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The first 13.6 kb of the mercury and multidrug resistance transposon Tn1696, which includes the class 1
integron In4, has been sequenced. In4 is 8.33 kb long and contains the 5'-conserved segment (5'-CS) and 2.24
kb of the 3’-conserved segment (3’-CS) flanking four integrated cassettes. The 3’-CS region is followed by one
full copy and an adjacent partial copy of the insertion sequence I1S6100 flanked, in inverse orientation, by two
short segments (123 and 152 bp) from the outer right-hand end of class 1 integrons. This structure is repre-
sentative of a distinct group of class 1 integrons that differs from In2, found in Tn21, and other related class
1 integrons. In4 does not include transposition genes but is bounded by characteristic 25-bp inverted repeats
and flanked by a direct duplication of 5 bp of the target sequence, indicating that it was inserted by a trans-
positional mechanism. In4 lies between the resII and resl sites of a backbone mercury resistance transposon
which is >99.5% identical to Tn5036. Although Tn21 and Tn1696 are both classified as members of the Tn21
subfamily of the Tn3 transposon family, the backbone mercury resistance transposons are only 79 to 96%
identical. Tn21 also contains a region of about 0.7 kb not found in Tn1696. The integrons In2 and In4 carrying
the antibiotic resistance genes have been inserted at different locations into distinct ancestral mercury
resistance transposons. Thus, Tn21 and Tn1696 have independent histories and origins. Other transposons
(Tni403 and Tni412) that include a class 1 integron also have independent origins. In all except Tn21, the

integron is located within the res region of the backbone transposon.

Tnl696 and Tn2! are large transposons that confer resis-
tance to mercuric ions and to more than one antibiotic. Tn/696
was originally found in plasmid R1033 (36), isolated from a
Pseudomonas aeruginosa strain (42), and Tn2/ was found in
plasmid NR1 (R100) (10), isolated from a Shigella flexneri
strain (29). Early comparisons revealed similarities (40). One is
that the antibiotic resistance determinants are located between
the transposition gene (fnpA and mpR) module and the mer-
cury resistance (mer) module, and despite differences in the
restriction maps (10, 18), these two regions form stable het-
eroduplexes (40). The central regions containing the antibi-
otic resistance determinants, su/l (sulfonamide resistance) and
aadAl (streptomycin and spectinomycin resistance) in Tn21
and sull, aacCI (gentamicin resistance), aadA2, and cmlAl
(chloramphenicol resistance) in Tn/696, also formed hybrids
in which the aacCI and cmlA1 genes appear as single-stranded
loops flanking the aadA genes (Fig. 1A). The central regions
are now known to be class 1 integrons, In2 in Tn2/ and In4 in
Tni696 (4, 14, 43), with one gene cassette (aadAI) in In2 (19,
43, 45) and four (aacCl, orfE, aadA2, and cmlIAl) in In4 (2, 8,
13, 44, 50).

The integrons found in multiply antibiotic-resistant clinical
and environmental isolates generally contain one or more in-
tegrated cassettes. Most of them have identical integrase genes
and belong to the integron class 1. In class 1 integrons, the
region located upstream (5") of the integrated gene cassettes
(5'-conserved segment; 5'-CS) encodes the IntI1 integrase that
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is responsible for cassette insertion, and in the majority, the
region 3’ to the cassettes (3'-conserved segment; 3'-CS) in-
cludes a sulfonamide resistance determinant, su/l. Integrons of
this type are found in many distinct locations (14, 15, 33, 43),
including in the plasmids R46 (IncN), R388 (IncW), R751
(IncP), and pVS1 and in the transposons Tn2/ and Tn1696, a
fact consistent with the notion that class 1 integrons are them-
selves mobile elements. However, only a single class 1 integron
that is an active transposon, namely Tn402, has been found
to date. Tn402 (Fig. 2A) contains the complete transposition
gene (tni) module consisting of four genes (tni4, B, O, and R)
required for transposition (22, 33) but lacks the 3'-CS and the
sull gene (33).

When several independently located class 1 integrons that
include the 3'-CS and the sull gene were examined, a variety of
structures were found (14). All of these integrons include the
1.36-kb 5'-CS (15, 43) and the 2.0-kb 3’-CS region identified by
Stokes and Hall (43). Thereafter, the sequences diverge one by
one from a conserved sequence which is now known to also be
part of the 3’-CS (14), indicating that a variety of different
events have shaped the 3'-CS and the region beyond it. Beyond
their divergence points, three of the integrons examined, In0
from pVS1, In2 from Tn217, and In5 from pSCH&884, are clearly
related (4). These three integrons include an insertion se-
quence, IS1326, and part of the 4-kb segment containing the
transposition (tni) genes. In In0, In2, and In5, 1S/326 appears
to have caused deletions of adjacent sequences, leading to the
loss of part of the transposition module (Fig. 2B), and these
integrons are thus transposition-defective transposon deriva-
tives (4). A further class 1 integron, In31, is closely related to
InS, but the IS1326 element has been lost (23). Similarly, In22,
the integron carried by Tn5086, which is a close relative of
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FIG. 1. Relationship between Tn2/ and Tn1696. (A) A schematic representation of the heteroduplex formed by Tn27 and Tnl696. The features
shown are from Fig. 4C in reference 40, and gene names and distances are those assigned by the authors. (B) Alignment of Tn2/ and Tnl696

sequences. Thick lines represent the backbone transposons and narrow

lines the backbones of the integrons. Vertical bars indicate the terminal

repeats of the transposons (thick) and integrons (thin). Open boxes show insertion sequences and narrow open boxes with adjacent filled boxes
(59-base element) indicate the gene cassettes. Lengths of individual regions are shown in kilobases.

Tn21, has arisen by the loss of the IS/326 element from the
configuration found in In2 or In0 (33). Though members of
this group lack some of the i genes, In0, In2, InS, and In31
are all bounded by inverted repeats of 25 bp (IRi and IRt, at
the integrase and tni ends, respectively) that are also found in
Tn402 (4, 5, 14, 33), and two (In0 and In2) are flanked by 5-bp
direct duplications, suggesting that they moved to their present
locations by transposition (5, 14).

However, not all of the 3'-CS (sull)-containing class 1 inte-
grons that have been examined in detail have the general
structure outlined above. In both Inl (from R46) and In4
(from Tn/696) a region identical to one end of the insertion
sequence 1S6100 (26) was found beyond the point at which
their sequences diverge from the 3'-CS sequence (14). The fact
that In2 and In4 sequences diverge within the 3'-CS is consis-
tent with early heteroduplex studies (40) which show substan-
tial differences in the regions flanking the 5’- and 3'-CS (Fig.
1A). Thus, though Tn2/ and Tnl696 are clearly related, the
integron inserts appear to differ in structure and to be located
at slightly different positions in the backbone transposon (Fig.
1A).

Despite the known differences, Tn27 and Tn/696 have gen-
erally been regarded as belonging to a single evolutionary
pathway in which the insertion of the integron precedes their
divergence (3, 12, 27, 41, 50). The sequence of Tn2I has re-
cently been completed (4) and has been compiled (GenBank
accession no. AF(071413; 25). Here, we have completed the
sequence of the first 13.6 kb of Tn1696, which includes all of
In4, the tnp module, and part of the mer module of the back-
bone mercury resistance transposon. Comparison of the two
sequences revealed several significant differences between the
two transposons, reflecting an independent origin for Tn27 and
Tnl696.
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FIG. 2. Structure of the backbones of class 1 integrons. Each inte-
gron is bounded by inverted repeats (vertical bars) designated IRi and
IRt (i and t, respectively) and includes the 5'-CS (medium line), which
begins with IRi, contains the int/] gene, and ends at the vertical arrow
in the attl] site (narrow open box). This arrow also marks the position
of integrated cassettes. (A) Tn402 (In16) also includes a complete tni
module (thick line), with a full set of transposition genes (tni4, B, and
Q), a resolvase gene (tniR), and a res site (filled box). Tn402 contains
an array of three cassettes, dfrB3-orfD-qacE (not shown). (B) In0, In2,
In5, and In31 include the 3'-CS (thin line) and only part of the tni
module. The 3’-CS contains gacEAI, a truncated version of the gacE
cassette, the su/l sulfonamide resistance determinant, and orf5. Inser-
tion sequences are shown as open boxes. The cassette arrays (not
shown) are as follows: In0, no cassettes; In2, aadAl; In 5, aacA(Ila);
and In31, blaP3-aacA4-catB6-orfN-gacG. (C) In4 includes two copies
of very short regions of the IRt end of the tni module separated by one
complete and one partial (A) copy of IS6100 (open box). The cassette
array is aacCI-orfE-aadA2-cmlAl.
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TABLE 1. Plasmids

Plasmid Description Relevant phenotype Reference
R1033 IncP1; contains Tn696 Ap' Cm" Gm" Km" Sp* Su" Tc" Hg" 18
pXS27 7.0-kb EcoRI fragment of R1033 in pUC9 Ap" Cm" Su" Hg" 18
pRMHS50 9.6-kb Sall fragment of R1033 in pUCI18 Ap' Gm" Sm" Sp* 14
pRMH483 0.8-kb Sphl fragment of pXS2 in pUC19 Ap’ This work
pRMH484 1.7-kb Sphl fragment of pXS2 in pUC19 Ap" This work
pRMHA493 7.3-kb EcoRI fragment of R1033 in pUC19 Ap" Cm" Su" This work
pRMH494 0.33-kb PstI fragment of pRMH493 in pUC19 Ap" This work

“ pXS2 was reported to confer Hg but does not contain all of the mer genes.

MATERIALS AND METHODS

Bacterial strains and plasmids. Escherichia coli JM109 (Alac-proAB) supE thi
F' traD36 proAB™ lacl? lacZ AM15 was used to propagate plasmid DNA. The
plasmids used are listed in Table 1. The pRMH series of plasmids was con-
structed by randomly cloning fragments from the appropriately digested parental
plasmid (pXS2 or R1033) into either pUCI1S8, pUC19 (51), or pACYC184 (6)
using standard procedures (37). Plasmids containing the appropriate fragments
were identified by screening for antibiotic resistance, by restriction mapping, and
by sequencing the fragment ends using universal primer. M13 clones containing
the Sphl fragment from pRMHA484 in both orientations were also constructed.
Bacteria were routinely cultured at 37°C in Luria-Bertani medium or Luria-
Bertani agar supplemented as appropriate with ampicillin (100 pg ml™!') or
chloramphenicol (25 g ml™"). Antibiotics were obtained from Sigma Chemical
Co., St. Louis, Mo.

DNA isolation and restriction mapping. For large plasmids, plasmid DNA for
restriction analysis was isolated using an alkaline lysis method (1). Restriction
enzymes were used in accordance with the manufacturers’ instructions. Frag-
ments were separated by electrophoresis on 1% (wt/vol) agarose gels and visu-
alized by staining with ethidium bromide. An EcoRI digest of bacteriophage
SPP1 (Bresatec, Adelaide, Australia) was used for size markers. Plasmid DNA
for sequencing was purified using a Magic Minipreps DNA purification system
(Promega Corp., Madison Wis.) or Wizard maxiprep kit (Promega). M13 DNA
was prepared by the method of Sanger et al. (38).

DNA sequencing and analysis. The DNA sequences on both strands of frag-
ments of Tn/696 cloned in M13 or plasmid vectors were determined. Manual
DNA sequencing was performed with a Sequenase 2.0 system (46) as recom-
mended by the manufacturer (U.S. Biochemicals, Cleveland, Ohio) using dITP
reaction mixtures followed by a 30-min incubation with a 1-mM deoxynucleoside
triphosphates mix and terminal deoxynucleotidyl transferase (Boehringer GmbH,
Mannheim, Germany). Automated sequencing was performed by SUPAMAC
(Sydney University and Royal Prince Alfred Hospital, Sydney, Australia) or by
the sequencing facility at the Department of Biological Sciences, Macquarie

fﬂp

In4

University Sydney, on an ABI-PRISM 377 sequencer using the Big Dye system.
DNA sequences were assembled using Mac Vector 6.5 and AssemblyLIGN
(Oxford Molecular Ltd.). GenBank searches were performed using the BLASTN
and FastA programs available through WebANGIS (Australian National Geno-
mic Information Service). Programs in the GCG Wisconsin Package, Version
8.1.0, were used via WAG (WebANGIS GCG) to align and analyze DNA se-
quences.

Nucleotide sequence accession number. The new sequence has been added to
the previous compilation of TnZ696 (In4) under GenBank accession no. U12338.

RESULTS

Structure of In4. A restriction map of the region of R1033
that includes TnZ696 is shown in Fig. 3. The integron In4
contains four integrated gene cassettes, and the sequence of
these cassettes and much of the backbone of In4 has previously
been reported (2, 8, 14, 44, 50). The sequence of the remainder
of the right-hand (RH) end of In4 was determined (Fig. 4B)
and revealed the presence of one complete copy of the inser-
tion sequence IS6100 (26) followed by a partial copy that
contains the last 321 bp of IS6100. The partial copy of 1S6100
is not present in the clone pXS2 isolated by Hirsch et al. (18)
and was presumably lost by homologous recombination after
cloning. This explains the loss of a small PstI fragment noted by
Hirsch et al. (18). The IS6100-1S6100A structure is flanked by
short segments from the RH outer end of integrons in inverse
orientation, and one of these was identified previously (14).
These outer-end segments, 123 bp on the left and 152 bp on
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FIG. 3. Map of Tn1696. The inverted repeats of Tn/696 and In4 are shown as vertical bars. The features of In4 are shown as in Fig. 2C, with
each cassette represented as an open box and adjacent filled box (59-base element). Genes are indicated with arrows. Numbered lines show the
extent of sequence previously determined by the following: 1, Wohlleben et al. (50); 2, Stokes and Hall (44); 3, Bissonnette et al. (2); 4, Collis and
Hall (8); and 5, Hall et al. (14). The line labeled U12338 represents a previous sequence compilation (14), and the regions sequenced during this
work are shown by dotted lines. The fragments cloned in various plasmids are also shown. Restriction enzyme sites are as follows: B, BamHI; Bg,

Bgl1l; E, EcoRI; H, HindIll; P, Pstl; S, Sall; Sp, Sphl.
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FIG. 4. Sequence surrounding IRi (A) and IRt (B) of Tn/696. The numbers correspond to those in the extended GenBank entry (accession
no. U12338). Thick horizontal arrows indicate the integron ends, IRi and IRt. Five copies of a 19-bp repeat noted by Réadstrom et al. (33) are
indicated by thin arrows below the sequence labeled il, i2, t1, t2, and t3. The 5-bp direct duplication flanking In4 is shown in bold and is boxed.
The three components of the res site are indicated by horizontal bars. The start codons of genes are underlined and indicated by an M, with the
name and the direction of the gene indicated above. Positions of stop codons (underlined) are indicated by asterisks. The boxed regions represent
1S6100 and IS6100A, and the vertical arrow in IS6700 indicates the position corresponding to the first nucleotide of IS67/00A. Selected restriction

enzyme sites are also shown.

the right, both end with the 25-bp sequence that is the RH
terminal repeat (IRt) of other class 1 integrons. This configu-
ration is also consistent with the structure seen in electron
micrographs (40), namely short inverted repeats (0.1 kb) sep-
arated by a region of about 1.1 kb. In4 is thus bounded by the
same 25-bp inverted repeats that are found in other class 1
integrons (In2, In0, InS, In31, and Tn402), but it does not
contain any of the four fni genes required for the transposition

of class 1 integrons and related transposons (22, 33). In4 (Fig.
2C) is thus a transposition-defective transposon derivative.
Structure of Tn1696 and location of In4. The sequences of
Tnl696 adjacent to the outer ends of In4 (Fig. 4) were com-
pared to other DNA sequences present in GenBank. Both
sequences contained regions that are related to sequences
found between the tmpR and merE genes in Tn50/ and Tn2!
and were almost identical to a single continuous region of the
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TABLE 2. Nucleotide and amino acid differences between
Tn5036 and the Tn/696 backbone

Nucleotide(s) Amino acid(s)

A Location
Position

Tns036  Tni696  (&N€)  Tnsp36  Tnl696
1404 A C tnpA Ser Ala
2360 G C tnpA Ala Gly
2780 G A tnpA Ser Leu
3036 A G tnpR Thr Thr
3078 C T tnpR Gln Gln
3432 A C tnpR Leu Leu
3460 C G tnpR Cys Ser
3647 A AT resll
3861 A T urf2Y Val Glu
4416 G A merD Phe Phe
4424 to 4425 CG GC merD ArgVal  ArglLys
4584 C T
4682 C T merA Gln Gln

¢ Numbers refer to position in Tn5036 sequence, accession no. Y09025.

mercury resistance transposons Tn5036 (>99.5% identity) iso-
lated from Enterobacter cloacae (accession no. Y09025; 53) and
Tn3926 (97% identity) isolated from Yersinia enterocolitica (ac-
cession no. X78059; 30). The 3.7-kb region located to the left
of In4 extending from IR#p of Tnl696 includes the tnpA and
tnpR genes (Fig. 3; accession no. U12338) and differs from the
Tn5036 sequence at only eight positions (Table 2). In R1033,
Tn1696 is located between bases 13244 and 13245 in the RP1
(RP4) sequence (accession no. L.27758; 32). The 1,588-bp re-
gion to the right of In4 sequenced in this study is continuous
with the mp region located to the left of In4 and includes a
short open reading frame known as urf2Y, the merD and merE
genes, and part of the merA gene. This region also differs from
the Tn5036 sequence at very few positions (6 of 1,588). Thus,
In4 was inserted into Tn5036 or a close relative to generate
Tnl696. In4 is located between the resIl and resl regions of the
res site, which was identified by comparison to the experimen-
tally defined res sites of Tn2/ and Tnl721 (16, 35). In4 is
flanked by a direct duplication of 5 bp of the target sequence
(boxed in Fig. 4), indicating that it was inserted by a transpo-
sition event.

In2 and In4 have different locations within distinct but
related transposons. Though the Tn/696 sequence flanking
In4 is related to sequences found in Tn27, comparison of the
sequences of the genes in the Tn2/ backbone and in Tn5036
(25) revealed that the levels of identity of the individual genes
range from 79 to 96%. TnX, the ancestral mercury resistance
transposon for Tn21, also includes a region of 782 bp located
between the urf2Y and merE genes that replaces a 65-bp seg-
ment in Tn5036 or Tn1696, and In2 is located within this extra
segment (25). The location in the Tn2/ sequence correspond-
ing to the position of the In4 insertion is separated by 378 bp
from the position of In2 in Tn2/ (Fig. 5). In heteroduplexes
formed between Tn2/ and TnZ696 DNA, Schmidt and Klopfer-
Kaul (40) found single-stranded loops adjacent to the IRi of
the integrons, and the lengths of these loops were estimated to
be 0.15 kb in Tn27 and 0.5 kb in Tn/696 (Fig. 1A). From the
sequence data, it is clear that these loops have been incorrectly
assigned and that the longer single-stranded loop is part of
Tn21, as shown in Fig. 1B. The presence of single-stranded
loops in both transposons can be explained if the heteroduplex
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between the 0.1- to 0.15-kb region adjacent to the integron
insertion point in Tn/696 and the corresponding region of
Tn21 is not as stable as that of surrounding regions. In the
region between the start codon of the tmpR gene and the left
end of In4, only 68 of 104 bases (65%) are identical in Tn1696
and Tn2!, and this is sufficiently low to explain both the ob-
served loop in Tn/696 and the length of the loop in Tn21.

Variation in the 5'-CS of In2 and In4. The sequence of the
5'-CS has been determined for many different class 1 integrons
and little variation has been found. The sequence of Inl found
in R46, which was the first complete sequence of the 5'-CS to
be reported (accession no. X06046; 15), is used as the baseline
for comparisons. Variation is common in the —10 and —35
boxes of the P, promoter (formerly P,,,, or P1) that lies within
the intl1 gene and directs transcription of the cassette-encoded
genes (43). Differences in P, vary the strength of this promoter
(7,24). The P promoter in In1 is of intermediate strength (24),
and In2 and In4 contain, respectively, the weak and the strong
version of P, (Fig. 6). However, the 5'-CS of In2 and In4 each
includes a further characteristic variation. In In2, a second
promoter, P2, has been created by the insertion of three G
residues between bp 1238 and 1239 of the 5'-CS (Fig. 6). This
insertion increases the spacing between preexisting —35 and
—10 boxes from 14 bp, which is outside the range for functional
promoters, to 17 bp, which is optimal (17). The P2 promoter
has been shown to be functional (7, 39) and is about sixfold
stronger than P (weak) (7). P2 is thus responsible for the bulk
of transcription in In2 and other integrons that contain this
configuration. In4 includes a duplication of 19 bp (50) that is
located in the attl] region (Fig. 6). This duplication has two
effects; it duplicates the strong binding site for IntI1 (9) and it
creates an in-frame ATG start codon that is used to translate
the aacCI gene found in the first cassette of In4 (50). The
resultant AAC(3)-Ia protein contains an extension of 23 amino
acids (20).

We examined the possibility that the GGG insertion is di-
agnostic for integrons carried by transposons that are close
relatives of Tn2/ in that the backbone is the same (TnX) and
the integron is in the same position in this backbone. Amongst
over 100 sequences of this part of the 5'-CS in the GenBank
database, only In2 (Tn27) and 13 additional entries contain the
P2 promoter. In all cases P2 is associated with P, (weak). The
additional sequences include In8 in Tn2603 (31), the integron
in Tn2426 (54), and In10 in Tn4000 (41), which are known to
be closely related to Tn27 on the basis of restriction mapping

In2
4 R l E D 4 C PTR
1 1
Tn2l |— e 1
-——
]R,,,,, tnp 2y M mer IRpmer
1 - !
Tnl696 — u 1
—
4 R | ED A CPTR

In4

FIG. 5. Alignment of the Tn2/ and Tnl696 backbones. Vertical
bars represent the terminal inverted repeats of the transposons. The
tnp regions are shown as thin lines, the mer regions as thick lines, and
res sites as filled boxes. Vertical arrows mark the sites of integron
insertions. tnp and mer genes are lettered. urf2M (2M) in the Tn27
backbone is split into urf2 (2) and tnpM (M) by the insertion of In2.
urf2Y (2Y) of Tn1696 corresponds to the end of urf2M and tmpM.
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—
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Pi,?J r
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19 bp in Ind4

In2 IIGITATGACTGTTTTTTTBGGGTACAGT

-35
Inl TGGACATAAGCCTGTTCGGTTCGTAAACT

In2 IGGACATAAGCCTGTTCGGTTCGTAAGCT
In4 ITGACATAAGCCTGTTCGGTTCGTAAACT
-10

'35\4-& -/

P2 -10

attl]

M L R §8 S N D V T

*
S § M

GSRPKTK*LGG

— Q Q
In4 TGATGTTATGGAGCAGCAACGATGTTACGCAGCAGCAACGATGTTACGCAGCAGGGCAGTCGCCCTAARACAAAGt taggtggctcaagtaty

L | L ] L

weak binding site strong binding site

-

DR2 DR1

strong binding site

simple site

DR1

FIG. 6. Variations in the 5'-CS. (A) Schematic representation of the 5'-CS. The complete 5'-CS (thick line) and part of the adjacent cassette
(parallel lines) are shown. The attl] site is boxed. The extent of the intll gene and the positions of promoters P;,,, and P, are indicated. Vertical
arrows mark the positions of extra residues present in In2 and In4. The P2 promoter is only present in In2. (B) An expanded view of the promoter
and attl] region. The 5'-CS, adjacent cassette, and att/! site are indicated as in panel A. Filled boxes show the —10 and —35 regions, which are
underlined in the relevant sequences. Differences from the standard 5'-CS sequence (Inl; accession no. X06046) are shown in bold and bases that
are not present in Inl are boxed. The attll sequence shown is from In4, with a vertical arrow indicating the boundary between the 5'-CS
(uppercase) and the aacC1 cassette (lowercase). The 7-bp core sites found within the Intl1 binding sites are indicated with arrows. DR1 and DR2
are 15-bp direct repeats. The sequence of the 23-amino-acid extension that results from use of the alternative start codon in the duplication is
shown above the DNA sequence, and the normal aacCI start codon within the cassette is shown by an asterisk.

and heteroduplex analysis (39). In two further cases, Inl4
(plasmid R) (47) and an unnumbered integron found in the
chromosome of a multidrug-resistant S. flexneri strain (34), the
sequence adjacent to the IRi of the integron has been reported
(14, 34) and is identical to the Tn2/ sequence. The location of
the remaining eight integrons (accession no. U17586, X64368,
AF156486, AF202975, AF231133, AF255921, AJ009819, and
AJ237702) is not currently known. Thus, the presence of the
GGG insertion may be indicative of an integron derived from
In2 by loss or gain of gene cassettes. However, the integrons in
other close relatives of Tn21 (Tn2424, Tn2410, and Tn5056) do
not include P2, and this may be indicative of cassette exchange
via homologous recombination, with one crossover within the
5'-CS and the second within either a cassette, the 3'-CS, or
another homologous region. The 19-bp duplication found in
In4 is also present in six database entries (accession no.
568049, X64525, X64369, AF202035, AF207065, and AJ009820)
and one further published sequence (48). However, little is
known about the location of these integrons.

DISCUSSION
The integrons In2 and In4 represent separate evolutionary
lineages. The In0-In2-In5 group and the In4 group share the
5’-CS and 3'-CS regions and are bounded by the 25-bp repeats

IRi and IRt. However, in the first group 1S7326 has caused the
loss of parts of the 3'-CS and the tni module, whereas in In4,
IS6100 is present and has caused the loss of most of the mi
region. The sequences of Tn/696 adjacent to the outer ends of
In4 clearly demonstrate both that In4 and In2 were inserted
into two transposons that are significantly diverged and that
the integron In4 is inserted in Tn1696 at a different location
from that of In2 in Tn21. Since the sequences of the conserved
segments (5'-CS, 3’-CS, and RH outer-end regions) of In2 and
In4 are close to identical, it seems highly unlikely that the
transposition regions of Tn27 and Tn/696 diverged after the
insertion of the integron. Therefore, the integron insertions
are independent events. Thus, Tn2/ is not ancestral to all
transposons classified as belonging to the Tn50/-Tn2/ sub-
group of the Tn3 transposon family as is frequently claimed
(e.g., see references 3, 12, 27, 39, 41, and 50), and In2, the
integron found in Tn2/, is not ancestral to all other integrons.
Tn21 is simply one of many cases where an integron has been
acquired by a plasmid or transposon. Nonetheless, Tn27 and its
close relatives such as Tn2603 (4) appear to be widely dissem-
inated amongst bacterial species and also globally. They have
clearly contributed significantly to the spread of the resistance
genes they contain. Evidence for the globalization of mercury
resistance transposons, including Tn5036, has also been re-
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ported (53). Tn5036 is from an E. cloacae strain isolated from
the intestine of a toad found near a mercury mine in Russia
and the closely related Tn3926 is from a Y. enterocolitica strain
found in milk in France. R1033, which contains Tnl696, was
recovered from a clinical Pseudomonas strain isolated in Spain
prior to 1975 (42). This emphasizes the connection between
environmental, food-borne, and clinical bacteria.

In addition to the many transposons that are known to be
close relatives of Tn21, further class II transposons that do not
determine resistance to mercuric ions are known to include an
integron. One of these is Tn/403, for which the sequences of
the left-hand end of the integron (In28) and of a short region
adjacent to the IRi have been determined (49). In28 is located
within the resl site, and Tn/403 is unable to resolve cointe-
grates. As In4 also lies within the res site of Tn5036, it is likely
that Tnl696 is unable to resolve the cointegrates formed as
transpositional intermediates. Tnl412 is another transposon
that contains a class 1 integron. In this case, the complete
sequence is known (accession no. L36547), and Tni412 con-
sists of Tn5563 (52), a class II transposon belonging to the Tn3
subgroup (12), and a complex integron structure here desig-
nated In32. In32 also lies within the res site (28), which is
located between the tmpA and tmpR genes of the Tn5563 back-
bone. Thus, transposons in the Tn3 family have acquired inte-
grons on at least four independent occasions to create Tn21,
Tnl696, Tni403, and Tnl412, and these events occurred rela-
tively recently in the evolution of these transposons.

The fact that the three integron insertion events that created
Tn1696, Tnl403, and Tn1412 occurred within a relatively short
segment may reflect the fact that insertion at other sites would
inactivate either transposition functions (fnpR and tnpA) or, in
the case of Tnl/696, the mercury resistance genes (mer). How-
ever, an alternate explanation is that the res region is a pre-
ferred target for integron insertions. The latter possibility is
supported by an examination of the location of all further class
1 integrons where the left-hand boundary (IRi) has been se-
quenced. In most cases the adjacent gene encodes a member of
the resolvase/invertase family (28). Furthermore, the transpo-
son Tn5053, which has a tni module and outer ends closely
related to those of class 1 integrons, has been shown to be
preferentially inserted into the mrs region of plasmid RP1 (21).
The mrs site is the binding site (res site) for a resolvase (ParA)
encoded in the par region of RP1 (RP4) (11). Recently, exper-
imental evidence that Tn5053 also preferentially targets res
sites in a number of transposons has been reported (28). In-
sertions occur preferentially at clusters of positions in or near
the res site, and the resolvase is essential to this process. Oc-
casionally, Tn5053 insertions occur at some distance from the
res site, up to 200 bp. It is possible that the insertion of In2 into
TnX to form Tn21 is similar to these rare insertions, though its
position, over 350 bp from the res site, is outside the range
observed experimentally. As the location of In2 in Tn2/ is an
exception, in that it lies quite a distance from res, we conclude
that Tnl696 is a better examplar of transposons containing
integrons. However, the unusual location of In2 permits the
conclusion that an integron is unlikely to have been targeted to
this position more than once and hence that all of the trans-
posons with an integron in this position are likely to have
evolved from a common ancestor.

Tn2! AND Tnl696 HAVE INDEPENDENT ORIGINS
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