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The advent of antibiotics in clinical medicine has resulted in the emergence of multiresistant strains of bacteria. Bacteria
possess sophisticated mechanisms of genetic exchange that have driven their recent evolution. Among these are transposons and integrons, the latter having interesting parallels with genetic engineering techniques used in the laboratory.
An understanding of these mechanisms through studies of the molecular basis of the dissemination of resistance genes
will aid rational choices in antibiotic therapy.
Key Words: Antibiotic; Expression vector; !ntegron; Resistance; Transposon

Transposons et integrons : genie genetique naturel de la resistance bacterienne
RESUME : L'avenement des antibiotiques en medecine clinique a entra1ne !'emergence de souches de bacteries
multiresistantes. Les bacteries sont dotees de mecanismes complexes d'echange genetique qui ont favorise leur
evolution recente. Parmi ceux-la sont Jes transposons er Jes integrons, Jes derniers pouvant, de fa~on interessante, se
co mparer sur certains aspects aux techniques de genie genetique utilisees en Jaboratoire. La comprehension de ces
mecanismes par le biais d'etudes sur Jes bases moleculaires de la dissemination des genes de la resistance permettra de
faire des choix raisonnables pour J·antibiotherapie.

S

ince the advent of sulpha drugs and penicillin, antibiotics
have been considered ' miracle drugs' , that were expected
to put an end to infectious diseases of bacterial origin. We now
speak of the 'end of the miracle' or of an 'apocalypse' as a 'return to the preantibiotic era' looms on the horizon due to the
emergence of multiresistant strains of bacteria (1-3). The hu man and veterinary use of antibiotics (including their use as
animal growth promoters) have provided an intensive selection pressure on bacteria. The ability of bacteria to adapt, by
mutation and selection, signalling and gene regulation , and
by gene rearrangement and genetic exchange, has resulted in
their acquisition and expression of a variety of resistance

genes that have not previously been known to occur in common pathogens. These genes have been evolving for millions
of years in bacteria, and fungi-producing antibiotics and those
cohabiting with them in the environment but have only recently become associated with genetic elements that permit
bacteria to share these genes, rearrange them and retain the
successful combinations.

RESISTANCE GENES
Enzymatic resistance is among the most common of resistance mechanisms. The most well known example is that of
beta-lactamases, the first of which was discovered shortly af-

Centre de Recherche en f!J/e ctiologie and Departement de Biochimie (Facu lte des Sciences ec de Genie), Universite Laval, See-Foy, Quebec
Correspondence and reprints: Dr Paul H Roy, Centre de Recherche en !rifectiologie, CHUQ, Pavilion CHUL, 2 705 bout Laurier, RC-709,
Ste-Foy, Quebec G!V 4G2. Telephone 418-654-2705,Jax 418-654-2 715, e-mail Paul.H.Roy@crchul.ulaval.ca

4C

Can J Infect Dis Vol 1 O Suppl C May 1999

USEO Y•DONOTCGn

-tnpR

Tn3

tem1

tnpA

-

tnpR

Tn501
tnpA

Tn5

IS

IS

Tn9

kan

cat

mer

-

ble

str

IS

IS

Figure 1) Representative simple (Tn3 and TnSOl) and complex (TnS
and Tn9) transposons. Simple transposons ef the Tn3 Jamily are
flanked by short, inverted repeats; their transposase (tnpA) and resol-

vase (tnpR)genes are in the central segment. Complex transposons are
flanked by insertion sequences {IS), which code Jor transposition
Junctions, in either inverted or direct repeats. ble Bleomycin resistance;
cat Chloramphenicol acetyltraniferase; kan Kanamycin resistance;
mer Mercury resistance; str Streptomycin resistance; tem I Tem-1
beta-lactamase

ter the discovery of penicillin. The synthesis of semisynthetic,
beta-lactamase-resistant penicillins and beta-lactamase inhibitors appeared to solve this problem; however, recently,
extended spectrum beta-lactamases have become widespread,
at least in certain countries (4). There are three major types of
these enzymes: point mutants of the TEM and SHV beta lactamases, the appearance on plasmids of class A betalactamases such as CTX-M-2 and PER-2, which already have
an extended spectrum profile, and derepression of the chromosomal class C ampC beta-lactamase or its transfer to plasmids
without the accompanying repressor gene.
Aminoglycoside resistance is mediated by a variety of acetyltransferases, adenylyltransferases and phosphotransferases.
Among the first examples were MD-(3"), coded by one of the
earliest integron-mediated resistances, which mediates resistance to streptomycin and spectinomycin, and APH-(3'), coded
by Tn5, which mediates resistance to kanamycin. The development of newer aminoglycosides such as tobramycin,
netilmicin and gentamicin have provided compounds that are
insensitive to these mechanisms, but a host of newer genes, in
particular the aminoglycoside acetyltransferases coded by integrons, have severely limited their clinical usefulness (5).
More recently, synthetic aminoglycosides such as amikacin
have been widely used, but, once again , new resistance genes
have appeared. One of these genes, aacA4, mediates resistance to amikacin and appears to have resulted from a point
mutation of a gentamicin resistance gene (6).
Chloramphenicol acetyltransferase, such as that mediated
by Tn9 , is a well studied resistance mechanism. Over a dozen
genes, all of the same family, have been sequenced, and some
of the enzymes have been crystallized and their structure de-
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termined. More recently, a completely different family of chloramphenicol acetyltransferases has been found that have no
sequence homology with the main family (7-9). The discovery
of these enzymes led to the discovery of similar enzymes encoded by Gram-positive bacteria such as enterococci and
staphylococci (10,1 l) , which acecylate substrates, such as
streptogramin A and virginiamycin, and may compromise the
usefulness of these 'last-resort' antibiotics for problem bacteria such as vancomycin-resistant enterococci (VRE),
methicillin-res istant Staphylococcus aureus (MRSA) and
eventually vancomycin-resistant staphylococci.
Another common type of resistance mechanism is altered
targets or bypass mechanisms. The best known of the former
are the penicillin -binding proteins ; either a completely new
penicillin-binding protein (PBP) insensitive to beta-lactam antibiotics, as in MRSA, or resistance acquired by accumulation
of point mutations in existing PBPs, as in penicillin-resistant
pneumococci (12, 13) . The best known of the bypass mecha nisms are sulphonamide-resistant dihydropteroate synthase,
usually coded by integrons and a variety of trimethoprimresistant dihydrofolate reductases, also integron coded (14).
Bacteria also produce transmembrane proteins that act as
molecular pumps. Some of these are specific (eg, the tetracycline efflux protein coded by Tn 10 and the chloramphenicol efflux protein Cm!A coded by integrons, while others are less
specific, usually chromosomally encoded, multiple drug efflux
proteins such as EmrD of Escherichia coli and the MexAB system of Pseudomonas aeruginosa ( 15, 16) . These proteins are
all members of a larger family of proteins, the 'major facilitator family', which includes sugar transporters, etc, from which
the antibiotic transporters may have evolved (17).

SIMPLE TRANSPOSONS
Among the best known simple transposons is Tn3
(Figure l ), which carries the gene for the TEM beta-lactamase,
which is widespread among Gram-negative bacteria . It also
contains two genes for transposition functions, and is closely
related to Tn !000 (gamma-delta), which contains only the latter two genes and, thus, has no phenotype other than its own
transfer. Tn3 at some point acquired (by an unknown mechanism) a class A beta -lactamase gene (from an unknown
source), becoming an efficient vehicle for moving the betalactamase gene from chromosome to plasmid , from one plasmid to another and, thanks to conjugative plasmids , from one
species to another. Since its arrival in enteric bacilli and
spreading of resistance to penicillins (first noted in Japan in
the late 1950s), Tn3 has been responsible for two other phenomena: the emergence of resistance to third-generation
cephalosporins, largely due to the selection of a variety of
point mutations in the TEM beta-lactamase gene, which alters
the accessibility of the enzyme's active site to a new variety of
substrates; and the transfer of Tn3 to Haemophilus and Neisseria species in the early 1970s. The latter event resulted in
the transfer, probably by conjugation but possibly by transformation, of plasmid DNA containing Tn3 to Haemophilus ducreyi, where this DNA was unable to replicate, but where Tn3
then 'hopped' to a native plasmid. The H ducreyi plasmids are
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the 'smoking gun' because they contain all of Tn3. A streamlined version, having lost the transposase gene (no longer necessary because the plasmids are spread out among
haemophilus and neisseria by transformation) is found not
only in H ducrryi but also in Haemophila parai,Jjluenzae and
Neisseria gonorrhoeae, where it caused the emergence of the
well known penicillinase-producing N gonorrhoeae (PPNG)
(18). Surprisingly, the TEM gene has not evolved in these organisms despite the widespread use of ceftriaxone to treat
PPNG - does N gonorrhoeae have a very faithful DNA polymerase?
Antibiotic resistance genes are by no means the only ones
to be acquired by transposons; other genes include heavy
metal resistance (eg, mercury resistance in Tn501) and even
the lactose operon (enabling normally lac- bacteria to use an
additional source of carbon), but also enabling pathogenic enteric bacilli to fool unwary bacteriologists accustomed to ignoring lactose-positive strains.
Another simple transposon, a member of the Tn3 family
but found in enterococci, is Tnl 546. In addition to the transposase and resolvase genes, this transposon contains an
operon (a group of genes expressed as a unit from a single
mRNA molecule) involved in the systhesis of an alternative
pentapeptide, resistant to vancomycin, in its cell wall.
Moreover, this operon is under the control of a two-component
signalling system, vanR5, resulting in expression of the
operon only when vancomycin is present in the medium (19).
This enables the alternative (and presumably weaker) cell wall
to be synthesized only in the presence of glycopeptides. The
fortuitous association between vanR5 and the resistance
operon is demonstrated by the recent description of the vancomycin resistance operon - without vanR5 because the gene
expression is constitutive - in producing organisms (20).

COMPLEX TRANSPOSONS
Complex transposons are made up of two identical (or almost identical) insertion sequences, in direct or inverted repeat orientation, flanking a central region (Figure 1).
Examples are Tn9 , which carries the gene for the most common sort of chloramphenicol acetyltransferase, and TnlO,
which carries a gene encoding a specific efflux pump for tetracycline resistance. The insertion sequences carry the gene(s)
necessary for transposition. Another common complex transposon is Tn5, whose central region carries three resistance
genes, including the aminoglycoside phosphotransferase mediating kanamycin resistance. Because the entire complex
transposon moves as a unit and the genes of only one of the
insertion sequences are necessary for mobility, Tn5 has undergone an interesting adaptation ; a single point mutation in
one of the insertion sequences stops the translation of the
transposition proteins, but creates at the same time a promoter for expression of the resistance genes in the central segment.
It is easier to see how complex transposons formed in the
first place. In all probability, they are due to the arrival of insertion sequences, first on one s ide a nd then on the other, of a
resistance gene or operon. A recent example pointing to such a
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Figure 2) Structure ef an integron. A variable central region carries
one or more cassettes, each with a palindromic '59-base element' at its
downstream end. Promoter P1 occurs in versions efdifferentJorce due
to sequence po{ymorphisms in the -35 and - JO boxes. In some integrons, an insertion qf three guanine residues changes the spacing between another -35 and -IO boxJrom 14 to 17 nucleotides, creating
another strong promoter, P2. Site-specific recombination, mediated by
the intgene, takes place between G and rr in the GT'TRRRY 'core sites'.
o[/5 Open readingJrame; qacELi I Ethidium bromide resistance; sul I
sulphonamide resistance

mechanism is the aacC3 gene, a common aminoglycoside acetyltransferase encoding gentamicin, tobramycin and netilmi cin resistance. This gene can be found both in an ·original·
context without insertion sequences and in a context where it
is flanked by !5140s , forming a potential transposon. In the
latter arrangement, one of the !5140s furnishes a '- 35 sequence' , thereby increasing the transcriptional expression of
the resistance gene (21).

INTEGRONS
Integrons (Figure 2) were discovered in the mid- l 980s,
after restriction maps and electron microscopy of heteroduplexes revealed similarities in many resistance plasmids of
Gram-negative bacteria, including those carrying transposons
such as Tn2 J and its relatives (22). These elements differed
often only by an insertion of DNA of the length of one gene.
Sequencing revealed that several resistance genes (cod ing for
beta-lactamases, aminoglycoside-mod ifying enzymes, trimethoprim -resistant dihydrofolate reductases and chloramphenicol resistance) were present as mobile genetic cassettes,
each with a short palindromic sequence at the downstream
end of the gene, inserted singly or in tandem between two
conserved flanking sequences (23-26) (Figure 3). One of these
consetved regions codes for an integrase (27) , a member of
the phage integrase family, now called tyrosine recombinases
(28). Cassette integration and excision is done by a mechanism of site-specific recombination mediated by the integrase.
It is probable that the integrase and adjacent 'attach site' ,
where the cassettes are integrated, evolved from the int-att region of an ancient bacteriophage.
Integrons have interesting parallels to the expression vectors used in genetic engineering in the laboratory. Expression
vectors have a strong promoter, for example the tac promoter
(a hybrid between the natural tip and lac promoters) upstream
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of the site where the target gene is to be cloned. Various integrons have slightly different promoters for expression of the
integrated resistance genes. Some versions of these promoters
are stronger than the tac promoter (29) . Expression vectors
have a multiple cloning site downstream of the promoter,
where a restriction fragment containing the gene to be cloned
can be ligated into place. lntegrons use the site-specific recombinational mechanism to integrate cassettes at the attach site,
a short distance downstream of the promoter. The integrase
recognizes two types of site - the nonpalindromic attach site,
and the palindromic '59-base element' found at the end of
each cassette. Excision favours a reaction between two palindromic sites (ie, of a cassette in second, third, etc, place), while
integration favours a reaction between a nonpalindromic site
and a palindromic site (30). The net result is to place (in a
small part of the population) a given cassette 'up front' in first
position where it is most strongly expressed, and selection
does the rest. What remains a mystery is how, and where, resistance structural genes first become associated with 59-base
elements to form cassettes. We do know, however, from resistance gene attributes such as guaninecytosine+ content and
codon usage that they have a wide variety of origins.
In addition to the cassette mobility in integrons, the integron itself seems to be part of a mobile element, as inferred
from its occurrence on plasmids of several incompatibility
groups as well as on chromosomes. One integron is part of
Tn5090 (also called Tn402), which has a complete set of the
four genes required for transposition (31 ). Most integrons are
on defective transposons, missing two of the required genes.
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sented in gray. The G7TRRRY core sites are represented by venical bars
and 59-base elements, which terminate in core sites, as black rectangles. The.first line (anc. Tn402) represents a hypothetical ancestor ef
Tn402, in which the qacE cassette is complete. In all other integrons
shown, qacE is truncated, two qftheJour transposition genes lost, and
su// and orf5 nonspecjfically inserted. Transposition genes are not
shown because their distanceJrom orf5 varies among the elements. aac
Aminoglycoside acetyltraniferase; aad Aminoglycoside adenylyltransJerase; cat Chloramphenicol acetyltraniferase; dhfr Trimethoprim resistant dihydrqfolate reductase; orf Open reading.frame; oxa Oxatype beta-lactamase

However, several integrons 'piggyback' on mercury resistance
transposons of the Tn21 family (32). Two additional classes of
integrons have been found, although they have a much lesser
variety of cassettes. Tn7 carries an integron, containing cassettes coding for trimethoprim, streptothricin and streptomycin resistance. Only a few relatives of Tn7, differing in cassette
content, are known. The reason for this seems to be that the
integrase, which is 50% identical to that of the principal
class ofintegrons, contains a nonsense mutation (stop codon)
in the middle of the gene. Mutagenesis of this codon to a
glutamate codon restores activity (personal communication).
A third class of integron, first seen in Serratia marcescens,
contains a cassette coding for a class beta-lactamase, conferring imipenem resistance (33). Unfortunately, this integron
has spread to Klebsiella and Pseudomonas species, and has
now spread outside Japan .
A clue to the source of the palindromic 59-base elements can
be found in Vibrio choerae, where about 2% of the genome is
made up of structural genes interspersed with V cholerae repeats (VCRs), palindromic elements generally longer and more
uniform than 59-base elements (34). Many of the cassettes encode uncharacterized open reading frames, but some appear to
encode virulence factors and resistance genes. The ends of the
cassette array have now been found, and one flanking sequence codes for an integrase with 50% amino acid identity to
integron integrase (35). It has been shown, at least for cassettes flanked by two palindromic elements, that partial reci procity for excision exists between 59-base elements and
VCRs, and between integron and V cholerae integrases. One
7C
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important difference is that VCRs each contain a promoter for
the following gene, thus, the cassette array is much longer. Integron integrase and 59-base elements are undoubtedly of
chromosomal or phage origin, and the search for their source
is the subject of present intensive investigation.
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