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Summary – Horizontal transfer of resistance genes is a successful mechanism for the transmission
and dissemination of multiple drug resistance among bacterial pathogens. The impact of horizontally
transmitted genetic determinants in the evolution of resistance is particularly evident when resis-
tance genes are physically associated in clusters and transferred en blocto the recipient cell. Recent
advances in the molecular characterisation of antibiotic resistance mechanisms have highlighted the
existence of genetic structures, called integrons, involved in the acquisition of resistance genes.
These DNA elements have frequently been reported in multi-drug resistant strains isolated from
animals and humans, and are located either on the bacterial chromosome or on broad-host-range
plasmids. The role of integrons in the development of multiple resistance relies on their unique
capacity to cluster and express drug resistance genes. Moreover, the spread of resistance genes
among different replicons and their exchange between plasmid and bacterial chromosome are facil-
itated by the integration of integrons into transposable elements. The association of a highly efficient
gene capture and expression system, together with the capacity for vertical and horizontal transmis-
sion of resistance genes represents a powerful weapon used by bacteria to combat the assault of
antibiotics.
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Résumé – Importance des intégrons dans la diffusion de la résistance. Le transfert horizontal de
gènes est un mécanisme efficace pour la transmission et la dissémination, parmi les agents pathogènes
bactériens, de résistances multiples aux antibiotiques. L’impact des déterminants génétiques trans-
mis horizontalement dans l’évolution de la résistance est particulièrement évident lorsque les gènes
de résistance sont physiquement regroupés, et transférés en bloc à la cellule réceptrice. Des avancées
récentes dans la caractérisation moléculaire des mécanismes de résistance aux antibiotiques ont mis
en évidence l’existence de structures génétiques, appelées intégrons, impliqués dans l’acquisition de
gènes de résistance. Ces éléments d’ADN ont été fréquemment observés dans des souches bactériennes
multi-résistantes isolées chez des animaux ou chez des humains, localisés soit sur le chromosome bac-
térien, soit sur des plasmides à large spectre d’hôte. Le rôle des intégrons dans le développement de
la multi-résistance repose sur leur capacité unique à former des clusters de gènes et à exprimer des gènes
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1. INTRODUCTION

During the past 20 years a significant
amount of information related to the mech-
anism and spread of antibiotic resistance
has become available. Investigation of the
evolution of antibiotic resistance has been
focused primarily on the clonal transmis-
sion of resistance traits originating from the
sequential modification of pre-existing genes
through the accumulation of point muta-
tions. More recently, the impact of hori-
zontally transmitted genetic determinants
and the role of recombination in the recruit-
ment of resistance genes have been high-
lighted [30, 52, 66]. 

Resistance genes can be exchanged among
bacterial populations [24]. Several mecha-
nisms for the acquisition and dissemination of
resistance determinants involve DNA
exchange and in this way resistance genes
can spread efficiently among bacterial pop-
ulations from animals and humans [28]. 

The identification of specialised genetic
structures responsible for the acquisition of
resistance genes on horizontal gene vehi-
cles represents an important discovery in
our understanding of antibiotic resistance
mechanisms. Naturally occurring gene
expression elements, called integrons,have
been described as a very efficient genetic
mechanism by which bacteria can acquire
resistance genes [40, 56, 84]. Integrons pro-
mote the capture of one or more gene cas-
settes within the same attachment site,
thereby forming composite clusters of antibi-
otic resistance genes. 

Over the past few years, the analysis of
many antibiotic resistance genes identified
in clinical and veterinary isolates of Gram-
negative organisms (particularly Enter-
obacteriaceae) established the importance of
integrons in the dissemination of resistance
among bacterial pathogens from different
geographical origins. 

de résistance. De plus, la propagation des gènes de résistance parmi différents réplicons, et leur
échange entre plasmides et chromosome bactérien sont facilités par l’intégration des intégrons dans
des éléments transposables. L’association entre des systèmes extrêmement efficaces de capture et
d’expression de gènes, et la capacité de transmission verticale et horizontale de gènes de résistance,
représente une arme puissante utilisée par les bactéries pour combattre l’offensive des antibiotiques.
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2. HORIZONTAL GENE TRANSFER
AND INTEGRONS: EVOLUTION
OF ANTIBIOTIC RESISTANCE 

Antibiotic resistance is the best known
example of rapid adaptation of bacteria to a
new ecosystem. The ability of bacteria to
expand their ecological niche, also in the
presence of certain antibiotics, can be
explained by the acquisition of resistance
genes by horizontal gene transfer and/or by
the accumulation of point mutations lead-
ing to the modification of existing genes.
Several studies on bacterial pathogens of
human and animal origin concluded that
multiple antibiotic resistance is a conse-
quence of horizontal gene transfer [87, 93]. 

The principal mechanisms facilitating
horizontal gene transfer among bacteria are
transformation, transduction and conjuga-
tion. Transformation involves the uptake
and incorporation of naked DNA, which
may become available in the environment
following bacterial autolysis. This source
of genetic material can be incorporated by
naturally transformable bacteria, and by bac-
teria which become competent for transfor-
mation under special chemical or physical
conditions [4, 29]. 

Exogenous DNA carried by phage parti-
cles can also be transferred to recipient bac-
teria by transduction. The bacteriophage-
mediated transfer of resistance genes would
appear to be an uncommon mechanism as
the transduction process is normally limited
in host range, sometimes restricted to sin-
gle bacterial clones [29]. 

Conjugation is the most frequently recog-
nised mechanism for horizontal gene trans-
fer. This mechanism exists in a wide variety
of bacterial species and genera. In this pro-
cess, mobilisable DNA molecules (plasmids,
episomes, conjugative transposons) can be
transferred from a donor to a recipient cell,
via a contact-dependent transmission. The
self-transmissible conjugative F-plasmid of
Escherichia coliis the best-known exam-
ple of an autonomously replicating molecule,

which encodes all necessary factors required
for conjugation. Some non-self-transmissi-
ble plasmids can also be mobilised in trans
by an associated self-transmissible plasmid,
which is not normally transferred at the same
time. Conjugation can also mediate chro-
mosomal exchange following the integra-
tion of a self-transmissible plasmid into the
bacterial chromosome. Finally, conjugation
can be promoted by conjugative transposons,
which are mobile DNA elements encoding
essential proteins required for the excision
and transmission of the element into a recip-
ient strain [29].

Once it has entered the recipient cell, the
persistence of foreign DNA is required for
horizontal transfer to be successful. In fact,
DNA molecules lacking autonomous repli-
cation are lost unless integrated into the host
chromosome or in another replicon by
homologous or illegitimate recombination.
Furthermore, DNA restriction systems that
limit the uptake of foreign DNA exist. These
systems have been described in several bac-
terial species, and can rapidly cleave incom-
ing foreign DNA. Nevertheless, bacterio-
phages and conjugative plasmids have
evolved evasion protocols to ensure survival
in the new host. Examples of these defen-
sive-mechanisms include reducing the num-
ber of restriction target sites or encoding
antirestriction systems (e.g. methylation sys-
tems) [5, 9, 14, 97].

It is evident that when the newly acquired
DNA molecule encodes for a selectable
function, a positive selection benefits the
host cell and would be expected to avoid
stochastic loss of the episome or the inacti-
vation by mutation of the foreign gene.

Horizontal transfer of antibiotic resis-
tance genes provides a potentially saving
ecological impact on any bacterial popula-
tion exposed to an antibiotic treatment.
However, the transferred resistance gene
must be expressed in a manner that bene-
fits the recipient microorganism. 

Therefore how are antibiotic resistance
genes incorporated into and expressed on a



A. Carattoli246

horizontally transferred DNA vehicle (i.e.,
a conjugative plasmid)?

Many recent investigations on the molec-
ular basis for antibiotic resistance have high-
lighted the link between resistance deter-
minants embedded in units of DNA called
integronsand broad-host range plasmids
[84]. This novel class of specialised DNA
elements was initially described mainly from
comparisons of the DNA sequence sur-
rounding different antibiotic resistance genes
found in naturally occurring Gram-negative
bacteria. Early attempts to describe inte-
grons suggested that they consisted of two
conserved regions flanking a variable region
containing one resistance gene or more [84].
A more detailed description of their structure
established the existence of an attachment
site recognised by a site-specific recombi-
nase, the integrase, encoded by the integron.
It is at this site that (an) antibiotic resistance
gene(s) or any open reading frame (ORF)

containing a particular recombination site
can be incorporated and converted into a
functional gene. In fact, integrons incorpo-
rate promoterless gene cassettes under the
transcriptional control of a strong promoter,
guaranteeing expression of the integrated
genes. Integrons have a unique capacity to
cluster resistance genes into complex oper-
ons, which can be expressed and dissemi-
nated by horizontal gene transfer.

3. INTEGRONS ARE NATURAL
CLONING AND EXPRESSION
VECTORS

Integrons are gene expression systems
that incorporate ORFs and convert them into
functional genes. The essential components
of an integron include the integrase gene
(intI), the attachment site (attI) and the pro-
moter, which promotes the expression of
any suitably integrated gene(s) (Fig. 1).

Figure 1. Schematic representation of a class 1 integron and a model for gene cassette acquisition.
The process by which a circularised gene cassette (resistance gene 2) is inserted at the attI site in a
class 1 integron containing a resident gene cassette (resistance gene 1) is outlined in the figure.
Genes and open reading frames in the 5’- and 3’-CS of a schematic class 1 integron are indicated by
boxes. Resistance gene cassettes inserted within the integron are indicated by grey boxes and verti-
cal black bars representattC recombination sites. P1 and P2 are integron-associated promoters; 
Pint is the integrase gene (intI1) promoter. The qacE∆1 and sulI genes in the 3’-CS confer resistance
to quaternary ammonium compounds and sulfonamides, respectively. 
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Integrase (IntI) is a member of the tyro-
sine site-specific recombinase family, which
also includes the well-known λ-phage inte-
grase. These enzymes catalyse the excision
and integration of DNA units, by perform-
ing two consecutive strand breakage and
rejoining steps. These steps take place with-
out DNA synthesis or the intervention of
high-energy cofactors (such as ATP). This
conservative feature distinguishes site-
specific recombination from transposition, in
which a repair synthesis step is required.
Integrase is not a nuclease and its activity
can be assimilated to that of a topoiso-
merase [48].

3.1. Integron structure 
and classification

Four classes of integron have been
defined based on the homology of the inte-
grase proteins (40-60% amino acid iden-
tity). 

Class 1 represents the most common
structure and most of the elements belong-
ing to this class are characterised by the
presence of two conserved segments, the
5’-conserved segment (5’-CS) and 3’-con-
served segment (3’-CS). The 5’-CS con-
tains the intI gene, the attI site and the pro-
moter, while the 3’-CS codes for the sul1
gene, conferring resistance to sulphonamides
and the qacE∆1 gene, conferring resistance
to quaternary ammonium compounds used
as disinfectants [73, 76, 84]. In addition, the
3’-CS carries the ORF5 encoding a protein
of unknown function (see Fig. 1). 

Antibiotic resistance gene cassettes are
integrated between the 5’- and 3’-CS at the
receptor attI1 site. The integron designated
In0 contains no inserted genes, making the
5’- and 3’-CS regions adjacent to each other
[6]. As many as seven different gene cas-
settes have been described within a single
class 1 integron and more than 60 different
resistance-gene cassettes have been identi-
fied to date [59]. More than one class 1 inte-

gron has been observed within the same bac-
terial cell [91]. 

Class 2 integrons have also been
described and these are included in the Tn7
family of transposons [40, 73]. Tn7 con-
tains three integrated gene cassettes (dhfrI-
sat-aadA1) adjacent to a defective integrase
gene (intI2) located at 5’-CS. The Tn7 attI
site is located between the intI2 gene and
the first inserted resistance gene as described
for class 1 integrons. Class 2 integrons do
not contain the sul1gene but in fact include
genes whose function promotes Tn7 trans-
position [36, 72, 73, 88]. 

To date, only one class 3 integron has
been reported, containing the blaIMP gene
cassette that confers resistance to broad-
spectrum β-lactams including carbapenems,
and part of the aacA4gene, previously iden-
tified as a gene cassette in class 1 integrons.
The integrase gene (intI3) demonstrated an
identity of 60.9% to the intI1 gene at the
amino acid level, with the gene cassette
boundaries showing atypical recombination
sites [2]. 

It is noteworthy that despite the differ-
ences in the integrase and attI site sequences,
the same gene cassettes are thought to be
acquired by all three integron classes, as
identical gene cassettes have been found in
classes 1 and 2 [40, 88] and in classes 1 and
3 [2, 49]. This observation suggests that the
class-specific integrases work on an appar-
ently common pool of resistance gene cas-
settes.

A fourth class of integron, harbouring
hundreds of cassettes and associated with
the intI4 integrase gene, has recently been
described in the small chromosome of Vib-
rio cholerae [15, 44, 77]. The V. cholerae
small chromosome was found to contain an
“integron island” consisting of clustered
repeated sequences (VCRs) separated in
most cases by a single ORF, organised in a
similar way to the integron-borne gene cas-
sette. Potential virulence genes (haemag-
glutinin and lipoproteins) have been iden-
tified as gene cassettes linked to VCRs in
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the V. choleraeintegron island [15, 44, 60].
This complex integron structure constitutes
a large pathogenicity island in the V.
cholerae genome. Furthermore, this struc-
ture was found in Vibrio strains dating back
to 1888 and predating the antibiotic era. It
has been suggested that IntI4 might be the
ancestor of all the other integrases, which
may have adapted to acquire antibiotic resis-
tance genes only in the more recent past
[60]. This hypothesis further supports the
view that integrons may play a major role in
accelerating bacterial evolution. Apart from
drug resistance cassettes, virulence genes
could also be disseminated by integrons
thereby contributing to the evolution of bac-
terial virulence.

3.2. Mobile gene cassettes

The integron-borne gene cassettes con-
fer resistance to many different antibiotics
including aminoglycosides, cephalosporins,
chloramphenicol, penicillins and trimetho-
prim, and for each of these antibiotic classes
several distinct gene cassettes have been
reported. Recently, a number of gene cas-
settes encoding extended-spectrum β-lacta-
mases or carbapenemases have been
described (blaIMP, blaVEB-1, blaVIM) [2, 49,
50, 63, 69]. At least 15 different genes encod-
ing aminoglycoside-adenyltransferases (aad)
or aminoglycoside-acetyltransferases (aac)
and conferring resistance to aminoglyco-
sides – together with several different dihy-
drofolate-reductase genes (dhfr) conferring
resistance to trimethoprim – have been
located as gene cassettes within integrons.
Chloramphenicol resistance is frequently
conferred by type B chloramphenicol acetyl-
transferase genes (catB) or by genes coding
for one of the three known efflux pumps
(cml). Resistance genes to rifampicin (arr-2)
and erythromycin (ereA) have also been
described as gene cassettes within integrons.
At least six ORFs of unknown functions have
been described in naturally occurring inte-
grons [10, 40, 59, 92].

The gene cassette is defined as a discrete
unit consisting of one complete ORF fol-
lowed by a recombination site, the 59-base
element, also named attC (Fig. 1) [42, 73].
Each gene is associated at the 3’-end with a
particular 59-base element, which differs
both in sequence and length although these
elements are identifiable from common sec-
ondary structures. The attCsite consists of
a long inverted repeat sequence of variable
length potentially forming an imperfect cru-
ciform structure, which is flanked by inverse
and forward core sequences (RYYYAAC
is the consensus for the inverse sequence
and GTTRRRY is the consensus for the for-
ward sequence) [33].

Gene cassettes lack a promoter in front of
the coding sequence and this implies that
the promoter located in the 5’-CS of the
integron is essential for the expression of
the cassettes. In class 1 integrons the 5’-CS
contains two potential promoters, P1 and P2.
Four different P1 and two different P2 pro-
moters have been described (Fig. 1) [20,
84]. An apparent polarisation of expression
exists for P1 and P2, since the highest level
of expression is obtained for the first cas-
sette located directly downstream of the pro-
moter. In contrast, distal gene cassettes are
weakly expressed due to the premature tran-
scription termination occurring within the
59-base element of the preceding gene cas-
settes [20]. 

Gene cassettes are considered as mobile
elements, however they do not code for
products involved in their own mobility [19].
In fact, gene cassettes exist free as cova-
lently closed circular molecules generated by
IntI-mediated excision of previously inte-
grated cassettes from the same or another
integron [18, 19, 40]. The circular interme-
diate participates in the IntI-mediated pro-
cess of integration into the integron (Fig. 1). 

Resistance genes harboured by resistant
bacteria or by antibiotic-producing microor-
ganisms could seem to be the main source of
integron-derived gene cassettes. Integrons
could “mop” up these genes following 
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excision, and incorporate them into repli-
cons, which could then be transferred among
bacterial pathogens. Several pieces of evi-
dence similarly support the hypothesis that
housekeeping genes have evolved to modify
antibiotics and that their recruitment could
provide an alternate source of resistance
genes [23, 68]. All resistance-encoding
DNAs establish a resistance gene pool,
which represents a potential source of gene
cassettes incorporated into the inte-
grons [28].

3.3. Site-specific insertion of gene
cassettes into the integron

The site-specific insertion of gene cas-
settes into the variable region of integrons
has been detected only in cells which
express the integrase activity, indicating that
this recombinase is required for the inte-
gration within the attI site [19, 21]. A gene
cassette available for integration is repre-
sented by a closed circular molecule formed
by intI -mediated site-specific excision
(Fig. 1) [18]. Cassettes are integrated pre-
dominantly at the attI site. Insertion should
occur preferentially at the 5’-end of the first
resident gene cassette. 

The integrase interacts with both the pri-
mary recombination sites, that is the attI site
located in the 5’-CS and the attCsite located
at the 3’-end of each gene cassette. IntI
strongly binds to four sites within the attI
site [36, 37, 74] and also weakly binds to
the cassette-associated attCsite [22]. 

Secondary target sites have been identi-
fied on natural plasmids and a mechanism
for the recruitment of new genes to inte-
gron-borne gene cassettes has been postu-
lated [31, 32, 43]. The secondary site in front
of a gene not previously borne on cassettes
may cause trapping of the gene by the inte-
grase-mediated site-specific recombination
between the attI and this secondary site. The
formation of a complete cassette contain-
ing the new gene requires the acquisition of
the attCsite probably through a further step

of recombination from a pre-existing gene
cassette [82]. This mechanism implies that
almost any gene may become associated
with integrons, although recombination with
secondary sites is rare and less efficient
when compared to recombination between
primary sites. 

4. INTEGRON MOBILISATION

In bacterial pathogens a variety of trans-
posable elements have been identified and
contribute to the evolution of the bacterial
genome by excision and insertion of DNA
fragments from a donor site, to other non-
homologous target sites. Transposons are
mobile genetic elements which encode the
necessary machinery to promote self-translo-
cation (i.e. transposase and the DNA sites at
which recombinase activity acts) [47, 83]. 

Some transposons are known to con-
tribute to integron mobility. Class 1 and 2
integrons are often carried by Tn21- and
Tn7- transposable elements, respectively.
Furthermore, some integrons have been
identified in close proximity or juxtaposed
with insertion sequences (IS) [71, 95]. It is
evident that the association of a highly effi-
cient gene-capture and expression system,
together with the capacity for vertical and
horizontal mobility, represents an impor-
tant combination in the natural flux of resis-
tance genes. Furthermore, integrons borne
on transposons have been described as pref-
erentially incorporated into conjugative plas-
mids, which then guarantees a broad-host-
range horizontal transfer of the resistance
determinants. 

4.1. The Tn21 group of transposons

Tn21 is a member of the Tn3 family of
transposable elements, which is probably
the most successful group of mobile DNA
elements, found widely distributed in Gram-
negative and Gram-positive bacteria [38,
53]. The Tn21 transposon encodes genes
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and sites required for transposition (includ-
ing tnpA, tnpR, tnpM, resand IRs) (Fig. 2).
In addition, Tn21 also encodes accessory
genes that are primarily responsible for resis-
tance to several classes of antibiotics. This
transposon carries the mer operon and an
integron called In2 [38, 53]. The meroperon
encodes enzymes that convert toxic mer-
curic ions into less toxic metallic mercury
[62]. The In2 integron is located between
the mer operon and the transposition sys-
tem. The latter integron also contains an
aadAgene cassette, known to confer resis-
tance to streptomycin and spectinomycin.
In2 is flanked by two 25 base pair inverted
repeats (IRi, IRt) that suggest a potential
mobility of In2. However, no evidence of
self-transposability of the In2 integron has
been obtained to date. 

Transposon Tn5090(also named Tn402)
of plasmid R751 was reported to contain a
class 1 integron which harbours an intact
qacEgene (this gene occurs in a deleted
form in class 1 integrons and for this rea-
son is designated qacE∆1 ) but does not
include the sul1 gene. This integron also
encodes a complete set of transposition
genes (tniA, tniB, tniQ, tniR) and may be a
mobile ancestor of the In2 located in Tn21
(Fig. 2) [72]. Class 1 integrons including
In0, In2 and In5 have been defined as defec-
tive transposon derivatives resulting from
truncation of the transposition machinery

following insertion of IS1326and IS1353
elements into the tniB gene (Fig. 2) [8, 53].
From the analysis of the structure of Tn21
and related transposons, a scheme describ-
ing the possible evolution and the relation-
ship of several transposons has been devel-
oped [53, 72, 96]. It has been postulated that
integrons were mobile elements which
became inserted into a Tn21-ancestral mer-
cury resistance transposon, possibly Tn2613
[89, 90] and whose transposition functions
have been disrupted by multiple insertions of
IS elements.

The occurrence of elements of the Tn21
subgroup in different strains and genera of
bacteria is impressive: no other phyloge-
netically homogeneous group of transposons
has such a variety of representative elements.
Successful dissemination probably lies in
the acquisition of the integrase system,
which should confer a selective advantage
for the diffusion of these elements.

In 1992, Zuhlsdorf and Wiedemann car-
ried out a systematic investigation for the
presence of the Tn21group of transposons
in a large collection of unselected clinical
strains. They found that 19% of all strains in
their collection showed a positive result for
the presence of a Tn21derivative. Further-
more, they showed that most of the strains
contained the integrase gene although a great
variety of defective transposons were

Figure 2. Schematic representation of the DNA structure of the Tn21 transposon (GenBank acces-
sion no. AF1413). White boxes represent the tnpA, tnpRand tnpMgenes, the integrase gene (intI1),
the sulfonamide resistance gene (sul1), the putative integron transposition genes (tni), the IS1326and
IS1353insertion sequences and the meroperon. The grey box represents the inserted gene cassette
conferring resistance to streptomycin and spectinomicin (aadA1). The black box represents the attC
site downstream of the aadA1gene cassette. Vertical bars indicate inverted repeats flanking the
transposon (IRtnp and IRmer) and the In2 integron (IRi and IRt). 
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described, with deletions in one or more of
the transposition system genes [99]. 

An epidemiological study conducted in
1999 on genetic elements mediating multi-
drug resistance in pathogenic avian E. coli
isolates concluded that more than half of
the one hundred isolates examined carried a
Tn21 transposon derivative [3]. Globally
disseminated Tn21-like transposons are also
found among commensal and environmen-
tal isolates [25, 98].

Reasons for the dissemination of Tn21-
like transposons are currently unknown, but
the fact that this kind of transposon has the
potential to confer resistance against both
older and newer antibiotics may be an
important factor. Tn21 and its derivatives
are major agents in the dissemination of
mercury resistance in Gram-negative bac-
teria conferring resistance to both organic
and inorganic mercuric compounds, used
for the treatment of syphilis and in amal-
gam dental restorations, and particularly dif-
fused in industrial waste contaminating soil
and water [53]. At the same time these trans-
posable elements confer resistance to vari-
ous antibiotics through the resistance gene
cassettes incorporated within the integron.
The Tn21 gene cassette, aadA1, is one of
the most prevalent resistance genes in the
world and confers resistance to strepto-
mycin. Nevertheless, this antibiotic is rarely
used in modern human medicine, but in con-
trast is extensively used in animal husbandry
as a therapeutic agent [13]. These observa-
tions suggest that Tn21 might have con-
tributed to the dissemination of integrons,
being positively selected in animal and
human pathogens and in bacteria living in
polluted environments. 

4.2. Clustering of resistance genes: 
is the multi-drug resistance
encoded on antibiotic resistance
islands?

Clustering genes that confer resistance
to different classes of antibiotics confers a

selective advantage to the host, particularly
when several antibiotics are simultaneously
administered. The synergism between dif-
ferent resistance genes allows the recipient
host to be positively selected by each indi-
vidual class of antimicrobial agents. Fur-
thermore, a genetic locus containing multi-
ple resistance genes can be transferred en
bloc to other genomes [51, 52]. 

Several examples describing the locali-
sation of antibiotic resistance genes on plas-
mids or on the bacterial chromosome sug-
gest that genes conferring multi-drug
resistance can exist as complex configura-
tions of physically linked elements. Each
integron carrying a complex array of gene
cassettes represents a cluster of physically
and functionally associated resistance genes.
In some cases integrons have been found
associated with other resistance determi-
nants leading to the assembly of larger
genetic structures that are analogous to the
well-defined pathogenicity islands. These
structures could be considered as antibiotic
resistance islands.

A well-known example of physical asso-
ciation of integrons with other resistance
genes is present in the multi-drug resistant
Salmonella entericaserovar Typhimurium,
definitive type 104 (DT104). The majority of
the DT104 isolates are resistant (R) to at
least five drugs including ampicillin, chlo-
ramphenicol, streptomycin, sulphonamides
and tetracycline (R-ACSSuT). All resistance
genes responsible for the R-ACSSuT pro-
file were identified within a pentaresistance
genetic locus of a 10-kb XbaI DNA frag-
ment, integrated in the S. enterica
Typhimurium chromosome. In these iso-
lates two class 1 integrons carrying the
aadA2, pse-1andsul1 genes, conferring
resistance to streptomycin, β-lactams and
sulphonamides, are located close together
in the DT104 chromosome. The interven-
ing region contains the characteristic floRst
gene conferring resistance to florfenicol and
chloramphenicol, along with the tetRand
tetA(class G) genes conferring tetracycline
resistance (Fig. 3) [7, 80]. The complete
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pentaresistance gene cluster is consistently
absent in drug-sensitive isolates or in
S. entericaTyphimurium isolates of other
phage types exhibiting the same resistance
profiles [75]. However, apparently similar
clusters have recently been identified in non-
DT104 isolates and in S. entericaserovar
Agona, strongly suggesting a horizontal
transfer of the pentaresistance gene cluster
among Salmonellastrains [17, 26]. No
experimental data in relation to the hori-
zontal transfer of the resistance gene cluster
has been reported so far. However, trans-
duction experiments with a P22-like phage

demonstrated a facilitated transduction of
DT104 resistance to unrelated Salmonella
recipient strains [81]. Furthermore, a puta-
tive resolvase gene, similar to tnpRof the
Tn3 transposons, has been identified adja-
cent to the intI1 gene of the first integron
in the DT104 pentaresistance gene cluster,
suggesting that at least part of this complex
structure might arise from a transposon
(Chaslus-Dancla E., European Molecular
Biology Laboratory (EMBL) accession
no. AF121001).

Florfenicol was initially introduced as a
therapeutic agent for the treatment of calf

Figure 3. Structural comparison of antibiotic resistance islands. Integron-borne gene cassettes are rep-
resented as grey boxes. Panel A: S. entericaserotype Typhimurium DT104 resistance gene cluster
(GenBank accession no. AF071555). White boxes represent the putative resolvase gene (tnpR), the
integrase gene (intI1), the sulfonamide resistance gene (sulI), the florfenicol/chloramphenicol resis-
tance gene (floRst) and the tetracycline resistance genes (tetR andtetA ). The streptomycin resis-
tance gene (aadA2) and the β-lactamase gene (pse-1) are integron-borne gene cassettes. Panel B:
pSEM integron (EMBL accession nos. AJ009820 and AJ245670). White boxes represent the extended-
spectrum β-lactamase gene (blaSHV-5), the insertion sequence (IS26), the integrase gene (intI1)
and the sulfonamide resistance gene (sulI). The aminoglycoside-resistance genes (aacA4, aacC1
and aadA1) and ORFX and ORFX’ are integron-borne gene cassettes. Panel C: pSAL-1 integron
(EMBL accession no. AJ237702). White boxes represent the integrase gene (intI1), the sulfonamide
resistance gene (sulI), the ORF341 and the extended-spectrum β-lactamase genes (ampC andampR).
The streptomycin resistance gene (aadA2) is the integron-borne gene cassette.



Integrons in the diffusion of resistance 253

respiratory pasteurellosis and the floR resis-
tance gene has been located on large con-
jugative plasmids in the fish pathogen Pho-
tobacterium damselaesubsp. piscicida[46],
and in clinical E. coli strains isolated from
poultry and cattle [16, 45]. These observa-
tions argue for an independent rapid spread
of florfenicol resistance by horizontal trans-
fer of the conjugative plasmid carrying the
floR gene. 

Another example of a putative antibiotic
resistance island has recently been described
on a broad-host-range plasmid pSEM, iso-
lated from multiple-drug resistant strains of
S. entericaTyphimurium [91, 95]. A class 1
integron conferring resistance to
sulphonamides and aminoglycosides
through the aacA4, aacC1and aadA1gene
cassettes was located near the blaSHV-5 gene
conferring resistance to extended-spectrum
cephalosporins (Fig. 3). A very similar
organisation of resistance genes was
described on the plasmid pACM1 isolated
from nosocomial strains ofKlebsiella oxy-
toca [70, 71]. An IS26 element was found
juxtaposed to the 5’-CS of the integron that
resulted in the deletion of the first 113 base
pairs [95]. 

IS elements are a heterogeneous class of
mobile elements, common to prokaryotic
genomes, and capable of promoting their
own translocation. These elements can
bracket gene clusters forming composite
transposons, where two flanking IS elements
co-operate in mobilising the intervening
DNA segment. These elements have also
been involved in the assembling of genes
in pathogenicity islands [55]. The physical
association of the IS26 element with the
blaSHV-5 gene region and the integron could
explain the formation of the antibiotic resis-
tance island observed on the pSEM plas-
mid. 

A complex resistance gene organisation
was described in S. entericaserovar 
Enteritidis on the pSAL-1 plasmid confer-
ring resistance to extended-spectrum
cephalosporins by the presence of the

blaDHA-1 β-lactamase. On pSAL-1, a class 1
integron carrying the aadA2and sul1genes
was found juxtaposed to the blaDHA-1 locus
containing the ampCand ampRgenes orig-
inating from the Morganella morganiichro-
mosome, followed by a second non-func-
tional copy of the sul1gene (Fig. 3) [94].
This integron has unusual structures show-
ing the partial duplication of the 3’CS, con-
taining the ORF341, and carrying the
blaDHA-1 locus integrated into a secondary
recombination site, downstream of ORF341.
A similar structure was previously described
for two other integrons, In6 and In7 [41, 67,
85]. Besides containing ORF341, these inte-
grons also carry a different array of resis-
tance genes integrated at the attI and at the
secondary site downstream of ORF341. It
has been postulated that the product of
ORF341, whose function is yet unknown,
might work as a novel recombinase prefer-
entially recognising the secondary recom-
bination site [94]. Moreover, the amino acid
sequence deduced from ORF341 is similar
to recently described putative transposases
of Pseudomonas pseudoalcaligenes(EMBL
accession no. AF028594) and E. coli
(EMBL accession no. AF231986). These
novel integrons, showing primary and sec-
ondary recombination sites, could play an
important role in clustering multiple antibi-
otic resistance genes.

5. INTEGRON EPIDEMIOLOGY 

Integrons are frequently reported in
Gram-negative bacteria from patients with
hospital-acquired infections or in strains
responsible for nosocomial outbreaks (i.e.
Pseudomonas aeruginosa, Klebsiella pneu-
moniae, E. coli, Citrobacter freundii, K.
oxytoca, Enterobacter spp.) [34, 49, 50, 57,
58, 63, 69, 70, 92]. A class 1 integron has
also been found on a plasmid from
Corynebacterium glutamicum[64].

Investigations of the role of integrons in
resistant bacteria circulating in community
have mainly been focused on the detection
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and characterisation of the pentaresistance
locus found in the widely distributed
S. entericaTyphimurium DT104 (see spe-
cific chapter on this issue [15']). Significant
and recent investigations outlining the pres-
ence of integrons in zoonotic pathogens,
such as Salmonella spp., E. coliand Campy-
lobacter spp., are briefly summarised below.

Integrons in zoonotic pathogens. Epi-
demiologically unrelated multiple-drug-
resistant S. entericaTyphimurium strains
isolated in 1997 in Albania showed an
unusually wide-ranging resistance, conferred
by the coexistence of three integrons in the
same bacterial cell [91]. The three integrons,
In-t1, In-t2 and In-t3, were located on two
different conjugative plasmids of the IncFI
and IncL/M incompatibility group. Inte-
grons conferred resistance to β-lactams,
chloramphenicol, co-trimoxazole, and to the
more commonly used aminoglycosides,
including gentamicin and amikacin (con-
ferred by the aadB, catB3, oxa1, aadA1,
aacA4and aacC1gene cassettes, respec-
tively). In-t1 and In-t2 were both located on
the IncFI plasmid, which has in the past
been associated with the emergence of epi-
demic clones of multidrug-resistant
Salmonella[1]. 

Molecular evidence supports the view
that IncFI plasmids are evolving through
sequential acquisition of integrons carrying
different arrays of antibiotic-resistance
genes. A 30-year retrospective investiga-
tion for the presence of integrons in both
older and more recent IncFI plasmids pro-
vided evidence that In-t2, carried by a
Tn21-derivative, was present in IncFI plas-
mids since the early 1970s while In-t1 rep-
resents a recent acquisition, being detected
only on IncFI plasmids isolated in 1997 [11].
Moreover, an integron identical to In-t2,
located on a large conjugative plasmid, has
been reported in multi-drug resistant S.
entericaTyphimurium strains isolated from
finfish in India in 1999 [78]. 

The hypothesis that integrons may be
responsible for the acquisition of most of

the resistance genes in Salmonellaspp. was
confirmed by the molecular analysis of a
collection of 333 resistant Salmonellastrains
representing the most frequent non-typhoidal
serotypes, isolated between 1989 and 1998
in Spain [39]. The presence of class 1 inte-
grons was identified in strains collected
throughout the entire study period, being
more frequent in serotypes Typhimurium,
Ohio, Panama and Virchow. The aadA1 and
aadA2cassettes (encoding streptomycin-
spectinomycin resistance), alone or in com-
bination with other resistance genes, were
found widely distributed in most of the
Salmonellaserotypes analysed. Thepse-1
and oxa-1genes, conferring resistance to
β-lactams, the dhfrA14and dhfrA1genes,
conferring resistance to trimethoprim, and
the sat1gene, conferring resistance to strep-
tothricin, were also identified as gene cas-
settes within the variable region of inte-
grons. 

Molecular characterisation of antimicro-
bial resistance in S. entericaisolates from
Ireland and France also reported the pres-
ence of multiple integrons in strains obtained
from human, animal and food sources [12,
27]. These integrons preferentially carried
one or two of the pse-1, aadA2, aadA1 and
dhfrA1gene cassettes confirming descrip-
tions reported for the Spanish Salmonella. 

The role of integrons in the dissemina-
tion of antibiotic resistance has also been
investigated in E. coli strains isolated from
humans and animals. The ECOR collection,
a widely used set of 72 reference E. coli
strains isolated between 1973 and 1983 from
a variety of healthy human and animal hosts
[65] has also been tested for the presence
of integrons. Four strains from this collection
were found positive for a class 1 integron. In
three strains the integron was associated
with the presence of the Tn21 transposon,
while the fourth strain contained the novel
aadA7gene cassette [61]. The presence of
the Tn21 transposon, and consequently of
the integron In2 in E. colistrains of this col-
lection, can be traced back to 1973.
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The occurrence of integrons in amino-
glycoside resistant E. coli of porcine and
bovine origin from Denmark has recently
been reported [79]. This investigation
revealed that integrons carrying the gen-
tamicin resistance aadBgene are frequently
found in bovine E. coli isolated in this coun-
try. Since the gentamicin treatment of cattle
or calves has never been approved in Den-
mark it is likely that the horizontal transfer
of integrons caused gentamicin resistance
in E. coli. 

Integrons conferring resistance to strep-
tomycin, trimethoprim and β-lactams have
also been documented in multiresistant
E. coli isolates from the normal intestinal
flora of healthy fattening pigs [86]. Large
transmissible plasmids containing integrons
were detected in several of these isolates,
indicating that the enteric commensals of
domestic animals may act as reservoir of
antibiotic resistance genes. 

Finally, novel integron-like structures
have been detected in a collection of Irish
thermophilic Campylobacterspp. cultured
from clinical cases of gastroenteritis and
from porcine and poultry sources [54]. Inter-
estingly, the gene cassettes harboured by
these integron-like structures did not match
any known DNA sequences. 

Campylobacterspp. shows the natural
ability for transformation and interspecies
transfer of DNA, including resistance genes
[35], and the existence of integron-like struc-
tures in the genome could explain the incor-
poration of unrelated DNA, frequently
observed in this species. Integron-mediated
site-specific recombination may have inter-
esting implications in understanding genome
evolution in Campylobacterspp.

6. CONCLUSION

The indiscriminate usage of antibiotics
in human medicine and animal husbandry
promotes the spread of multiple antibiotic
resistance. Recent advances in the study of

antibiotic resistance have led to the discov-
ery of molecular mechanisms for the acqui-
sition of resistance genes by integron-medi-
ated recombination. 

Integrons have been involved in the
recruitment and expression of resistance
genes and have been found widely dis-
tributed among resistant bacteria circulat-
ing in hospitals and in the community. Their
presence in bacterial genomes can be traced
back several years. 

Integrons should be regarded as the major
means of short-term accumulation of resis-
tance determinants in bacterial genome. Fur-
thermore, their role in the capture of genes
is particularly important when associated
with horizontal transfer of the resistance
determinant, mobilised by broad-host-range
conjugative plasmids. The association of
integrons with mobile elements promotes
their vertical transmission from plasmids to
the bacterial chromosome and among dif-
ferent replicons, contributing to the dis-
semination of resistance genes. 

The evolution of multi-drug resistance
seems to proceed unrelentingly through the
acquisition and clustering of dispersed resis-
tance genes by integrons. Controlling this
process in the bacteria represents a signifi-
cant challenge to public health.
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