positive bacteria (Guerra et al., 2002; L’Abée-Lund
and Sørum, 2001; Tauch et al., 2002), and co-transfer of tet genes and
class 1 integrons has been observed from soil isolates to Escherichia coli
and Pseudomonas putida (Agersø and Sandvang, 2005). Here we show
why this might be a common occurrence. In this study, mobile genetic
elements were found to be responsible for the synteny between tet genes
and intI1 (Fig. 3, Fig. S2), which may result in the co-selection between
them. IS26 was found to be a connector between tetC and intI1, and the
intI1-IS26-tetC module was also found on both chromosomes and plas-
mids of other bacterial species in the genome collection (Fig. S2, Table
S15). ISCR3 elements, which are often found next to tetG, showed
strong linkage with intI1 (Fig. 3c, Fig. S2). This arrangement has also
been reported in clinical Pseudomonas strains (Yuan et al., 2017). Tn3 is
a large family of transposons that can carry integrons as well as dif-
ferent ARGs (Nicolas et al., 2015; Partridge, 2011). We found that Tn3
transposons mediated synteny between intI1 and tetA or tetG. Previous
studies have shown that tetA was often harbored by transposon Tn1721,
which belongs to the Tn3 family (Partridge, 2011). At the same time,
other mobile elements belonging to IS1, IS3, IS5, IS6, IS21, IS110,
IS1182, IS1380 and ISCR also mediate connections between intI1 and tet
genes (Fig. S2). Though synteny between tet genes and intI1 has already
been reported previously, its mechanism is still not clear. It is possible
that congregation of tet genes and intI1 by inserting them into the same
preferred target sites for the integration of foreign DNA on plasmid or
chromosome mediated by transposons could offer a fitness advantage to
a bacterium living in the constant presence of antibiotics (Looft et al.,
2012; Williams, 2002). Thus, co-selection of integrons and tetracycline
ARGs might be common.

In summary, the experiments reported in this paper suggest that
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ongoing selection and rearrangement of antibiotic resistance determi-
nants can occur during wastewater treatment, driven by the con-
centrations of residual antibiotics frequently encountered during was-
tewater treatment (Yi et al., 2017). Further, there is significant
potential for different resistance determinants to be fixed in populations
simply by co-selection based on physical linkage of these different
ARGs. This underscores the complexity of bacterial genetic diversity,
and the potential for human activity to lead to unanticipated outcomes
in the microbial world.
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