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still largely unknown. In the present study, 11 tetC-containing Aeromonas media strains were
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isolated from an aerobic biofilm reactor under oxytetracycline stresses, and the genome of
one strain was sequenced using the PacBio RSII sequencing approach to reveal the genetic
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environment of tetC. The tetC gene was carried by an IS26 composite transposon, named

Aeromonas media

Tn6434. The tetC-carrying Tn6434 structure was detected in all of the A. media strains ei-

tetC

ther in a novel plasmid pAeme2 (n=9) or other DNA molecules (n=2) by PCR screening. The

IS26

NCBI database searching result shows that this structure was also present in the plasmids

Circular intermediate

or chromosomes of other 13 genera, indicating the transferability of Tn6434. Inverse PCR

Inverse PCR

and sequencing confirmed that Tn6434 can form a circular intermediate and is able to incorporate into a preexisting IS26 element, suggesting that Tn6434 might be responsible for
the dissemination of tetC between different DNA molecules. This study will be helpful in
uncovering the spread mechanism of tet genes in water environments.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Tetracycline antibiotics are one of the most commonly used
human and veterinary medicines (Chopra and Roberts, 2001).
Nowadays, tetracycline resistant bacteria and resistance
genes are widely distributed in various environments, such
as wastewater, fresh or saline water environments, agricultural soil, and animal and human guts (Akinbowale et al., 2007;
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Andersen and Sandaa, 1994; Auerbach et al., 2007; Li et al.,
2010; Scott et al., 2000; Zhou et al., 2021). More than 50 tetracycline resistance (tet) genes have been characterized to date
(http://faculty.washington.edu/marilynr/). Among them, the
efflux pump genes including tetA, tetC and tetG, the ribosomal protection gene tetM and the enzymatic degradation
gene tetX are the most prevalent tet genes in the environments (Gao et al., 2012; Liu et al., 2012; Peak et al., 2007;
Shi et al., 2013; Zhang and Zhang, 2011), and detected in phylo-
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genetically diverse bacterial genera (Chopra and Roberts, 2001;
Roberts, 2005). Horizontal gene transfer facilitated with the
mobile elements including transposons and plasmids has
been speculated to be the main path for their wide spread
in the environment particularly under antibiotic stresses
(Liu et al., 2020; Tian et al., 2020).
It is well known that transposons (and insertion sequences
(ISs)) could translocate a segment of bacterial DNA as a whole
between chromosomal, phage, and plasmid DNA in the host
cell, and plasmid could transfer genes between different bacterial cells (Kurland et al., 2003). The ribosomal protection
gene tetM could be transferred within the same species and
between genera via conjugative transposon of the Tn916 family (Roberts and Mullany, 2009, 2011). The spread of the enzymatic degradation gene tetX, and its variants tetX3 and tetX4,
were found to be associated with transposon Tn4351 on Bacteroides plasmids (Shoemaker et al., 1985; Tally et al., 1982),
conjugative transposon CTnDOT (Whittle et al., 2001), and insertion sequence ISVsa3 on the conjugative plasmids (He et al.,
2019). tetA used to be harbored by transposon Tn1721 belonging to the Tn3 family (Partridge, 2011), while tetG was often
linked with the insertion sequence ISCR3 on both chromosome and plasmids (Yuan et al., 2017; Huyan et al., 2020).
Therefore, the combination of transposons and plasmids
should have played an important role in the dissemination of
tet genes (Roberts, 2005). However, the dissemination of different subtypes is associated with different mobile genetic elements.
As for the tetC gene, it is one of most abundant tet genes
in the municipal and antibiotic production wastewater treatment systems (Zhang and Zhang, 2011; Liu et al., 2012). Also,
it is highly prevalent in various environmental compartments
including fish farming ponds, rivers, and soil (Huang et al.,
2019; Peng et al., 2015; Yuan et al., 2019). Diverse gramnegative bacteria including Acinetobacter, Pseudomonas, Shewanella, and Salmonella, have been found to be the hosts of
tetC (Chopra and Roberts, 2001; Roberts, 2005), highlighting
its potential of being transferred horizontally. tetC was firstly
identified on transposon Tn10 of plasmid R100 (Braus et al.,
1984; Chandler et al., 1979). Thereafter, the tetC gene has been
detected in both chromosome and plasmid of diverse hosts
(Chopra and Roberts, 2001; Dugan et al., 2004; Joseph et al.,
2016; L’Abée-Lund and Sørum, 2002; Roberts, 2005). However,
in the genomes of all the tetC-positive strains, tetC was found
to be located adjacent to transposons or ISs, especially the IS26
element (Harmer and Hall, 2016; Yuan et al., 2017; Zhang et al.,
2019), suggesting IS26 should play an important role in its
spread. Recently, our study showed that tetC was significantly
enriched to be the predominant antibiotic resistance gene
(ARG) subtype in the resistome of aerobic biofilm microbiota
under increasing oxytetracycline concentrations (Tian et al.,
2020). We have uncovered the potential dissemination mechanisms of another two rare efflux pump genes tetE and tet31 in
the above system, which were associated with the transposon
Tn6433 and an integrative conjugative element-like element,
respectively (Shi et al., 2020; Shi et al., 2019). It is interesting
to know which might be the major mechanism for the enrichment of the tetC gene under oxytetracycline stresses.
In this study, to reveal the potential dissemination mechanism of the tetC gene in complex microbial community un-
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der oxytetracycline stresses, 11 Aeromonas media strains carrying tetC were isolated from the aerobic biofilm reactor. By using whole genome sequencing, bioinformatics analysis, and
inverse polymerase chain reaction (PCR), we found a tetCcarrying IS26 composite transposon that can form a circular
intermediate might play a key role in the genetic translocation of tetC in the host cell, and hence its horizontal transfer
between Aeromonas and other bacteria with the help of a novel
plasmid. This study will be helpful in exploring the potential
molecular mechanisms underlying the dissemination of tetC
between bacteria in water environments.

1.

Materials and methods

1.1.

Sampling and bacterial isolation

The setup and operation of the reactor were detailed in previous studies (Shi et al., 2020; Shi et al., 2018). Briefly, an aerobic
biofilm reactor was established to treat synthetic wastewater under increasing oxytetracycline doses (influent concentration of oxytetracycline: 0, 0.1, 1, 5 mg/L, named OTC-0,
OTC-0.1, OTC-1, OTC-5, respectively). Long-term chronic experiment with each influent concentration stage over at least
three months was adopted in the present study mainly focusing on the adaption of the same microbial community to
increasing antibiotic stresses, which is closer to the conditions encountered in realistic wastewater treatment systems
(Aydin et al., 2015). Biofilm samples were collected from each
influent concentration stage of the reactor as previously described (Shi et al., 2020). Aeromonas were isolated using nonselective tryptic soy agar and R2 agar plates and determined
using PCR amplification and sequencing of the 16S rRNA gene
and gyrB gene (Table 1) (Lane, 1991; Yanez et al., 2003), which
have been detailed in our recent work (Shi et al., 2020). All the
Aeromonas strains used in this study are listed in Table 2.

1.2.

Minimal inhibitory concentrations

Minimal inhibitory concentrations (MICs) of oxytetracycline
for the Aeromonas strains were determined by the microdilution method in 96-well plates according to the Clinical Laboratory Standards Institute guidelines (CLSI, 2009). The concentrations of oxytetracycline tested ranged from 0.25 to 1024
mg/L with 2-fold serial dilution. Escherichia coli strain ATCC
25922 was used as a quality control strain.

1.3.
Whole genome sequencing and bioinformatics
analysis
The whole genome sequencing and bioinformatics analysis
have been described previously (Shi et al., 2020; Shi et al., 2019).
Briefly, genomic DNA of one tetC-positive A. media strain T5-1
R
was extracted by the Wizard
Genomic DNA Purification Kit
according to the manufacturer’s instructions (Promega Madison, USA). Ten μg of genomic DNA, which was measured by
the Qubit 3.0 Fluorometer (Life Technologies, Grand Island,
NY), was used for SMRTbellTM library preparation with fragment size of 10 kb selected by the bluepippin system according to the manufacturer’s instructions (Pacific Biosciences,
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Table 1 – PCR primers for the tetC gene, 16S rRNA gene, gyrB gene and Tn6434 fragment.

Gene

Forward Primers (5 -3 )

Reverse Primers (5 -3 )

Annealing
temp. (°C)

Amplicon
length (bp)

tetC

GCGGGATATCGTCCATTCCG

GCGTAGAGGATCCACAGGACG

68

207

16S rRNA gene
gyrB

27F: AGAGTTTGATCCTGGCTCAG
3F: TCCGGCGGTCTGCACGGCGT

1492R: GGTTACCTTGTTACGACTT
14R: TTGTCCGGGTTGTACTCGTC

55
58

1500
1130

GCACGCATCACCTCAATACC
CCCCTGTCATTCGTCAACATT

CGAGTTGCATGATAAAGAAGACAG
GGTACTGGCGTAACCCTTCC

58
58

2877
3549

This study
This study

CTACCAGATGGGCGGTTTATT
ATGACCGATCACGCCAGAAT
ATCCTTATCAGCGGCGTTTT

ATGTACCAGGATTCCTGACGG
TACCGTCACGCAGTTTCCAC
CAGCACTTCCGTATCCCACAT

58
58
58

536
565
513

This study
This study
This study

tetC_R1: TTATGCGACTCCTGCATTAGG

tetC_F4: GATCCTTGAAGCTGTCCCTGA

58

4565

This study

Tn6434
IS26-tetC
tetR-IS26
pAeme2
repA
parA
trbC
Inverse PCR
IS26-tetC
minicircle

Table 2 – Antimicrobial susceptibility of A. media strains
determined by broth microdilution, and the presence of
the tetC gene, Tn6434, and plasmid pAeme2 variants detected by PCR screening.
Samples

Strains

MIC (mg/L)

tetC

Tn6434

pAeme2

OTC-0.1
OTC-1
OTC-5
OTC-5
OTC-5
OTC-5
OTC-5
OTC-5
OTC-5
OTC-5
OTC-5

T0.1-14
T1-43
R5-13
R5-17
R5-21
R5-22
T5-1
T5-12
T5-14
T5-27
T5-28

8
0.25
4
8
8
4
0.25
4
4
8
4

+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+

–
+
–
+
+
+
+
+
+
+
+

Menlo Park, CA, USA). The SMRT sequencing was performed
at Beijing Institute of Genomics (China) on a PacBio RSII sequencer according to standard protocols (Pacific Biosciences)
(Khong et al., 2016). Raw data was evaluated and filtered by
SMRT 2.3.0 to remove the low-quality reads. The genome was
de novo assembled by using the hierarchical genome assembly process (HGAP3) workflow with standard parameters, and
then polished using Quiver to obtain high consensus accuracy
(Chin et al., 2013).
The genome sequence was primarily annotated using
the Rapid Annotation using Subsystem Technology tool
kit server with default parameter (Brettin et al., 2015),
checked and corrected manually using Blastx in the NCBI-NR
database (https://blast.ncbi.nlm.nih.gov/Blast.cgi). ARGs, ISs,
and integrons were determined using online databases, including the Comprehensive Antibiotic Resistance Database
(http://arpcard.mcmaster.ca) (McArthur et al., 2013), ISfinder
database (https://www-is.biotoul.fr/) (Siguier et al., 2006), INTEGRALL database (http://integrall.bio.ua.pt/) (Moura et al.,
2009), and Tn Number Registry (Roberts et al., 2008). Transpo-

Ref.
(Aminov et al.,
2002)
(Lane, 1991)
(Yanez et al.,
2003)

son alignments and comparisons were carried out by Easyfig
(version 2.2.2) (Sullivan et al., 2011) and Blastn.

1.4.
Detection of tetC-carrying MGEs and the circular
intermediate of IS26-tetC structure by PCR screening
Specific primers were designed for Tn6434 and plasmid
pAeme2 as shown in Table 1. To detect the distribution of
intact transposon Tn6434 in the ten additional tetC-positive
A. media strains, two sets of PCR primers were designed, one
primer pair with the forward primer targeting the IS26 tnpA
gene and reverse primer targeting the tetC gene, the other
primer pair based on tetR and IS26 tnpA (Table 1), and three
of the positive PCR products were sequenced by primer walking (Appendix A Table S1). Three sets of primers based on the
backbone genes of plasmid pAeme2 (repA, trbC, parA) were
used to confirm the presence of pAeme2 variants in the ten
A. media strains. To confirm the specificity of plasmid primers,
three target genes repA, trbC and parA were searched against
the NCBI database using Blastx. The repA gene exhibited 66%
similarity to that of plasmid pAsa5 carried by A. salmonicida
(Massicotte et al., 2019), the traI 45% to that of Enterobacteriaceae, and the parA 39% to that of Vibrio crassostreae (Appendix A Table S2), respectively, indicating that the three sets
of primers are specific to pAeme2. Meanwhile, the criterion
for the presence of plasmid pAeme2 is that the three sets of
plasmid primers showed positive results simultaneously. At
the same time, the annealing temperatures (52 °C, 55 °C, 58
°C) have been optimized to obtain sensitive responses for the
three target genes repA, trbC and parA, respectively. The PCR
assays were conducted in 50 μL volume reactions using the
ABI PCR System 9700 (ABI, USA). PCR amplification was performed using Ex Taq (TaKaRa, Japan) with the following program: initial denaturation at 94°C for 5 min; 30 cycles of denaturation at 94°C for 30 sec, annealing at different temperatures
for 30 sec, extension at 72°C for different time based on the
PCR product size, and finished with a final extension at 72°C
for 10 min. PCR products were checked using electrophoresis
on a 1% (w/v) agarose gel in 1 × TAE buffer. For each primer
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set, three amplified products were sequenced to confirm the
accuracy of PCR results.
To determine whether recombination between two IS26 elements could result in the formation of tetC-carrying minicircle, inverse PCR assay was conducted using outward primers
tetC_R1 (5 -TTATGCGACTCCTGCATTAGG-3 ) and tetC_F4 (5 CCGCACTTATGACTGTCTTCTTT-3 ) for circular intermediate
IS26-tetC unit (Table 1). When detected, minicircle was sequenced by primer walking (Appendix A Table S1).

1.5.

Nucleotide sequence accession number

Complete genome sequence of A. media strain T5-1 with accession number CP061477 (chromosome) and CP061478 (plasmid pAeme2) was deposited in the NCBI database. Nucleotide
sequences of partial Tn6434 of A. media strains T0.1-14, T1-43,
R5-13, partial repA, trbC, and parA genes in plasmid pAeme2
variants of A. media strains T1-43, R5-21, and T5-14, have been
deposited in the GenBank database under accession numbers
from MT996876 to MT966887.

2.

Results and discussion

2.1.
Taxonomic characterization and oxytetracycline
resistance phenotypes of the eleven tetC-positive A. media
strains
A total of 11 tetC-positive Aeromonas strains were recovered
from biofilm samples, including one from OTC-0.1, one from
OTC-1, nine from OTC-5 (Table 2). Phylogenetic analyses of 16S
rRNA gene and the housekeeping gyrB gene of the eleven isolates showed that they all belonged to A. media (Appendix A
Fig. S1). Until now, the tetC gene has been successfully identified in 30 genera (http://faculty.washington.edu/marilynr/;
http://arpcard.mcmaster.ca), including Aeromonas but just the
species of A. hydrophila, A. veronii, and A. caviae (Piotrowska and
Popowska, 2014). To our knowledge, it is the first time that tetC
was found to be carried by A. media, which further expands
the host range of this gene. The wide host range also suggests
that tetC should be associated with some mobile elements
(Roberts, 2005). As shown in Table 2, all the tetC-positive A. media strains showed low or intermediate resistance to oxytetracycline, with MIC values ranging from 0.25 to 8 mg/L.

2.2.

Genetic environment of the tetC gene in A. media

To characterize the genetic environment of tetC, the genome
of tetC-positive A. media strain T5-1 was sequenced using the
PacBio RSII sequencing approach. The genome of A. media
strain T5-1 includes a chromosome with a length of 4,702,913
bp, and a single plasmid, named pAeme2. This genome contains 5,187 protein-coding genes, with a GC content of 60.9%.
The tetC gene was carried by the plasmid pAeme2, and located
in the IS26-xre-tetR-tetC-virB4-res-int-IS26 unit, named transposon Tn6434 in this study (Fig. 1).
Plasmid pAeme2 is a 100,709 bp circular molecule with
a total of 155 annotated open reading frames and an average GC content of 55.6%, and is composed of a backbone region and a multidrug resistance (MDR) region. The backbone
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of pAeme2 is 78,515 bp in length, encoding plasmid replication (repA), maintenance (parA, parB, dndB, etc.), and conjugal
transfer (traD, trwC, traG, etc.) functions (Fig. 2; Appendix A Table S2). The deduced plasmid replication protein RepA shared
66% similarity to the RepA protein from plasmid pAsa5 carried
by A. salmonicida (Massicotte et al., 2019). A search of pAeme2
against the NCBI nucleotide database returned a 100% similarity match to the plasmid pP10164-3 carried by Leclercia adecarboxylata (Sun et al., 2016) but with only a 13.0% coverage
limited to the MDR region. Therefore, the plasmid pAeme2 is
possibly a novel plasmid.
The MDR region of pAeme2 is 22,194 bp in length, includes
several resistance units inserted in a probably defective transposon (termed Tn6514) related to the Tn1696 transposon of
the Tn3 family (Partridge et al., 2001). The internal region of
the transposon is composed of a rearranged In4-like class
1 integron including antibiotic resistance genes catB8, aadA,
qacE1 and sul1 in addition to the IS6100 and integrase gene
intI1, three IS26 elements, the tetC and tetR genes, a probable transcriptional regulator (xre) and three mobility-related
genes coding for an integrase (int), a resolvase (res), and a T4SS
inner membrane protein (virB4) (Fig. 1).
A detailed analysis of the observed structure suggests a
major role of IS26 elements in reshaping Tn6514. First, the
In4 integrase gene intI1 is divided into two truncated fragments in opposite orientation, each adjacent to an IS26 element (Fig. 1). Moreover, both junctions between the intI1 gene
fragments and their cognate IS26 elements showed the 8-bp
target site duplication 5’-CCGTAGAA-3’. These observations
strongly suggest that intI1 was first disrupted by an IS26 element which then engaged in a homologous recombination
event with another IS26 element inserted in the opposite orientation, leading to the inversion of the embedded genetic
region. Similar inversion event has also been observed after
the transposition of an IS26 composite transposon inserted
into the res gene of the genomic island SGI1-L1 (Doublet et al.,
2009). Second, the xre, tetR, tetC, virB4, res, and int genes together with the two bounded IS26 elements could form another transposon (Tn6434) within Tn6514 (Fig. 1). Thus, the
present Tn6514 might have been formed through the following steps: the genomic rearrangement through IS26 insertion
into intI1 gene (step 01), the insertion of the IS26-xre-tetR-tetCvirB4-res-int unit next to the preexisting IS26 in the same orientation and forming the composite transposon Tn6434 (step
02), the insertion of IS26 downstream of IS6100 in the opposite orientation (step 03), and IS26-mediated inversion (step
04) (Fig. 3). It should be noted that the rearrangement steps
might have been a little different but with the same final
structure.
However, the lack of tnpA and tnpR of Tn6514 suggested
that this transposon lost its transferability (Nicolas et al.,
2015), although it had intact inverted repeats (IRs) and direct repeats (DRs). The loss of the transposase genes within
the MDR region also suggested that the A. media isolate was
prone to silence mobile elements in order to maintain genetic
advantages acquired by horizontal gene transfer (SanchezRomero et al., 2015). It should be noted that the insertion of
Tn6434 into the intI1 gene resulted in a nonfunctional integrase, meaning that the resistance cassettes carried by the
intI1 are likely unable to be mobilized (Naas et al., 2001).
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virB4

res

tetC

int
4,565 bp

tetR

IS26

xre
Circular IS26-xre-tetR-tetC-virB4-res-int
8-bp target site duplication CCGTAGAA

CCGTAGAA
tetC-F4

tetC-R1

5,385 bp
Tn6434

Fig. 1 – Genetic environment of tetC in the multidrug resistance region (a transposon Tn6514) of plasmid pAeme2. The 38-bp
inverted repeats IRL (5’-GGGGTCGCCTCAGAAAACGGAAAATAAAGCACGCTAAG-3’), and IRR
(5’-GGGGTCGTCTCAGAAAACGGAAAATAAAGCACGCTAAGG-3’) are highlighted. The 5-bp DR sequence (5’-CAGTA-3’) of
Tn6514 is directly adjacent to the IRs. Genes and their corresponding transcription orientations are indicated by horizontal
arrows, and differentiated by colors. Black arrowheads indicate the positions of outward primers used for amplification of
the IS26-xre-tetR-tetC-res-int minicircle.

2.3.
Distribution of plasmid pAeme2 and tetC-carrying
Tn6434 in Aeromonas
The presence of plasmid pAeme2 and Tn6434 in the remaining ten tetC-positive Aeromonas strains was further investigated using PCR screening. To amplify the intact Tn6434, two
sets of primers were designed, including one primer pair with
the forward primer targeting the IS26 tnpA gene and reverse
primer targeting the tetC gene, and the other primer pair
based on tetR and IS26 tnpA (Table 1). Using PCR screening and
electrophoresis, it was confirmed that Tn6434 was carried by
the remaining ten tetC-positive Aeromonas isolates (Table 2).
Three of the PCR products were further sequenced by primer
walking. After assembled and compared with Tn6434 in plasmid pAeme2, transposons identified in another three strains
showed 100% similarity to Tn6434 (Fig. 4), indicating the same
origin of Tn6434. A Blastn search in GenBank revealed that
sequences with more than 99% similarity and 100% coverage
to Tn6434 were detected in 39 genomes, belonging to 13 genera, 15 species and two uncultured bacteria, isolated from both
clinical and environmental niches (Table S3), indicating high
transferability and wide host range of Tn6434.
The distribution of plasmid pAeme2 variants in the remaining ten tetC-positive Aeromonas isolates was also investigated by PCR screening using specific primers based on the
sequences of three backbone genes repA, trbC, and parA, as
shown in Table 2. The pAeme2 was detected in one A. media
strain T1-43 from OTC-1 and eight strains from OTC-5. However, the plasmid was not detected in A. media strains T0.114 from OTC-0.1 and R5-13 from OTC-5 while the IS26-tetC
structure was harbored by these two strains with the 100%
sequence similarity to Tn6434, indicating that Tn6434 was located in at least two different DNA molecules in A. media.

2.4.

Potential molecular transfer mechanism of tetC

As described above, the tetC gene was carried by an IS26
composite transposon Tn6434 in the MDR region of plasmid
pAeme2, and three copies of IS26 elements were detected in
that region. According to Harmer and Hall (2016), an IS26 element could originally mobilize its flanking regions by forming
a circular intermediate, which may occur after resolution of
the transposon from the donor molecule and precede incorporation into a preexisting IS26 of the new recipient molecule
(a secondary process of homologous recombination between
two IS26 copies). Therefore, IS26 might have played an important role in the transposition of tetC gene. In order to confirm the hypothesis, inverse PCR primers were designed trying
to find the circular intermediate. As shown in Fig. 1, inverse
PCR and sequencing did successfully detect one PCR product
with the size of 4,565 bp and genetic structure IS26-xre-tetRtetC-virB4-res-int, which supports the hypothesis. The result
also indicated IS26 located in the nearest upstream of the tetR
gene was responsible for the transposition of the xre-tetR-tetCvirB4-res-int unit by forming the circular intermediate, while
the other two IS26 present in Tn6514 should be independently
inserted into the MDR region.
As shown in Fig. 4 and Table 2, Tn6434 could be present
in the plasmid pAeme2 of A. media T5-1, and also in other
DNA molecules (chromosome/plasmid, A. media strains T0.114 and R5-13). At the same time, Tn6434 was also detected in
the chromosomes of three bacteria strains isolated from the
same biofilm reactor previously, that is two Stenotrophomonas
acidaminiphila strains T0-18 and T25-65, and one Comamonas
testosteroni strain T5-67 (Huyan et al., 2020), with 99.9% nucleotide sequence similarity and 100% coverage to the unit,
suggesting horizontal transfer of the genetic unit between dif-
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Fig. 2 – Schematic maps of plasmid pAeme2. Genes and their corresponding transcription orientations are denoted by
arrows. The outer circle with red arrows denotes annotation of plasmid pAeme2. The inner circle shows the backbone
(orange for replication, blue for plasmid maintenance, green for conjugal transfer) and MDR (black) modules of pAeme2.

ferent A. media strains and different genera. A Blastn search in
GenBank revealed that the genetic structure, showing more
than 99% similarity and 100% coverage to Tn6434, exists in
various DNA molecules or elements such as chromosomes,
plasmids, integrative conjugative elements, and genomic islands (Table S3), suggesting that Tn6434 with an IS26-xre-tetRtetC-virB4-res-int-IS26 genetic structure is a stable and mobile unit carrying the tetC gene. Therefore, the possible dissemination mechanism of Tn6434 carrying tetC might be that
the IS26-xre-tetR-tetC-virB4-res-int unit was incorporated next
to a preexisting IS26 element within the same bacterial cell,
and then horizontally transferred between different strains,
species, or genera through the conjugation of plasmids like
pAeme2.
It should be noted that the 11 tetC-positive A. media isolates
reported in this study just showed low or intermediate resis-

tance to oxytetracycline. Similar phenomenon was also found
by Chalmers et al. (2010) that 16 tetC-positive E. coli strains isolated from swine, raccoon, mouse, and cattle were also sensitive or intermediately resistant to oxytetracycline with MICs
ranging from 2 to 16 mg/L. However, there are many other research reported that tetC could confer high resistance phenotypes to oxytetracycline with MICs ranging from 8 to 256
mg/L for various bacterial hosts including S. acidaminiphila,
C. testosterone, E. coli and other enteric bacteria (Blake et al.,
2003; Huyan et al., 2020; Lee et al., 1993). One possible reason for the relatively low resistance phenotypes of the tetCpositive A. media isolates might be that such resistance levels are enough to keep them alive under the corresponding
oxytetracycline pressures, since the highest oxytetracycline
concentration was 5 mg/L. On the other hand, due to the defects in the regulatory module or methylation induced by the
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Fig. 3 – Hypothetical model of genesis of A. media T5-1 carrying MDR region from an ancestor to the present genetic
structure. Genesis of A. media T5-1 carrying MDR region from the ancestor A. media strain carrying the class 1 integron can
be achieved through IS26 insertion into intl1 (step 01), the IS26-xre-tetR-tetC-virB4-res-int unit incorporated next to the
preexisting IS26 (step 02), the insertion of the first IS26 downstream of IS6100 (step 03), and IS26-mediated inversion (step
04).

Fig. 4 – Comparison of the tetC-carrying fragment in A. media T5-1 with Tn6434 of A. media strains T0.1-14 from OTC-0.1,
T1-43 from OTC-1, and R5-13 from OTC-5. Regions of >99% homology are marked by green shading for matches in the
same direction and gray for inverted matches.

flanking IS26 sequences (Deniz et al., 2019), the expression of
tetC gene in these isolates might have been repressed. Further
research is required to confirm the reasons by using transcriptome sequencing and gene knockout analysis.
Plenty of previous work has demonstrated that tetC was
one of the most ubiquitous tetracycline resistance genes in
the environment (Huang et al., 2019; Li et al., 2015; Liu et al.,
2012; Zhang and Zhang, 2011), but the reasons are rarely discussed. The present study focuses on the transfer mechanism
of tetC in Aeromonas under oxytetracycline stresses, and finds

a very delicate structure of transposon Tn6434, which could
form a circular intermediate jumping between different DNA
molecules, and might disseminate between bacteria via plasmid conjugation. Transposon Tn6434 was found in 14 genera
including Aeromonas (Appendix A Table S3) and very conservative, suggesting that it might be an efficient transfer element.
The characteristics of high transferability might be one of the
reasons that tetC was widely distributed in the environment.
In addition, more plasmid-containing Aeromonas strains were
isolated from the biofilm reactor under the higher oxytetracy-
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cline exposing stage (5 mg/L, n=8), indicating antibiotics might
be one of the driving forces for the dissemination of tetC gene.
Therefore, reducing environmental emissions of antibiotics is
still a vital measure to control the resistance development in
the environment.
Nowadays, environmental ARGs are supposed to be widely
spread via horizontal gene transfer, which thus enlarges their
threat to the public health. However, most of the conclusions
on that topic in the environment are based on indirect deduction through the qualitative and quantitative determination of
ARGs or mobile genetic elements (Chen et al., 2013; Han et al.,
2020; Liu et al., 2012; Tian et al., 2016). This study revealed the
arrangement of the genetic elements responsible for the horizontal transfer of tetC gene by isolating environmental bacteria from the wastewater treatment microbial communities
and molecular biological analyses, which provides more direct information about the spread mechanism of tetracycline
ARGs in water environments. Besides the tetC gene, the dissemination mechanisms of other dominant tet genes (such
as tetA and tetG) are under research. On the other hand, it
should be noted that the Aeromonas strains were isolated from
a biofilm system operated without parallel reactors, and additional study is required to validate the dissemination mechanism of tetC revealed by this study in parallel reactors running
at different influent oxytetracycline concentrations.

3.

Conclusion

In this study, the potential molecular dissemination mechanism of tetC in eleven tetC-positive A. media strains isolated
from the biofilm reactor under oxytetracycline stresses was
investigated by using whole genome sequencing, bioinformatics and inverse PCR approach. tetC was carried by Tn6434 (an
IS26 composite transposon) of a novel plasmid pAeme2 and
other DNA molecules in A. media. Inverse PCR and sequencing
demonstrated that IS26-xre-tetR-tetC-virB4-res-int unit could
form a circular intermediate, and might incorporate next to
a preexisting IS26, which might translocate between different
DNA molecules. The results could be useful for controlling the
spread of bacterial resistant phenotypes in the environments.
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