
Molecular Microbiology (1995) 15(4). 593-600

MicroReview
Mobile gene cassettes and integrons: capture and
spread of genes by site-specific recombination

Ruth M. Hall* and Christina M. Collis
CSIRO Division of Biomolecular Engineering,
Sydney Laboratory. PO Box 184, North Ryde 2113,
New South Wales, Australia.

Summary

An integron is a genetic unit that includes the deter-
minants of the components of a site-specific recombi-
nation system capable of capturing and mobilizing
genes that are contained in mobile elements called
gene cassettes. An integron also provides a promoter
for expression of the cassette genes, and integrons
thus act both as natural cloning systems and as
expression vectors. The essential components of an
integron are an int gene encoding a site-specific
recombinase belonging to the integrase family, an
adjacent site, attl, that is recognized by the integrase
and is the receptor site for the cassettes, and a
promoter suitably oriented for expression of the
cassette-encoded genes. The cassettes are mobile
elements that include a gene (most commonly an
antibiotic-resistance gene) and an integrase-specific
recombination site that is a member of a family of
sites known as 59-base elements. Cassettes can
exist either free in a circularized form or integrated
at the attl site, and only when integrated is a cassette
formally part of an integron. A single site-specific
recombination event involving the integron-associated
attl site and a cassette-associated 59-base element
leads to insertion of a free circular cassette into a reci-
pient integron. Multipie cassette insertions can occur,
and integrons containing several cassettes have been
found in the wild. The integrase also catalyses excisive
recombination events that can lead to loss of cas-
settes from an integron and generate free circular
cassettes. Due to their ability to acquire new genes,
integrons have a clear role in the evolution of the
genomes of the piasmids and transposons that
contain them. However, a more general role in evoiu-
tion is also likely. Events involving recombination
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between a specific 59-base-element site and a non-
specific secondary site have recently been shown to
occur. Such events should lead either to the insertion
of cassettes at non-specific sites or to the formation
of stable cointegrates t>etween different plasmid mol-
ecules, and a cassette situated outside the integron
context has recently been identified.

Introduction

The term integron was originally coined to describe the
group of apparently mobile elements which contain one
or more anti biotic-resistance genes located at a specific
site, and also contain the determinants of the site-specific
recombination system responsible for insertion of the
resistance genes (Stokes and Hall, 1989). The definitive
features of integrons were the site-specific recombination
system and the consequent ability to capture many
different resistance genes. However for the most exten-
sively studied family of integrons, two levels of mobility
are clearly involved. First, it was possible to infer that the
resistance genes were mobile and had been acquired by
site-specific recombination (Cameron et ai, 1986; Hall
and Vockler, 1987; Ouellette etal., 1987; Sundstrom ef
a/., 1988; Hall et al., 1991; Sundstrom et ai, 1991).
Second, the structure into which the resistance genes
were inserted also appeared to be mobile as it was
found in several independent locations in different pias-
mids and transposons (Hall and Vockler, 1987; Stokes
and Hall, 1989). As initially our knowledge of integrons
was derived mainly from comparisons of the sequences
surrounding the different antibiotic-resistance genes found
in naturally occun-ing integrons (see Fig. 1), they were
inevitably described from an essentially stnjctural stand-
point as consisting of two conserved regions flanking a
variable region which contains one or more resistance
genes {Stokes and Hall, 1989). However, it is now clear
that the integrons found in clinical isolates have several
distinct structures (Hall et ai. 1994; Radstrom et ai,
1994; H. J. Brown. R. M. Hall and H. W. Stokes, unpub-
lished) and that a more general definition is needed. A
description of the details of the structure and mobility of
integrons lies outside the scope of this review, which
focuses on the mobile gene cassettes and the cassette
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Fig. 1. Structural features ol integrons.
A. Structures ol some naturally occurring
integrons. Genes associated with each
inserted cassette are indicated. The 5'-CS is
represented by a stippled box and the extent
of atti indicated by vertical lines at the inner
end. Gene cassettes are shown as nan-ow
lines, with a circle to represent the 59-base-
element recombination site. The 3'-CS is
shown as an open box. The »nf/gene encodes
the integrase and the suWgene confers
resistance lo sulphonamides.
B. General structure of suM-associated
integrons. The position ot Pam. the common
promoter responsible for transcription of the
inserted cassettes, is indicated.
C. Staicture of the left end of Tn7. int*
represents the ORF whose product shows
similarity to Int of suW-associated integrons
but which is interrupted by a stop codon. The
position of the Tn 7 transposition genes [tns] is
indicated. The promoter P is presumed to be
responsible for transcription of the genes in
Inserted cassettes.

Tn7 (lefl end) • int '-

integration and expression systems which are the defini-
tive features of integrons.

Over the past few years, site-specific recombination
catalysed by the integron-encoded integrase (Intl) has
been demonstrated experimentally, and the main compo-
nents ot the site-specific recombination system have now
been identified (Martinez and de la Cruz, 1988; 1990;
Hail etal.. 1991; Recchia ê  a/., 1994). The gene cassettes
which contain the resistance genes have been defined
structuraily (Hail etai, 1991) and have been shown to be
mobile (Collis and Hall. 1992a). Cassettes can exist In a
free circular form (Collis and Hall, 1992b), and insertion
of circuiarized cassettes into a recipient integron structure
has also been demonstrated (Collis etal., 1993). Thus it is
now possible to define both the mobile gene cassettes and
the integrons that capture them on a strictly functional
basis. In this review we introduce a definition of integrons
as any genetic unit that contains the determinants of
the site-specific recombination and expression systems.
The gene cassettes are members of a famiiy of mobiie
elements that are uniike other known mobile elements in
that they do not include all functions required for their
mobility, and cassettes are only formally part of an inte-
gron when they are integrated at the integron-receptor site.

The aims of this review are to provide a simpie overview
of the integron/cassette system, to summarize the evi-
dence for the mobilization of cassettes by the integron-
determined site-specific recombination system, and to
highlight some of the novel features of this system that

may be important in the evolution of bacterial and
plasmid genomes.

Integrons are natural cloning and expression vectors

Features of integrons fourid in the wild

It is now weil established that many of the antibiotic-
resistance genes found in clinical isolates of Gram-
negative organisms (particuiarly Enterobacteriaceae
and Pseudomonads) are situated in the same immediate
sequence environment (see Cameron et al., 1986; Hall
and Vockier, 1987; Ouellette etal., 1987; Sundstrom ef
ai. 1988; Stokes and Hall, 1989; Hall et al., 1991 and
references therein). The genes identified to date deter-
mine resistance to a range of antibiotics (aminoglyco-
sides, trimethoprim, chloramphenicol and penicillins and
cephalosporins), although the preponderance of antibiotic
resistance genes in the pool of genes identified to date
presumably reflects the fact that the genes studied were
all derived from antibiotic-resistant organisms. For each
antibiotic family several distinct genes have been found.
The encoded enzymes confer resistance by distinct mech-
anisms, antibiotic modification (aminoglycosides, chlor-
amphenicol and p-lactams), metabolic by-pass (trimetho-
prim) and efflux of the antibiotic (chloramphenicol). In
addition, several open reading frames (ORFs) with no
known function have been identified (Hall et ai, 1991).
Not only do these genes all occur in the same location
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but many aiTays containing more than one gene have
been found in the wild (Fig. IA). The most common struc-
ture found associated with the antibiotic-resistance genes
is that illustrated in Fig. IA, in which a sail gene (confer-
ring resistance to sulphonamldes) is located adjacent to
the variable region. In this group of integrons the inserted
genes are all in the same orientation with respect to the
flanking sequences, which are identified by their relation-
ship to the insert genes as the 5- and 3- conserved
segments (5-CS and 3-CS). However, integrons which
do not contain inserted genes have been found (Bisson-
nette and Roy, 1992; Collis and Hall, 1992a), and in this
'cassette-free' integron configuration the 5-CS and 3-CS
are contiguous (Fig. IA).

A simitar situation to that described above also
applies to the Tn7 family of transposons (Fig. 1C). Tn7
contains three antibiotic resistance genes {dhfrt-sat-
aadA1) close to its left end (see Hall et al. 1991; Sund-
strbm etal, 1991). and in two closely related transposons
(Tietze etal., 1987) the dhfrlgene has either been lost or
replaced by a new DNA segment of unknown function
(see Hall et al., 1991 for details). Two of the genes found
in Tn7 {dhfrl and aadA1) have also been found in sull-
associated integrons (Sundstrom and Skold, 1990) indi-
cating that exchange of genes between these locations
is possible.

Expression of cassette genes

The orientation specificity of the integrated resistance
genes allows them to be transcribed from a common
promoter. In su//-associated integrons, a promoter, Pant,
that is located in the 5-CS and is responsible for transcrip-
tion of the antibiotic-resistance genes has been identified
(Fig, IB). This promoter is one of the locations where
minor variations in the sequence ot 5-CS are found
(Stokes and Hall, 1989), and these alterations have
recently been shown to affect promoter strength over at
least a 20-fold range (Collis and Hall, 1995; Levesque et
al., 1994). A second common promoter, P2, that has
arisen by the insertion of three G residues to increase
the spacing between potential - 1 0 and - 3 5 sequences
to 17, is present in a few naturally occurring integrons
and is also active (Schmidt et al, 1988), To date P2 has
been found only in conjunction with the weakest variant
of the Pant promoter, and in this configuration P2 is the
major promoter (Collis and Hall, 1995, Levesque et at.,
1994).

When more than one cassette is present, the cassette-
encoded genes are co-transcribed from Pant- However,
expression of distal genes is reduced by the presence of
the upstream cassette(s), and this effect appears to be
due to premature termination of transcripts, particularly
at or near the end of the cassettes (Collis and Hall, 1995).

integron-determined components of the site-specific
recombination system

The site-specific recombinase encoded by the 5'-CS of
siJ//-associated integrons was initially identified from the
similarity of the predicted product of 0RF3 (intt) in the
5-CS (Hall and Vockler, 1987) to other integrases (Ouell-
ette and Roy, 1987), That this putative integrase in fact
catalyses site-specific recombination events was clearly
demonstrated by Martinez and de la Cruz (1988; 1990),
and confirmed by subsequent studies (Hall et al.. 1991;
Collis and Hall, 1992a,b; Collis etal., 1993; Recchia et
al., 1994). Given the weight of evidence, a claim that the
inti gene is not required for site-specific recombination
(NucKen e( ai, 1991) is very unlikely to be correct, and
an alternative explanation for the observations of these
authors needs to be sought.

The integron-associated recombination site that acts
as a receptor site for the insertion of cassettes has only
recently been examined in detail (Recohia et ai, 1994),
and designated atti This site was previously assumed to
be largely confined to the conserved sequences immedi-
ately 5' to the inserted cassettes, and evidence that It parti-
cipates in recombination events was first reported by
Martinez and de la Cruz (1990). (The sites designated
RHS-1 and RHS-3 by these authors correspond to attI
sites, but only RHS-3 was found to be active.) As there is
essentially no resemblance between the sequences near
the inner boundary of the 5-CS and the recognizable
features of the cassette-associated 59-base-element
sites (see Hall et ai, 1991; Collis and Hall, 1992b; and
below for details of the features of 59-base elements),
the extent of the attt site has until recently remained a
matter for conjecture. A 14-base sequence (designated
hs2) was proposed to be the extent of this site (Schmidt
et ai, 1989), and supporting experimental evidence was
subsequently claimed (Nucken et ai, 1991), However,
the extent of sequences required for attt site activity has
recently been examined using deletion analysis (Recchia
et ai, 1994), A region of at least 40 bases was essential
for full site activity and the maximum length required was
70 bases. The bulk of the attI site lies within the 5-CS,
but a further 8 bases at the insertion point are formally
part of the adjacent 3-CS or first cassette. These 6
bases comprise 8 of the 7 bases that were originally
identified as the only sequence feature common to both
boundaries of the integron insert region and designated
the core site (Stokes and Hall, 1989). This core site
consists of the conserved triplet GTT and four further
bases conforming to the consensus AGGC or RRRY
(R = purine, Y = pyrimidine).

In Tn7the product of an ORF located 5' to the antibiotic-
resistance genes was found to show signilicant similarity
to the product of the /nf/gene of Si;//-associated integrons
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(Hall and Vockler, 1987; A, Pelletier and P. H. Roy, unpub-
lished). The Tn70RF(/nf* in Fig. 1) is shorter than the/nW
gene, but the similarity extends beyond the stop codon, the
presence of which presumably renders the putative Tn7
integrase inactive. The Tn7 att site is presumably located
between the int gene and the first inserted resistance
gene, but the activity and extent of this site have not
been examined.

Definition of integrons

From the evidence now available it is possibie to define
integrons as elements that contain the genetic determi-
nants of the components of a site-specific recombination
system that recognizes and captures mobile gene cas-
settes. An integron then includes the int gene and the
adjacent attI recombination site. Integrons thus do not
necessarily include a gene cassette, but when inte-
grated, a cassette is logically part of the integron. As
expression of the cassette genes relies on the promoter
in the integron. Pant must also be viewed as a definitive
feature of integrons. Any genetic unit that contains these
features is thus an integron, whether it is a transposon
such a Tn7or Jn402, or a defective transposon derivative
as appears to be the case for the majority of sull-
associated integrons. As this definition is simpler and more
generally applicable than the structural definition used to
date, we hope that its use will prevail in the future.

Gene cassettes: a family of mobile elements

Gene cassettes are discrete genetic units

The cassettes which contain the antibiotic-resistance
genes were defined as discrete units by comparison of
the sequences flanking a limited number of genes which
were either found alone or in different positions in natu-
rally occurring cassette arrays (Hall et ai, 1991). The
conserved triplet GTT, which is part of a 7-base core
site, is found at both ends of a cassette In a linear array,
but only one GTT is contained within the cassette. As
this causes a slight ambiguity in identifying the cassette
boundaries, for simplicity it was assumed that the GTT at
the 5' end of the gene is cassette-associated (Hall et at.,
1991), However, the position of the recombination cross-
over has now been localized to between the G and T
residues of this triplet (D. O'Gorman, R. M, Hall, and
H. W. Stokes, unpublished) and the cassette-derived
sequences in a linear array would in fact have this
precise boundary.

Cassettes normally include only one complete gene (or
ORF) followed by a recombination site belonging to a
family of sites known as 59-base elements (Hall et ai.
1991). Each gene is associated with a particular 59-base

element, and though the 59-base elements associated
with different genes can differ substantially in both
sequence and length, they are identifiable from the
features they share (see below). In general the distance
between the cassette boundary and the first in-frame
initiation codon is quite short (as few as nine bases) and
the cassettes do not include a promoter preceding the
gene. Only one exception is known; the cmtA gene is
preceded by both a promoter and translational attenuation
signals (Stokes and Hall, 1991). The absence of promoters
internal to the cassettes makes expression of the cassette
genes dependent on an upstream promoter which is
located in the 5'-conserved segment as described above
(see Fig. IB). In most cases little or no untranslated
sequence is found between the termination codon and
the 59-base element, and in several cases the reading
frame extends into the 59-base element (see Hall et ai,
1991 for details). Thus a cassette includes essentially
only a gene and a specific recombination site.

Gene cassettes are mobile

Each cassette is not only a discrete unit but is also mobile.
Direct evidence for cassette mobility came first from
studies of the loss of resistance genes from cloned inte-
gron fragments containing an array of two or more
cassettes (Collis and Hall, 1992a and references therein;
A, Gravel and P. H. Roy, unpublished). Loss of cassettes
was shown to be dependent on the presence of the inte-
grase, and when the sequences of new boundaries were
determined precise excision of a complete cassette was
found to have occurred (Coilis and Hall, 1992a), Cas-
settes have been shown to exist free as covalently-
closed circular molecules {Collis and Hall, 1992b), and
these molecules are generated by Intl-mediated direct
excision of an integrated cassette from an integron.
Though free circular cassettes are not able to replicate,
they are likely to be important participants in the process
which leads initially to the association of a cassette with
an integron, and subsequently to the spread of resistance
genes from one integron to another as well as to non-
specific sites as described below.

59-base elements, the cassette-associated
recombination sites

The cassette-associated recombination sites were first
identified as imperfect inverted repeats that were found
at the 3' end of inserted genes in integrons and were
related to a consensus of 59 bases (Cameron et ai,
1986), hence the name 59-base elements. However it is
now recognized that the 59-base-element family also
includes longer imperfect repeats (up to iiObp) that are
related to the consensus at their outer ends (Hall ef ai,



1991; Collis and Hall, 1992b). While several 59-base
elements are closely related to a 60-base consensus
sequence (see Fig. 3 in Hail et ai, 1991), no two o( the
59-base elements sequenced to date are identical. The
most conserved features of members of the 59-base-
element family are an inverse core site (RYYYAAC)
closest to the 3' end of the gene and a oore site
(GTTRRRY) at the other end. About 20 bases at each
end are related to a consensus sequence (CoHis and
Hall, 1992b), and between these sequences lies an
inverted-repeat region of variable length and sequence.
Several distinct 59-base elements have been shown to
function as specific recombination sites recognized by
the integron integrase (Martinez and de la Cruz, 1990;
Hall etai, 1991; Collis and Hall, 1992a), (The sites desig-
nated RHS-2, RHS-4 and RHS-5 by Martinez and de la
Cruz (1990) are 59-base elements.) Intl-mediated recom-
bination can take place between either two 59-base-
element sites or between attt and a 59-base element,
and the recombination crossover occurs within the seven-
base core site at the 3' end of the 59-base element (or attI).
In the linear cassette arrays found in integrons, the 59-
base element is a thus a composite site with the last six
bases of the core site supplied by the adjacent 3-CS or
cassette, leading to variability in the sequence of these
bases. However, in free circular cassettes a 59-base
element with a unique sequence is associated with each
cassette gene, and the core site and inverse core site of
these 59-base elements are generally perfect inverted
repeats (Collis and Hall, 1992b).

Site-specific insertion of gene cassettes into
integrons

In 1991, it was proposed that the primary event leading to
the association of a cassette with an integron was likely to
be a single Intl-mediated recombination event between the
integron-associated receptor site (attt) and the 59-base
element in a circular gene cassette (Hall et ai, 1991), as
shown in Fig. 2. The demonstration that the reverse
reaction, i,e. the excision of a cassette to generate a free
circularized molecule can occur supported this notion
(Collis and Hall, 1992b), and direct insertion of cassettes
has since been demonstrated (Collis etai, 1993), How-
ever, once cassettes have become associated with an
integron, alternative routes for the movement of cassettes
trom one integron to another are possible, and it is likely
that in the wild these routes are important for the spread
of cassettes.

Direct insertion ofdrcular cassettes

Circular cassettes generated in vitro have been used to
transform cells containing a plasmid that includes an
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Fig. 2. Insertion ot circular gene cassettes into integrons. The
recipient structure is shown as an integron containing no inserted
cassettes, with the 5'-CS represented by a stippled box and the
3'-CS by an open box. The attI site is shown bounded by two
vertical lines and the point of insertion is indicated by an arrow. The
intI gene encodes the integrase (IntI) which catalyses the insertion
of a circular gene cassette as shown. The resulting integron
contains a single integrated cassette and two recombination sites,
attI and the 59-base element (closed circle) at the 3' end ol tha
inserted cassette.

integron fragment containing the attI site and a second
plasmid which expresses the integrase (Collis et at.,
1993). Precise Intl-dependent insertion of the cassette
was observed, though the frequency of insertion was
extremely low. When the recipient integron fragment
contained a complete cassette and thus a choice of
insertion sites {attI and a 59-base element) was avail-
able, the incoming cassette was inserted exclusively at
atti Similar observations have also been made by others
(K. Hansson, O. Skbid, P, Radstrom, G, Swedberg, J.
Flensberg and L, Sundstrom, unpublished). When in
w/fo-generated circular molecules composed of two
cassettes were used to transform cells, insertion of each
cassette was observed but the two cassettes were not
inserted together (Collis et ai, 1993). This observation
presumably reflects a tendency for the excisive intramol-
ecular event leading to resolution of the transforming
molecules into two discrete circular cassettes to occur
more readily than the integrative intermolecular event
leading to insertion of cassettes into the recipient integron.

Alternative routes for toss, gain and rearrangement of
gene cassettes

The integrative and excisive modes of Intl-dependent
recombination can also lead to the cointegration of two
plasmid molecules (either identical or non-identical)
present in the same cell (Martinez and de la Cruz, 1988;
1990; Hall e( a/.. 1991; Recchia e( a/., 1994), and the
subsequent resolution of these cointegrates (Hall et ai,
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Rg. 3. Reciprocat acquisition and loss of gene cassettes by
Intl-mediated cointegration and resolution. The two participating
piasmids are represented by black and stippled lines, respectively.
The 5'-CS is represented by a stippled box with a vertical line to
indicate Ihe extent of attl. Cassettes are shown as black and
hatched lines with circles to represent the 59-base elements.
IntI-catalysed recombination between attl (A) or the 59-base
element (B) in one plasmid molecule and the 59-base element in
the other, as indicated by the small arrow, results in the formation
of a corntegrate of the two piasmids. Intl-catalysed resolullon of the
cointegrate leads again to two separate piasmids. One of these
piasmids has iost its cassette, while the other has gained a
cassette and now has an array ot two integrated cassettes.

1991; Recchia etai. 1994). A cointegration event involving
one pair of sites followed by a resolution event involving a
different pair of sites can also lead to the reciprocal acqui-
sition and loss of genes from the cassette arrays involved.
This pathway is illustrated in Fig. 3. When the participating
plasmid molecules are identical, new cassette orders can
be generated and duplication of a cassette in the array
can aiso occur (Collis and Hall, 1992a). However when
two different piasmids containing integrons with different
integrated cassettes are involved, the transfer of cas-
settes from one plasmid to the other can result in transfer
of a particular resistance gene to a new location. This
process is likely to be an important factor in the spread
of genes during an outbreak of antibiotic resistance in
the clinical situation, particularly if the new plasmid host
is transfer proficient, has a broader host range or is in
some other way fitter than the original plasmid host.

Because of the conservation in the sequences flanking
cassettes in an integron context, the role of homologous
recombination in exchanging cassettes between inte-
grons in different replicons must also be considered.
Indeed, one case in which such an event is likely to have
occurred has been documented (Nies et ai. 1985;
Stokes and Hall, 1992). Combinations of homologous
and site-specific recombination events are also clearly
possible (see Stokes and Hall, 1992 for detailed discus-
sion). Though a great deal of attention has been paid
to attempting to trace the evolutionary relationships
between integrons with different cassette configurations
(see e.g. Bissonnette and Roy. 1992) the large number
of events that can occur and contribute to the dissemi-
nation of cassette-encoded antibiotic-resistance genes
makes it seem unlikely that relationships between inte-
grons found in the wild can be traced to make a single or
even several plausible evolutionary trees.

Insertion of cassettes at secondary recombination
sites

It has recently been shown that the integron integrase is
also able to catalyse recombination between one specific
site (a 59-base element) and secondary sites that con-
form to the consensus GNT (Gt/aT. Ga/tTNa/t) (Francia et
ai, 1993; Recchia et ai, 1994) which has some similarity
to the core-site consensus. These events occur at very
low frequency, but are nonetheless likely to be important
in the spread of cassette-associated genes to many
different locations. Because the mobile cassettes do not
generally include a promoter, expression of the cassette
gene would only be observed if the cassette is inserted
in the correct orientation with respect to a pre-existing
promoter. We have recently examined a case in which
a gene (aadB) that is normally cassette associated, and
thus integron associated, is found in a plasmid that
does not contain an integron (Recchia and Hall, 1995).
Sequence analysis has shown that the complete cassette
is present, and has been precisely inserted at a secondary
site downstream of a promoter in the recipient plasmid
RSF1010. Insertion of a cassette at a secondary site
leads to a stable situation as the cassette is not flanked
by two specific recombination sites and the composite
59-base element formed on insertion may be inactive.
These features make removal of the cassette by the inte-
grase extremely unlikely, and Inti-mediated excision of
the aadB cassette from its secondary-site location could
not be detected (Recchia and Hall, 1995).

Events involving a secondary site can also potentially
lead to other genomic rean-angements and detailed path-
ways for some of these are described elsewhere
(Recchia and Hall, 1995). When the participating sites
are in different genomes, recombination leads to fusion
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of the two replicons to form a cointegrate (Francia et ai,
1993; Recchia et ai, 1994) and resolution of these
cointegrates by other routes could lead to the reassort-
ment of the two original replicons. This pathway can be
invoked to explain the fact that the 5-CS of sull-
associated integrons is occasionally found without the
downstream 3'-CS that contains the sutl gene, though
whether the structures of such integrons are consistent
with this explanation remains to be established. Recombi-
nation between a specific site in an integron {attl or a
cassette 59-base element) and a secondary site in the
same genome could lead to deletion (or possibly inver-
sion) of part of the genome, though such events have
not yet been detected experimentally.

Origin of gene cassettes

While the origin of the gene cassettes is a fascinating
question, essentially no pertinent information is currently
available. Any pathway proposed for cassette creation
must necessarily account for ali of their features, namely
that cassettes normally include a single complete gene
and, as the orientation of the cassettes is determined
by the 59-base element, a correctly oriented 59-base
element at the 3' end of the gene. The most attractive
hypothetical routes (Hall etai, 1991) involve reverse tran-
scription of an mRNA molecule, as this would explain the
fact that cassettes contain a complete gene with little
fianking sequence. The 59-base elements could originate
either from transcription terminators contained in the tran-
script or from some other structure that is added later. In
this context it is interesting to note that preliminary evi-
dence that 59-base elements may act as transcription termi-
nators has recently been obtained (Collis and Hall, 1995).

Francia et ai (1993) have argued that Inti-mediated
recombination events involving secondary sites explain
in part how new cassettes are created, as they can lead
to the association of new genes with integrons. However,
while it Is clear that such events can replace the 3'-CS
with sequences containing new genes, it is difficult to
envisage how these structures would subsequently give
rise to new functional cassettes.

Comparison with other site-specific recombination
systems

Site-specific recombination Is used to effect a variety of
distinct reactions. Members of the integrase family of
site-specific recombinases are utilized for the integration
and excision of small genomes (e.g. phage. integrating
piasmids and conjugative transposons) into and from
chromosomes, for the resolution of plasmid or chromo-
somal multimers and for the inversion of a segment of
the 2̂ 1 circle in yeast (Sadowski, 1986). While it may be
tempting to compare the integration and excision of gene

cassettes into and from integrons with other integration/
excision systems, the basic features of the biology of the
integron/cassette system differ from these other systems
in at least two fundamental ways. First, the small
genomes that are known to be integrated/excised by
integrases invariably encode the relevant integrase,
whereas the integron integrase is encoded by ttie
recipient (integron), not the mobile units (cassettes).
Second, many distinct mobile units are recognized by the
integron integrase. allowing the integration of different
cassettes at the same site and, as multiple integration
events can occur, several different cassettes can be
simultaneously resident in an integron. Thus other sys-
tems do not provide a useful conceptual framework for
understanding the cassette/integron system.

At a more detailed mechanistic level, it should indeed
ultimately be possible to compare the functioning of the
integron integrase with that of other well-studied integrases
(e.g. lambda Int, P1 Cre and 2^ circle F LP). However, to
date such comparisons have yielded little or no informa-
tion, The lambda Int. Cre and FLP enzymes all recognize
a core-site region of approximately 30 bases made up of
a pair of imperfect inverted repeats (that bind the inte-
grase) separated by an overlap region of 6-8 bases that
is identical in all the recombination sites, and recombi-
national breakage and reunion of the top and bottom
strands occurs at opposite ends of the overlap region
(Sadowski, 1986; 1993; Stark et ai. 1992). However,
equivalent features are not distinguishable when the
sequences of the many different sites {attl and more than
20 distinct 59-base elements) recognized by the integron
integrase are compared (see compilation in Collis and
Hall, 1992b). and the recombination crossover can be
confined to between two adjacent nucleotide pairs (D.
O'Gorman. R, M. Hall and H. W. Stokes, unpublished)
rather than to an overlap region of 6-8 bases. Whether
the latter feature reflects breakage and reunion of both
top and bottom strands at the same position, or IntI
catalyses breakage and reunion of only one pair of
strands (top or bottom) with the reaction being completed
by some other mechanism, remains to be established.
Further studies, both in vivo and in vitro will be necessary
to resolve these dilemmas.
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