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A B S T R A C T

Integrons are genetic platforms able to excise, integrate and express antibiotic resistance gene cassettes
(GCs). Here we investigated the complete genetic organisation, genetic environment, location and con-
jugative transferability of a collection of class 2 integrons carried by Escherichia coli strains from different
sources (poultry/pork meat, animals and humans). PCR cartography was conducted to determine the genetic
arrangement of the integrons, their physical linkage to Tn7 and chromosomal insertion at the attTn7 site.
Clonal relatedness of specific isolates was determined by MLST and DO-PCR. Transferability of class 2
integrons was tested by conjugation. The resulting transconjugants were characterised by antimicrobial
resistance genotyping, S1-PFGE and replicon typing. Although a limited diversity of GCs was shown, a
high percentage of novel structures was identified owing to the integration of insertion sequence (IS)
elements at different sites (IS3/IS4/IS5/IS21 families). Insertion of IS10 in the attI2 site of a class 2 integron,
between Pc2B and Pc2C promoters, was likely mediated by a site-specific transposition event. Chromo-
somal insertion of integrons at attTn7 was confirmed in 80% of the isolates. Conjugation experiments
demonstrated that 29% of class 2 integrons could be mobilised to E. coli CHS26, demonstrating that they
can be located in conjugative/mobilisable elements at a low frequency. Reported structures evidence how
class 2 integrons have evolved by the activity of integron integrases and the invasion of ISs. Since most
of them are chromosomally located, dispersion is predominantly vertical, although conjugation events
also contribute to the spread of class 2 integrons among bacterial communities.

© 2018 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.

1. Introduction

Escherichia coli is a Gram-negative member of the Enterobacte-
riaceae family that has a nearly ubiquitous distribution among
humans, animals and the open environment. Although it natural-
ly colonises the intestines of a wide range of animals, E. coli can also
act as an opportunistic pathogen associated with community-
acquired and nosocomial infections. The extensive use, and misuse,
of antimicrobials both in clinical and farm animal settings has led
to the selection and global spread of multidrug-resistant E. coli
isolates [1,2].

Integrons are genetic platforms able to excise, integrate and
express multiple gene cassettes (GCs), which are mobile genetic el-
ements (MGEs) containing a promoterless coding sequence and a
recombination site (attC). The basic structure of an integron in-
cludes the integrase gene (intI), a proximal recombination site (attI),
and a promoter (Pc) that drives the expression of the GC [3].
Integrons are classified either as sedentary chromosomal integrons,
located in the chromosome of different bacterial species and usually
carrying multiple GCs encoding a wide range of functions, or as
mobile integrons, embedded within MGEs such as transposons or
conjugative elements [4]. Mobile integrons comprise five different
classes based on the sequence of the integrase gene and usually
harbour GCs conferring resistance to antibiotics [5]. Class 1 to 3
integrons differentially contribute to the global threat of antimi-
crobial resistance owing to their capability to capture and spread
antibiotic resistance GCs (intragenomic gene transfer) and to be
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transferred via MGEs to other bacteria of the same or even differ-
ent species (horizontal gene transfer) [3–5].

Class 1 and class 2 integrons are the most frequently detected
integrons in Enterobacteriaceae. However, compared with class 1
integrons, class 2 integrons are less diverse in GC content, less prev-
alent and also less studied [6,7]. Class 2 integrons usually carry in
their variable region (VR) the dfrA1–sat2–aadA1–orfX array (which
confers resistance to trimethoprim, streptothricin and streptomycin/
spectinomycin), followed by three additional genes (ybfA, ybfB and
ybgA) embedded in the Tn7 transposition module (tnsABCDE). orfX,
also known as ybeA, is considered a pseudo-GC of unknown func-
tion. The intI2 gene is frequently interrupted by a premature stop
codon, encoding a non-functional integrase. Most class 2 integrons
are associated with Tn7 derivatives. The Tn7 transposon uses two
alternative transposition pathways mediated by different target se-
lecting proteins, TnsD and TnsE [8]. TnsD recognises a unique site
located within the 3′-end of the essential glmS gene in the bacte-
rial chromosome (attTn7), whilst TnsE directs Tn7 transposition to
conjugative/mobilisable plasmids [9].

Insertion sequence (IS) elements are small DNA segments that
act as autonomous transposable elements. They can disrupt and in-
activate a gene, affect the expression of neighbouring genes and/
or promote genome rearrangements. By interacting with other types
of genetic platforms, such as integrons, ISs may form large assem-
blies with higher-order biological properties [10].

Here we investigated the complete genetic organisation, genetic
environment, location and conjugative transferability of a collec-
tion of class 2 integrons carried by E. coli strains isolated from
different sources in Spain, Tunisia and Mexico.

2. Materials and methods

2.1. Bacterial collection

A total of 35 E. coli isolates carrying class 2 integrons from dif-
ferent sources [meat products, n = 15 (poultry, n = 14; pork, n = 1);
chickens, n = 6; pets, n = 5; humans, n = 5; wild animals, n = 4] and
origins (Spain, Mexico and Tunisia) were selected and were in-
cluded in the present work. E. coli from wild animals (gull, stork,
genet and roe deer), pets (dogs and turtles) and chickens were re-
covered from faeces and were processed as described previously
[11–13] (Supplementary Table S1). Human-source strains were iso-
lated from haemocultures (n = 2) or from healthy donor faeces (n = 3).
Carriage of class 2 integrons was confirmed by amplification of an
internal fragment of the class 2 integron integrase gene (intI2)
[14].

2.2. PCR cartography

PCR cartography was performed with different primer combi-
nations to fully characterise the VR of the class 2 integrons and the
presence of the tns genes [7,15–18]. In integrons lacking the orfX
pseudo-GC, the ybfA–ybfB–ybgA region and the transposition module,
the 3′-ends of classic and unusual class 1 integrons were screened
to discard potential hybrids of class 2/class 1 integrons [19,20]. Newly
designed primers for amplification and sequencing were used to de-
termine the genetic organisation of novel structures.

The integron location in the Tn7 transposon was confirmed by
PCR [7,14] as well as the common chromosomal insertion of Tn7
adjacent to the housekeeping gene glmS [21]. The internal region
of the integrase gene intI2 was sequenced for all isolates of this col-
lection [12].

All of the primers used in this study for PCR amplification are
illustrated and described in Fig. 1.

2.3. Conjugation experiments and characterisation of the resulting
transconjugants

Conjugation experiments were carried out in all strains har-
bouring the dfrA1 GC (n = 31) using rifampicin-resistant E. coli CSH26
(lactose-negative) as recipient strain and a donor:recipient ratio of
1:4 [22]. Transconjugants were selected on MacConkey agar supple-
mented with trimethoprim (30 mg/L) and rifampicin (100 mg/L) and
were subjected to antibiotic susceptibility testing by disk diffu-
sion according to the Clinical and Laboratory Standards Institute
(CLSI) [23] and PCR analysis to confirm the presence of intI2.

The number and size of plasmids both in original and
transconjugant strains were analysed by genomic DNA digestion with
S1 nuclease followed by pulsed-field gel electrophoresis (PFGE) [24].
Plasmid incompatibility (Inc) groups were determined by PCR-
based replicon typing (PBRT) using genomic DNA as previously
described [25].

On the basis of the phenotypic resistance profile exhibited by
transconjugants, the presence of genes encoding resistance to sul-
fonamides (sul1, sul2 and sul3), tetracycline [tet(A) and tet(B)] and
chloramphenicol (cmlA, floR and catB) was screened by PCR and sub-
sequent sequencing [11]. In transconjugants positive for any of the
genes that may be found in integrons, the linkage was screened by
PCR.

2.4. Molecular typing

The genetic relatedness of specific bacterial isolates was deter-
mined by multilocus sequence typing (MLST) and a PCR assay using
degenerate oligonucleotide primers (DO-PCR) [26]. Sequence types
(STs) were determined by analysing the nucleotide sequences of the
PCR products from seven housekeeping genes (adk, fumC, gyrB, icd,
mdh, purA and recA) and comparing them with those deposited in
the MLST database (https://enterobase.warwick.ac.uk/species/ecoli/
allele_st_search).

2.5. Nucleotide sequence accession numbers

Nucleotide sequences of the novel class 2 integrons reported in
this study owing to integration of ISs at different sites were sub-
mitted to the European Molecular Biology Laboratory (EMBL)
database and were given the accession nos. LT898484 (C3309 strain;
Fig. 2, structure I), LT898485 (C7210 strain; Fig. 2, structure G),
LT898486 (C7577 strain; Fig. 2, structure F) and LT898487 (pn424
strain; Fig. 2, structure E).

3. Results and discussion

3.1. Class 2 integrons are evolving by integration of insertion
sequence elements

The current study focused on the full molecular characterisa-
tion of 35 class 2 integrons carried by E. coli strains recovered from
different sources and geographical origins (Supplementary Table S1).
In contrast to the wide variety of GCs reported among class 1
integrons and even among class 2 integrons from specific sources,
such as wastewater environments [19], only three genetic arrange-
ments regarding antibiotic resistance GCs were identified in the
present study: dfrA1–sat2–aadA1; estX–sat2–aadA1; and sat2–
aadA1 (Fig. 2). Noteworthy, only one GC in these arrays, estX, encodes
a putative esterase but it has not yet been established whether it
inactivates any antibiotic [27]. This limited diversity in GCs is likely
due to the premature stop codon at amino acid 179 of intI2 exhib-
ited by all of the integrons from the studied collection, which avoids
the capture and excision of GCs by the class 2 integron integrase,
and also to the fact that IntI1 shows limited cross-specificity to excise
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some GCs found in class 2 integrons [28]. The less common arrays
found in the VR of four E. coli strains recovered from chicken meat
samples (estX–sat2–aadA1, n = 2; sat2–aadA1, n = 2) have been pre-
viously reported in Australia, Japan, Germany and China [6,19,22,28]
and shared the feature of conserving sat2 and aadA1 GCs. The world-
wide distribution of these structures, the absence of dfrA1 and the
preferential integration of GCs at the first position (attI × attC re-
combination) support the hypothesis of some authors who suggest
that trimethoprim GCs could be acquired later in Tn7 evolution, likely
by the trans action of class 1 integron integrase co-harboured in a
single isolate with a class 2 integron [28,29]. Probably, the strong
selective pressure, together with the well-known less efficient ability
of the integrase to excise the first GC (attI × attC recombination) [28],
once inserted dfrA1 helped to maintain it, leading to what is currently
considered the classic class 2 integron arrangement (intI2–dfrA1–
sat2–aadA1–orfX–ybfA–ybfB–ybgA–tnsE–tnsD–tnsC–tnsB–tnsA).

Although we did not observe a high diversity of GCs among the
studied collection, an unexpected finding was the identification of
many novel structures due to the integration of a variety of IS el-
ements. Almost 30% of the class 2 integrons (10/35) were found to
carry ISs in diverse sites (Fig. 2): (i) between intI2 and ybfA genes
(structures I and J); (ii) disrupting ybfA and ybfB genes (structures
E, F, G and H); or (iii) disrupting tns genes (structures K, L and M).
In contrast to the so-called IS1111–attC group elements, which have
been shown to specifically target the attC sites of GCs and usually
appear degenerated [30], the ISs identified in this work associated
with class 2 integrons belong to a variety of families (IS3, IS4, IS5
and IS21), all of them were intact, with their respective inverted
repeats (IRR and IRL) still identifiable, and they did not target attC
recombination sites.

The novel structure reported in this study containing a com-
plete copy of an ISSen4-element (IS3 family, subgroup IS407), inserted
55 bp downstream of the orfX pseudo-GC, was identified in two E.
coli strains from Mexico. Both were assigned to ST57 and showed
indistinguishable DO-PCR patterns, but they were collected over dif-
ferent periods of time from distinct sources (pork meat, 2010; dog
faeces, 2012; Supplementary Table S1). The fact that this integron
structure, chromosomally integrated (attTn7), was found in two E.
coli strains isolated from a specific geographic area and assigned
to identical STs could suggest potential clonal dissemination. More-
over, the distribution of this novel integron configuration is not likely
to be due to ISSen4 insertion into a ‘hotspot’ in the class 2 integron,
as no marked target-site specificity has been previously identified
for this element. However, further genomic analysis would be nec-
essary to demonstrate the hypothesis of clonal spread. Since
integrons are generally linked to highly efficient MGEs, which fa-
cilitate their intracellular and intercellular mobility, clonal similarities
might be coincidental.

To our knowledge, just a few ISs have been previously reported
between the intI2 and the tns genes of class 2 integrons: IS1 and
IS630 elements located between intI2 and the attI2 recombination
site in an E. coli and a Shigella flexneri, respectively [31,32]; IS26 dis-
rupting orfX in an Acinetobacter baumannii [7]; and one intact IS911
interrupting the sat1 GC in a Shigella sonnei strain [33]. Integra-
tion of IS elements within the VR of class 2 integrons may both
suppress the expression of GCs or provide them with an addition-
al capability to move [10]. IS26, IS1 and ISEcl1, for instance, have
been frequently associated with mobilisation of adjacent β-lactamase
genes [34–36]. In addition, ISs could also reinforce the expression
of other GCs or genes located in the integron. Regarding this latter

Fig. 1. Schematic representation of the PCR cartography of class 2 integrons performed in this study, using the classic Tn7:In2-7 as a model. Arrows represent the localisation
and direction of each primer.
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aspect, the IS10-carrying integron detected here (structure J) might
be of special relevance since the transposable element was in-
serted in the attI2 site, between Pc2B and Pc2C promoters, likely
blocking the expression of the GC (Fig. 3). The attI2 appeared re-
constructed immediately after the 9-bp duplication of the target site
5′-CGGTAAGCA-3′, the same as the one described for an equal class
2 integron identified in Portugal (accession no. LN827615.2) [37].
This target sequence was almost identical to the consensus site orig-

inally described for IS10 (5′-NGCTNAGCN-3′), which led as to think
that the IS10 integration could be mediated by a site-specific trans-
position event. Moreover, previous studies reported the existence
of outward-facing promoters at both ends of the IS10 element [38,39]
and, as demonstrated by different authors, IS10 insertions confer
resistance to fluoroquinolones or chloramphenicol by transcrip-
tional activation of adjacent genes [40,41]. Furthermore, two class
1 integrons carrying this transposable element at different posi-

Fig. 2. Genetic diversity of class 2 integron structures found among the studied Escherichia coli collection (n = 35). Arrows represent the open reading frames. * The asterisk
in intI2 shows the typical non-sense mutation. The black vertical bars represent the attI2 and ΔattI2 sites, and coloured bars represent the attC sites of the gene cassettes.

Fig. 3. Insertion of IS10 in the attI2 site, between Pc2B and Pc2C promoters, of the class 2 integron harboured by Escherichia coli strain C4748. The −35 and −10 elements of
the putative Pc promoters (Pc2D, Pc2A, Pc2B and Pc2C) are indicated and written in bold. The target site, duplicated after IS10 transposition, is shown in italics and under-
lined. The intI2 start codon appears boxed and written in bold.
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Table 1
Phenotypic and genotypic characteristics of the nine original Escherichia coli strains and their corresponding transconjugants harbouring class 2 integrons.

Isolate Source Resistance
phenotype

Class 2
integron
structurea

Tn7 insertion
in the attTn7
chromosomal
site

Plasmids Transfer by
conjugation
of class 2
integrons

Class 2 integron-carrying transconjugants

n Size (kb) Replicon
types

Conjugation
frequency

Resistance
phenotype

Plasmid
replicon
type

Plasmid
size (kb)

Resistance genes
outside the
class 2 integron

C2575 Dog AMP, CTX, CAZ, CIP,
NAL, STR, SUL, SXT,
TMP, TET

A – 4 140, 100, 75, 40 FIB, F, I1 + 3.5 × 10–5 STR, TMP NT ND

C4746 Chicken meat AMP, CTX, CAZ, CIP,
NAL, STR, SUL, SXT,
TMP, TET

A – 4 140, 90, 75, 60 FIB, F, I1 + 4.8 × 10–5 STRb, TMP NT 60

C7218 Turtle AMP, CTX, CAZ, STR,
FOX, CHL, TOB, SUL,
SXT, TMP, TET

D – 2 130, 100 FIB, F + 6.1 × 10–5 CHL, STR, SUL,
SXT, TMP, TET

NT 100 floR, sul2, tet(A)

C8432 Chicken AMP, CTX, CIPI, NAL,
STR, SUL, SXT, TMP, TET

C – 3 200, 90, 70 FIB, F + 1.9 × 10–5 STR, SUL, SXT,
TMP

F 70 sul1

C8461 Chicken AMP, CTX, NAL, STR,
SUL, SXT, TMP, TET

C – 2 190, 90 FIB, F + 9.4 × 10–7 STR, TMP NT ND

C3309 Pork meat AMP, AMC, CTX, CAZ,
FOX, CIP, NAL, STR, CHL,
SUL, SXT, TMP, TET

I + 3 125, 95, 80 FIB, F, I1 + 6.6 × 10–8 CHL, STR, TMP I1 95 cmlA

pn436 Chicken meat STR, SUL, SXT, TMP A + 4 120, 90, 50, 20 F + 2.7 × 10–6 STR, TMP NT 30
C7577 Roe deer AMP, CTX, CAZ, NAL,

STR, TMP, TET
F + 2 90, 20 P, I1 + 9.5 × 10–6 STR, TMP I1 30

C6901 Chicken AMP, CTX, NAL, STR,
SUL, SXT, TMP, TET

A + 4 95, 85, 65, 40 F, I1 + 7.2 × 10–6 STRb, SUL, SXT,
TMP, TET

I1 65 sul2, tet(A)

AMP, ampicillin; CTX, cefotaxime; CAZ, ceftazidime; CIP, ciprofloxacin; NAL, nalidixic acid; STR, streptomycin; SUL, sulfonamides; SXT, trimethoprim/sulfamethoxazole; TMP, trimethoprim; TET, tetracycline; FOX, cefoxitin; CHL,
chloramphenicol; TOB, tobramycin; AMC, amoxicillin/clavulanic acid; NT, non-typeable; ND, not detected.

a These structures correspond to those represented in Fig. 2.
b Indicates intermediate resistance.
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tions have been described and are registered in the INTEGRALL
database (accession nos. AY600086 and FJ587511) [42,43]. Inter-
estingly, in one of these class 1 integrons (accession number
AY600086), IS10 was located upstream of the blaOXA-2 GC and it con-
ferred higher resistance to ampicillin than another derivative lacking
IS10 [minimum inhibitory concentration (MIC) = 250 μg/mL vs.
150 μg/mL]. The authors suggested that this difference in ampicil-
lin resistance could be due to the positional effect of the IS10
insertion, which probably enhances blaOXA-2 transcription [42]. All
of these observations encourage further investigation regarding the
potential regulatory effects of IS10 integration in the expression of
the GCs carried by class 1 and class 2 integrons.

3.2. Class 2 integrons embedded in mosaic structures of the
Tn7 module

Another atypical class 2 integron construction detected in this
study (Fig. 2; structure D) was characterised by the absence of the
orfX pseudo-GC, the ybfA–ybfB–ybgA group of genes and the Tn7
transposition module (tnsABCDE). Although novel rearrangements
and the occurrence of rarely reported hybrid class 2/class 1 integrons
were tested, none of the PCRs were successful [19,20]. Despite the
absence of the tns genes, positive amplification with primers Tn7LR/
IntI2-F and subsequent sequencing of the obtained product
demonstrated the association between this integron and the Tn7
transposon. Furthermore, it was found to be transferable by con-
jugation, which suggests its location on a conjugative/mobilisable
element [e.g. plasmid or integrative and conjugative element (ICE)].
Complete deletion of the Tn7 transposition module may promote
the stabilisation of this class 2 integron within the conjugative/
mobilisable element, contributing to its spread among different
bacterial populations via this specific genetic platform.

In addition, as previously reported [7], different mosaic struc-
tures of the tns module were detected among studied class 2
integrons (Fig. 2; structures B, C and D). However, most of the iso-
lates (31/35; 89%) harboured all Tn7 transposition genes (tnsA, tnsB,
tnsC, tnsD and tnsE). Interestingly, three strains showed complete
IS elements disrupting tnsD (Fig. 2; structures L and M) or tnsE (Fig. 2;
structure K), a finding that has been occasionally reported [44]. The
IS elements in these strains belong to three different families, sug-
gesting a non-specific target site for these tns genes. Since proteins
encoded by the invaded genes are directly involved in the trans-
position capability and target selection pathways (attTn7 vs. non-
attTn7 sites) of class 2 integrons, alterations in these regions may
define a high degree of host specificity, evidencing an unseen role
of ISs for modulating targets of Tn7 transposition.

3.3. Vertical and lateral inheritance of class 2 integrons

Chromosomal insertion of class 2 integrons at the well-known
attTn7 site was confirmed in 80% of the E. coli isolates by success-
fully amplifying and sequencing the right end of Tn7 and the 3′-
end of glmS. Conjugation experiments demonstrated that 9 (29%)
of 31 class 2 integrons could be transferred to E. coli CHS26, sup-
porting that they can be inserted within Tn7 on conjugative/
mobilisable elements at a lower frequency than in the chromosomes
[9] (Table 1; Supplementary Table S1). Increased conjugation rates
(ca. 10–5) were shown for isolates in which no band was observed
after Tn75R-glmS amplification in the original strain compared with
those harbouring a copy of the integron at the chromosomal attTn7
site (10–6–10–8). In these latter cases, conjugal transfer might be ex-
plained by the occurrence of a TnsE-mediated transposition event
during the process of conjugal replication, or the carriage of a second
copy of a class 2 integron by the original isolate (one in the chro-
mosome, another in a plasmid), as previously reported [45]. In that

case, both integrons might have an identical structure, since all of
the positive PCRs tested showed a single size amplicon.

Although in the present study donors predominantly showed a
multidrug-resistant phenotype and carriage of multiple plasmids,
S1-PFGE revealed that the majority of transconjugants harboured
one plasmid with sizes ranging from 30 kb to 100 kb (IncI1, n = 3;
IncF, n = 1; non-typeable, n = 3) and a much more susceptible an-
timicrobial pattern (Table 1). In fact, 56% (5/9) of the transconjugants
demonstrated to be resistant only to trimethoprim and streptomy-
cin, in relation to the transfer of class 2 integrons. The remaining
four transconjugants also mediated resistance to sulfonamides (sul2,
n = 2; sul1, n = 1), tetracycline [tet(A), n = 2] and/or chlorampheni-
col (cmlA, n = 1; floR, n = 1).

In summary, the present data show that the genetic organisation
of class 2 integrons is highly conserved among E. coli from differ-
ent ecosystems and geographic areas. Novel structures are mainly
due to the insertion of IS elements, the activity of a functional
integrase or by homologous recombination. Since most of the class
2 integrons are chromosomally located, dispersion of these ele-
ments appears to be predominantly vertical, although conjugative
transfer may efficiently favour the spread of these genetic plat-
forms to novel species, as shown by the presence of conjugative/
mobilisable plasmids of different incompatibility groups harbouring
such integrons. Co-location of other resistance genes in the same
plasmid, such as those encoding sulfonamide, chloramphenicol or
tetracycline resistance, and the insertion of class 2 integrons within
defective Tn7 transposons lacking some of the transposition genes,
likely contribute to the persistence and dissemination of class 2
integrons.
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