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The class 1 integrons In0, In2, and In5, found in different locations in pVS1, Tn21, and pSCH884, have
closely related structures. All three integrons contain an insertion sequence, IS1326, that is a new member of
the IS21 family. IS1326 has caused deletions of adjacent 3'-conserved segment and transposition module
sequences, and all three integrons retain a complete copy of only one of four genes required for transposition
of related transposons and are thus defective transposon derivatives. In2 contains an additional insertion
sequence, 1S1353, located within IS1326. IS1353 is a member of the IS3 family and appears to have been
acquired after the integron was inserted into an ancestral mercury resistance transposon to create the ancestor
of Tn21 and several other transposons that are close relatives of Tn21.

Many of the antibiotic resistance genes found in clinical
isolates of gram-negative bacteria are known to be located in
integrons (reviewed in references 12, 14, 15, and 31). The
resistance genes are contained in discrete mobile elements
known as gene cassettes and are integrated at a specific site,
attl, in the integron. The integron encodes a site-specific re-
combinase that belongs to the lambda integrase family, is re-
sponsible for the insertion of cassettes at attl, and also provides
the promoter responsible for expression of the cassette-en-
coded antibiotic resistance genes.

Three classes of integrons have been identified (see refer-
ence 31). However, the integrons most commonly isolated
from antibiotic-resistant clinical isolates of members of the
family Enterobacteriaceae and pseudomonads belong to class 1
and most of them contain the sull sulfonamide resistance gene.
These integrons appear to be mobile elements, as they are
found in many distinct locations, in plasmids such as R46 and
R388 and within transposons such as Tn27 and Tn696 (16,
43). However, early studies aimed at identifying the sequences
common to all integrons failed to identify features consistent
with the classification of integrons as transposons (43). Two
conserved regions located on either side of the integrated gene
cassettes were identified. The 5'-conserved segment (5'-CS)
includes a gene, intll, encoding the integrase; a gene attl,
encoding the cassette integration site; and the promoter, P,,,
that is responsible for expression of the cassette genes (13, 16,
32, 43). The 3'-CS defined by Stokes and Hall (43) included the
sull sulfonamide resistance determinant (43, 44) and a further
two open reading frames (ORFs), one of which has recently
been identified as a defective version of the quaternary ammo-
nium compound resistance determinant gacE and designated
qacEAI (26).

Subsequently, a more extensive study of the sequences that
were common to six integrons from independent locations
revealed that all contained the same 5'-CS but the 3'-CS ex-
tended different distances beyond the sull gene (13). It was
concluded that a variety of events, such as deletions and inser-
tions, that removed part of or interrupted the 3'-CS had oc-
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curred to give rise to the integrons studied. The previous 3'-CS
endpoint (43) was found to represent one endpoint of a dele-
tion in one of the two integrons (Inl and In2) used initially to
define the 3’-CS, and the sequences assigned to the 3'-CS were
extended to include a further 359 bp (13). In three cases, In2
from Tn21, In0 from pVS1, and In5 from pSCH884, two fur-
ther common regions were found. The first directly abuts the
3’-CS endpoint and extends at least 0.7 kb. The second is
located 4 to 6 kb away, and an outer end that terminates with
a 25-bp sequence that is an inverted repeat of the sequence
found at the outer end of the 5'-CS was identified (13). This
25-bp inverted repeat had previously been found at the bound-
aries of the 11.2-kb insertion in Tn21, identified by comparison
of the sequences of Tn501 and Tn2! (2), and this insertion
corresponds to In2. This finding is consistent with the identifica-
tion of integrons as transposons; however, previous attempts to
demonstrate movement of In2 were unsuccessful (see reference
11), suggesting that In2 is a defective transposon derivative.

Recently, the sequence of Tn402 (Tn5090), which is a class
1 integron that does not include the sull gene, has been re-
ported (30). Tn402 was first identified as a transposon present
in IncP plasmid R751 (39). Tn402 is bounded by the same
25-bp inverted repeats and includes a 5'-CS identical to that
found in the sull-containing integrons and two integrated cas-
settes, dfrB3 (dhfrlic) and orfD. Tn402 also includes the com-
plete gacE gene (26) and a 4-kb region that contains four
OREFs, three of which were identified as encoding potential
transposition functions, on the basis of similarities to known
transposition proteins (30). Close relatives of these four genes
are also found in the transposition module of mercury resis-
tance transposon Tn5053, and it has been shown that three of
the genes tniA, tniB, and tniQ, are essential for transposition
and the fourth, iR, is required for cointegrate resolution (18).
Partial sequencing of In2 revealed that a 2.7-kb segment of the
Tn402 transposition module is also present in In2 from Tn21,
but only one complete gene (tnid) and a truncated form of a
second gene (niB) are present in this fragment (30). Thus, it
appears that In2 may be a defective transposon that does not
contain a complete set of transposition functions.

In In2, the 3'-CS sequences (13, 43) and the transposition
module segment (30) are separated by a region of about 4 kb,
and short inverted repeats (27 bp) have been identified at or
close to the boundaries of this segment in In2 (45). The se-
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TABLE 1. Plasmids used in this study

Plasmid Description Relevant phenotype(s)® Reference
pVS1 Contains In0 and Tn50! Su’ Hg" 42
pUB2401 pACYC184::Tn21, contains In2 Cm" Sm" Sp" Su" Hg" 8
pSCHS884 Contains In5 Gm" Tb" Su” 40
pRMH467 2.06-kp EcoRI fragment of pVS1 in pUCI19 Ap" This work
pRMH473 6.8-kb HindIII fragment of pVS1 in pUC19 Ap" This work
pRMH451 1,643-bp EcoRI fragment of Tn2/ in pUCI19 Ap" This work
pRMH456 1,847-bp EcoRI fragment of Tn27 in pUC19 Ap" This work
pRMHA458 661-bp Sphl fragment of Tn2/ in pUC19 Ap" This work
pRMH474 4.2-kb EcoRI fragment of Tn2/ in pUC19 Ap" This work
pRMHA475 1,573-bp Sphl fragment of Tn27 in pUC19 Ap" This work
pRMH477 4.6-kb EcoRI fragment of pSCH884 in pUC19 Ap" This work

“ Ap, ampicillin; Cm, chloramphenicol; Gm, gentamicin; Hg, mercury; Sm, streptomycin; Sp, spectinomycin; Su, sulfonamide; Tb, tobramycin.

quence of the left-hand end of this region has been determined
(13), and identical sequences were found in In0 and In5, sug-
gesting that In2, In0, and In5 share a common lineage. How-
ever, in In0 and In2, a deletion of 359 bases of the 3'-CS that
are present in InS has occurred (13). Together, these findings
suggest that a further transposon or insertion sequence may be
present in In2, In0, and In5.

To clarify the relationships between the structures found in
different integrons, we examined the sequence of the region
between the 3'-CS and transposition module regions in In2,
In0, and In5. In all three integrons, an insertion sequence,
1S71326, was found to be present, and in In2, a further insertion
sequence, 1S1353, inserted just inside one of the terminal in-
verted repeats of IS1326 was found. The regions adjacent to
IS1326 were identical in In2 and In0, indicating that these two
integrons have a recent common origin. In5 includes extra
3'-CS sequences to the left of IS1326 and has 439 bp less of the
transposition module to the right, indicating that IS1326 has
caused deletions of adjacent sequences. Possible routes for the
evolution of the In2, In0, and In5 group from an integron with
a backbone structure similar to that of Tn402 are discussed,
and a coherent tree for the evolution of the Tn2/ transposon
family is presented.

MATERIALS AND METHODS

Bacterial strains and plasmids. Escherichia coli IM109 [(Alac-proAB) supE thi
F' (raD36 proAB™ lacl® lacZ AM15)] was used to propagate plasmid DNA. The
plasmids used are listed in Table 1. The pRMH series of plasmids listed were
constructed by randomly cloning fragments from EcoRI, HindIll, and Sphl
digests of the relevant parental plasmid (pVS1, Tn27, and pSCH884) into pUC19
(52) by using standard procedures (37). Plasmids containing the appropriate
fragments were identified by restriction mapping and by sequencing of the
fragment ends with a universal primer. Cells were grown in L broth (37) at 37°C
if plasmid free and in L broth supplemented with ampicillin (Sigma Chemical
Co., St. Louis, Mo.) at 100 pg/ml if plasmids were present.

DNA isolation and restriction mapping. Plasmid DNA was recovered from
2-ml samples of overnight cultures by the alkaline lysis method (37). Plasmid
DNA for sequencing was purified by using the Magic Minipreps DNA Purifica-
tion System (Promega Corp., Madison, Wis.). Restriction enzymes were used in
accordance with the manufacturers’ instructions. Fragments were separated by
electrophoresis on 1% (wt/vol) agarose gels and visualized by staining with
ethidium bromide. The size standard used was an EcoRI digest of bacteriophage
SPP1 (Bresatec, Adelaide, South Australia, Australia).

DNA sequencing. Nucleotide sequencing was performed with a Sequenase 2.0
system (46) as recommended by the manufacturer (U.S. Biochemicals, Cleve-
land, Ohio) by using dITP reaction mixtures followed by a 30-min incubation with
a 1 mM deoxynucleoside triphosphate mixture and terminal deoxynucleotidyl trans-
ferase (Boehringer GmbH, Mannheim, Germany). The specific primers used were
17-mers synthesized with an Applied Biosystems 380A DNA synthesizer.

Sequence analysis. Sequence data were collated, assembled, and interpreted
by using Staden programs BAP and NIP (7). Database searches (GenBank,
February 1996 version) for sequence similarity were performed by using the
Match and Match-Translate programs (50). The sequences reported were com-
piled with previously published contiguous sequences.

Nucleotide sequence accession numbers. The GenBank accession numbers of

the sequences determined in this study are as follows: In0, U49101; In2, U42226;
In5, U38230; IS1326, U38187; IS1353, U40482.

RESULTS

Maps of the region between the 3'-CS and the integron bound-
ary differ. In a previous study, examination of the sizes of PCR
products revealed significant differences in the length of the
region between the EcoRI site that marks the end of available
sequences (Fig. 1) and the right-hand outer boundary of three
integrons, In0, In2, and In5 (13). To resolve the structures of
these three integrons, restriction fragments from this region,
generated by digestion with HindIll, EcoRI, or Sphl, were
cloned and mapped. By using these data, together with avail-
able maps of In0 (17) and In2 (25, 45), detailed maps were
generated (Fig. 1). All three integrons include similarly located
HindIII and Sphl sites immediately to the right of the EcoRI
site at the end of the sequenced region, and thereafter the
maps diverge. Although in In0 and In2, further EcoRI sites are
present (one in In0 and three in In2), a single 4.6-kb EcoRI
fragment from pSCHS884 includes the remainder of InS5.

Insertion sequence IS1326 has caused adjacent deletions in
In0 and In5. The regions shown in Fig. 1 were sequenced, and
the sequence of In0 extending from the last BamHI site in the
3’-CS is shown in Fig. 2. The sequence of In5 (accession no.
U38230) is identical to this sequence, except that a 439-bp
region (boxed in Fig. 2) is not present in In5 and a further
region of 359 bp is present in In5 (13) at the position indicated
in Fig. 2. A simple explanation for these findings is that In0 and
In5 have arisen from a common ancestor by deletion of se-
quences to the left or right of bases 152 and 2625, respectively
(Fig. 2). Careful examination of the region between these bases
revealed features consistent with its identification as an inser-
tion sequence, which was designated 1S1326. IS1326 is 2,470 bp
long, is bounded by inverted repeats of 26 bp with 22 of the 26
bp identical, and includes two ORFs (see below for details).
The apparent deletion in In0 relative to In5 originates pre-
cisely at the left boundary of IS1326, and the apparent deletion
in In5 relative to In0 originates precisely at the right boundary
of IS7326 (Fig. 3). This suggests that In0 and In5 have arisen
from a common ancestor by IS/326-mediated deletion of se-
quences adjacent to the IS7326 insertion in that ancestor.

The sequence to the right of IS71326 in In0 (bases 2626 to
3110 in Fig. 2) is identical to bases 2891 to 2406 in Tn402 (30),
which is also a class 1 integron, and the sequence identity
extends to and includes the 25-bp repeat at the right-hand
terminus of In0 (13) and Tn402. This 2.7-kb region lies within
the transposition module of Tn402, which contains the ORFs
encoding transposition functions (18, 30). Only 2.26 kb of the
transposition module is present in InS5. As these regions in-
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FIG. 1. Restriction maps of sull-type integrons In0, In2, and InS. Arrowheads indicate the 25-bp inverted repeats at the outer boundaries, and the vertical arrows
indicate the point at which the In0 and In2 sequences diverge from that of In5. Solid lines below the maps indicate the extent of published sequences collated from
the following sources: 1, Bissonnette and Roy (1); 2, Hall et al. (13); 3, Diver et al. (9); 4, Stokes and Hall (43); 5, Sundstrém et al. (44); 6, Brown et al. (2); 7, Shaw
et al. (40). Dashed lines show the extent of sequences determined in this study. Restriction enzyme sites: B, BamHI; Bg, BglIL; E, EcoRI; H, HindIll; Ps, PstI; S, Sall;

Sm, Smal; Sp, Sphl.

clude only the complete nid gene and part of the tniB gene, it
seems reasonable to conclude that the ancestor of In0 and In5
contained the complete transposition module, part of which
was subsequently lost as the result of one or more 1S1326-
mediated deletion events.

Insertion sequence IS1326 is a member of the I1S21 family.
IS1326 includes two long ORFs that overlap by 13 bp (Fig. 2).
The polypeptides predicted by these ORFs were found to be
related to the two polypeptides encoded by the ist4A and istB
genes of IS27 (34) and to the corresponding polypeptides in
three further known relatives of 1S2/, namely, 1S232 (23),
1S5376 (51), and IS100 (27). On the basis of the similarity of
the IS1326 ORFs to IstA and IstB from 1S27, which have been
shown to be required for transposition (33), the IS71326 genes
are also designated istA and istB. A detailed description of the
features common to members of the IS27 family, including
IS1326, will be presented elsewhere (2a). Briefly, IstA includes
an unusual D, D(45), E transposase motif and a helix-turn-
helix motif and IstB has a distinctive set of NTP-binding do-
mains. Inverted repeats of 27 bp are present at the boundaries
of IS1326 in In0, In2, and InS5, as has been noted previously for
In2 (45). However, as many of the mobile elements that en-
code a transposase with a D, D(35), E motif are bounded by
5'-TG and CA-3’ (10, 28), we have assumed that IS1326 is
bounded by the same dinucleotides and that the inverted re-
peats are most likely to be 26 bp long.

In2 is closely related to In0 but contains IS1353 inserted
within IS1326. The restriction map of In2 includes an extra
segment not found in In0 and In5 (see Fig. 1). As this region
has previously been shown to be absent from transposons such
as Tn2411, which are otherwise very close relatives of Tn21
(20), the possibility that this extra segment corresponds to an
insertion sequence was examined. The sequence of In2 from
the EcoRI site in IS1326 to the outer, right-hand end of In2
was determined (GenBank accession number U42226), and
this completes the sequences of In2 and Tn2!. In2 contains a
complete copy of IS1326, but a further new insertion sequence,
designated IS1353, has been inserted just within the one end

(right-hand end as shown in Fig. 3) of IS1326. The part of the
In2 sequence containing IS7353 is shown in Fig. 4. IS1353 is
1,613 bp long and is bounded by inverted repeats of 12 and 13
bp (boxed in Fig. 4). Comparison of the In2 sequence with that
of In0 (Fig. 2) revealed that IS1353 is flanked by a 2-bp direct
duplication of the target sequence (indicated in Fig. 2). IS1353
is a member of the IS3 family (see below). Beyond the end of
IS1326, the In2 sequence is identical to that of In0, and identity
to the sequence of part of the transposition module of Tn402
extends up to the right-hand end of In2, as suggested by Rad-
strom et al. (30), who sequenced several parts of this region.
Thus, In2 is identical to In0, except that it includes an inte-
grated aadAl gene cassette, that determines resistance to
streptomycin and spectinomycin, and 1S7353.

IS1353 is a member of the IS3 family. Analysis of the IS7353
OREFs longer than 50 amino acids revealed that on one strand
there were two ORFs, orfA of 222 codons and orfB of 304
codons, spanning almost the entire insertion sequence (Fig. 4).
Several ORFs were also identified on the other strand. Only
ORFB was found to be related to known sequences. ORFB
shares 20 to 37% identity with the ORFB products of IS3,
IS911, and the other 32 known members of the IS3 family (10,
21, 28, 49), and several conserved regions found in the trans-
posases of IS3 family members are shared by ORFB. In par-
ticular, the acidic residue motif D, D(35), E, which was origi-
nally identified in the IS3 family (10), is present in ORFB. This
motif is also present in other bacterial transposases, including
those of Tn552 (36) and the IS4 family (35), as well as in the
integrases of many retrotransposons and retroviruses (10, 22),
and is believed to be part of the catalytic domain of these
transposases and integrases (see reference 38).

IS7353 also exhibits an organization similar to that of mem-
bers of the IS3 family. Most members of the IS3 family are
bounded by 5'-TG and CA-3’ (10, 28), and IS1353 shares this
feature. Members of this group generally code for two ORFs,
one short ORF (orfA) that overlaps a larger downstream ORF
(orfB), which is in phase —1 with respect to ORFA. Expression
studies with IS917 (29) and IS150 (48) have shown that these
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A’I‘TTC’I‘CCCGCCATATCCAGACGGGAAACAG'IGTCATACGTGGGTCAAA’!'I'I‘CGACGCAMTC'I'I'I‘ACCCTAAGTUGG'I‘CMWAGA‘I’GCARCTC&CAGGCCATGCNAGTG‘IGCGA
-— -————— I A M S L TR
L2 Ll
2650 . 2700 B 2750
NG’!'I'GATCGC'I"I‘CC‘TCGCCGCTCTCCACGGCGACGA‘I’GGCCGCCGCCA’I‘CAGCAAG’I\‘;CGCCAL: TTCCCCTATGGTGCCCTCGCTGCGTGTGAGC. GAGCCA'I’GTCCAGCGTG

H NI AEZEGSEVAUYVIAAAMMTLTLUBHEABALEGTITSGESURTULLYURAMDTELT

. 2800 . 2850
GCAA’I'YGGGGAAGGCCGGCGCAGCGGGAGCGM&L(;L:L&:AALL uauLu\GC T AGCM’l‘CGTCGT’I’GGCCTCCCATACCGGCAGCATCATCGGCTCGAAGCGAT'I‘TTCCAAC’IGG
A I P S PRRIULUPULSAATFI RALTLSTCTCDUDU®NA AZAEWVYVUPULMMEPETFTRNETLDQ

2900 2950 . EcoRIL . 3000
TCATCGGAGCH 'GGCTAGGTA P"l""f‘l‘f‘f‘f"IGCCTACCCCAACCMCGGGATGCGCAGT'I’CG‘I‘TGCCGAGGAAGCGCAGCAGG’I'IGAGGAA’I‘TCCCGGCGG’l'IGACGC'IG’l'IGCCG
D DS RIALJZYADURTGVGVYL?PTIRTULENSGTLTFRILILNILTFETRI®RNUYVSNSG

Sphl - 3050 . 3100
GCCAGCACGT'I\STGCAGCTCGTCGATCACCAGCATGCGCACGCCG}\CC'I'I'GCGCAGCAGTGCCAGAGCCAGT'IY}C’ICCA1 TTCCGGCAACCGTGGGCG' A\;wx.uLAGCGG
ALVNHLEDIVLMRVGVKRLLALALQEMEPLRPRPRLPCniB
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FIG. 2. Nucleotide sequence of In0, including the sequence of IS1326. The sequence shown extends from the BamHI site commencing at base 1876 of the 3'-CS
(13). The sequence of the corresponding fragment of pSCH884 is identical, except that pPSCH884 contains an extra 359 bp located at the position indicated by the arrow
between bases 151 and 152 (13) and a deletion of 439 bp (boxed). The terminal 26-bp inverted repeats of IS7326 are shaded, and repeats of 22 bp found near the ends
of the insertion sequence are indicated by arrows and designated R1, R2, L1, L2, and L3. Potential ribosome-binding sites (rbs) and promoter —10 and —35 regions
are indicated. Diamonds indicate the conserved acidic residues of the D, D(45), E motif. The vertical arrow at bases 2594 and 2595 marks the position of insertion of

1S1353 in In2 (see Fig. 3 and 4).

elements produce three polypeptides, ORFA, ORFB, and fu-
sion protein ORFAB. ORFAB, which appears to be the active
transposase for IS977 (29), is a transframe product, resulting
from a translational —1 frameshift that occurs in the region
where orfA and orfB overlap. Specific signals induce the —1
frameshift; a heptanucleotide motif, AAAAAAG, in the over-
lap region; and a downstream sequence capable of forming a
strong secondary structure, such as a stem-loop structure (29,
48). These signals are also present in many other members of
the IS3 family (3, 21, 49), and in the region of overlap between
ORFA and ORFB in 1S7/353, the potential frameshift motif
A4G is present and a pair of inverted repeats that have the
potential to form a stem-loop structure are found downstream
(Fig. 4). This suggests that IS/353, in common with other

Bg BB Sm

H::Hmm

members of the IS3 family, also utilizes translational frame-
shifting. It is highly likely that in IS911, translation of ORFB is
initiated at an ATT codon that lies immediately upstream of
the A,G motif (29). In IS1353, there is also an ATT codon 3 bp
upstream of the A;G motif; however, an ATG codon is also
present six codons downstream, and which codon is in fact used
for initiation of ORFB needs to be determined experimentally.

DISCUSSION

The sequence data presented here show that integrons In0,
In2, and In5 all contain IS7326 and are also otherwise closely
related (Fig. 3). The two differences between In0 and In2 are
readily explained by known mechanisms for DNA insertion.

ESpSp

In0
2 tniBAl tniA T

HEBE Sp BSp

1 intll qgacE sull orf5 3 11326
Al
359 bp
(aadAl)
l Bg BB Sm E

ﬂiummm

: IS1353 ;

ESpSp

In2
2 iBAI  miA 1

In5

15-CS 3'-CS Az IS1326
?Ebp
(aacA5)
l Bg BBBgSm
15-CS 3'-CS 3 1S1326
(dfrB3-orfD)

i

15-CS qacE tniR

m

tniQ

m

2 tniBA2 miA 1
-
439 bp

ESp Sp
Tn402
mia 1 (In16)

tniB

1kb

FIG. 3. Structures of In0, In2, InS5, and Tn402. The 5'-CS is shown as an open box, the 3'-CS is a solid box, and the i module is a bold hatched box. The region
of the Tn402 gacE gene that is not present in the 3'-CS is stippled. Vertical arrows indicate the positions of the integrated cassettes (in parentheses). 1S71326 is
represented by a narrow hatched box, and IS7353 is a solid line. The regions shown are contiguous, and the gaps were introduced only to align identical sequences in
the four integrons shown. The extents of IS/326-mediated deletions in In0, In2, and In5 are indicated below the maps. Arrowheads indicate the terminal inverted
repeats of the integrons (designated 1) and IS7326 (designated 2). Abbreviations for restriction sites are the same as in Fig. 1.
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ATCACTCCTTGATTTCTCCCGCCATA’I‘CCAGACGGGAAACAGTGTCATACG’I‘GGGTCAAATTTCGACGCAAA’I‘CT'I"I'ACCCTAAG’I‘EGGGG’I‘GCGGACr\AAATC’I"I‘GGACTAC’I‘T’I‘AGGA
-35 rbs

orfa ¥M Y s Y EDRLURAV RTULYULI KULGRIRMSATILURZGQLGY YUPTI KNS STULZ K A
GTAGTTCATGTATTCGTATGAAGATCGCCTTCGAGCCGTGAGGTTGTACCTGAAGCTTGGGCGCCGGATGAGCGCCACACTACGGCAGCTGGGATACCCCACCAAGAACTCGCTGAAGGC
-10 HindIII

WL AEVFERNU QDL RRGYQQRTIU KU RZOQYTUDEU QI K QR RAVUVDUHTYTIZE T QSGTYTC
CTGGTTGGCAGAATTCGAACGGAATCAGGATCTTCGCCGAGGCTATCAACGGATAAAACGGCAGTACACCGATGAGCARAAGCAACGGGCAGTAGATCACTATATCGAACAAGGCTACTG
EcoRI

L S HTIRSULGYUP SR REALZRAWIR RIDTILZ RILUNZSTILGT® RS S A AABALTUPUG QS P
CCTGAGTCACACAATCCGAAGCCTGGGCTACCCAAGCCGCGAGGCCTTGCGTGCCTGGATCCGTGATTTACGCCTGAATTCGCTAGGACGGTCGTCGGCAGCAGCGCTCCCACAGTCGCC
BamHI EcoRI1

A L A S R S K OQQAUVIALNDNILZR RUYVG S AU KUDUVADTUV GV S RUPTTILTYNUWOQHR
CGCTCTCGCCTCGAGAAGCAAGCAAGCCGTCATTGCACTGAACCTGCGCGTAGGTTCGGCAAAGGATGTGGCCGACACTGTCGGTGTATCGCGACCAACGTTGTATAACTGGCAGCATCG

L L G KV PLIKUPMTI KT K I KGDTSTULEZ QI RHEALILU® RIETLAZETLTESIQNUOQT RL
ATTACTTGGCAAAGTGCCCCTAAAACCCATGACAAAGAAGAAAGGTGACACCTCGCTCGAGCAGCGGCATGAGGCACTACTCAGGGAACTGGCCGAACTGGAGAGCCAGAACCAGCGGCT

orfB I D XK KDMGTINUPULEULTSUREITZ KTIEKV V DATLTRUVT
R M ENATITULUEI KA ASETLTII KU KTWASTUP S N *
TCGCATGGAGAATGCAATTCTGGAGAAGGCGAGTGAATTGATAAAAAAGACATGGGCATCAACCCCCTCGAACTGACAAGCCGAGAAAAAACGAAGGTGGTTGATGCCCTCAGAGTCACG
' - —eeee

F PL ANULVLTCGTULI KULARSTY YV FYQURULUZRUOQOTTRUPDI KTYTOGQVUREUVYVTIUZ RTTI
TTTCCATTAGCCAATCTGTTGTGCGGCCTGAAGCTGGCGCGCAGCACATACTTCTATCAACGCCTGCGGCAGACGCGGCCCGACAAGTACACGCAGGTGCGTGAGGTCATTCGGACTATC

F EDNYRCY G Y RRIDSALIRLG GM®BRVYVYSEUZ KUVV VU RIPERIULMAOQOQET RTLUVUV
TTCGAGGACAACTACCGCTGCTATGGCTATCGACGCATTGATAGTGCCTTGCGCCTTGGTGECATGCGTGTGTCCGAGAAGGTCGTGCGTCGCTTGATGGCGCAAGAGCGTCTGGTCGTG
Sphl

*
R T P RRRRVFS A Y AGDUPTUPA AV PNULTILNUNURUDTFHA ASAPNTI KWULTODL
AGAACACCGCGCCGCCGGCGCTTCTCGGCGTATGCTGGCGACCCGACACCAGCGGTCCCGAATCTGCTGAATCGCGACTTTCACGCGTCGGCGCCGAATACGAAATGGTTGACCGATCTG

T E I HI PAG K VYV sSs PIVDCFDGTLUVVAWNIGTSU?PUDA ANILUV VNTHM
ACGGAAATACACATTCCGGCAGGGAAGGTCTACGTCTCGCCGATCGTCGATTGCTTCGATGGGCTGGTGGTGGCCTGGAATATCGGCACCAGCCCGGATGCGAACCTGGTCAATACCATG

*
L DHAVU RTULRUZPGIEMH?®PUVIHSDU R GSHYURWUPAWIWIRU ERTEIN A AIUGQILTR
CTGGATCACGCGGTACGGACACTGCGACCCGGTGAGCATCCGGTTATCCATTCGGACAGGGGCTCGCATTATCGCTGGCCTGCGTGGATCCGCCGCACTGAAAATGCCCAATTAACGCGG
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| ————

GAAATCFTCCGCACCCCCAFTGGGTCAATTTTAGATGCAACTCAACAGGCCATGCTGAGTGTGCGATGGTTGATCGCTTCCTCGCCGCTCTCCACGGCGACGATGGCCGCCGCCATCAGC 1800

AAGTGCGCCAGTTCCCCTATGGTGCCCTCGCT

1832

FIG. 4. Nucleotide sequence of the In2 region containing IS7353. The IS1353 inverted repeats are boxed. The potential heptanucleotide frameshift signal A¢G is
underlined, and the inverted repeats of the downstream potential stem-loop structure are indicated by arrows. Diamonds indicate the conserved acidic residues of the
D, D(35), E motif. The terminal inverted repeat from 1S7326 is underlined with an arrow.

Whereas In0 contains no integrated cassettes (1), In2 contains
the aadAl cassette (44) that has been integrated at att] by the
action of the integron integrase IntIl (4). The further extra
segment in In2 corresponds to an acquired insertion sequence,
IS1353. There are only three differences between In0 and InS5,
one of which is the presence of an aacA cassette integrated at
attl in In5 (40). The remaining differences are both deletions
with one endpoint at an IS1326 boundary and can be explained
by invoking deletion events originating at the boundaries of
IS71326. These events are presumably mediated by the action of
the insertion sequence-encoded transposition functions in a
manner analogous to the formation of adjacent deletions by
other insertion sequences and transposons (19).

Recent studies on Tn5053, which has a transposition module

closely related to that of Tn402, have demonstrated that three
genes, tniA, tmiB, and tniQ, are essential for transposition of
Tn5053 and that a further gene, iR, that encodes a resolvase
is required for efficient resolution of cointegrate intermediates
(18). Because the complete tni module found in Tn402 is not
present in any of the three integrons examined here, it seems
reasonable to conclude that these integrons are all defective
derivatives of an ancestral transposon and are unable to direct
their own movement. However, the fact that In2 and InO,
which contain identical 3'-CS and tni module segments, are
found in independent locations, in Tn27 and in pVS1, respec-
tively (see reference 13), suggests that movement can occur. As
movement of Tn5053 derivatives with defects in any or all of
the tniAd, miB, and tniQ genes could be restored by supplying
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FIG. 5. Evolution of In0, In2, and In5 from an ancestral, transposition-
proficient integron similar to Tn402. The 5'-CS, 3'-CS, transposition modules,
and IS1326 are indicated as in Fig. 3. Only Tn402 is shown as containing
integrated gene cassettes, as any cassette configuration at the position indicated
by a vertical arrow can be readily achieved by IntI-mediated recombination. InX
and InY are hypothetical intermediates.

In5

l insertion of

the defective function(s) in trans (18), it is likely that integrons
such as In0, In2, and In5, which retain intact ends, could be
mobilized when a transposon with a complete tni module, such
as Tn402 or Tn5053, is present in the same cell. Indeed, move-
ment of In0 and In2 in the presence of mercury resistance
transposon Tn502 (41) has recently been demonstrated (40a).

A model for the evolution of In0, In2, and In5 from an
ancestral transposition-proficient class 1 integron similar to
Tn402 is shown in Fig. 5. Acquisition and loss of gene cassettes
are well documented (4-6, 14, 31) and can occur at any time.
For simplicity, cassette exchange events have been assumed to
occur last. The ancestor, represented by Tn402, consists of four
distinct domains: the 5'-CS encoding the integrase responsible
for the movement of the gene cassettes, the variable region
which contains the integrated gene cassettes (dfrB3 and orfD in
Tn402), the gacE gene region, and the transposition module
which includes the tnid, tniB, niQ (orf6), and miR (tniC) genes
(18, 30).

The proposed transposition-proficient ancestor of the sull
family of class 1 integrons contains the complete tni module
and is derived from the Tn402 ancestral configuration by inte-
gration of the sull gene and other 3'-CS sequences downstream
of gacE and deletion of the end of the gacE gene to generate
qacEAI, which is found in the 3’-CS. The exact mechanism of
the evolution of the 3'-CS module remains a matter for spec-
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ulation, but the 3'-CS may represent a particular series of gene
cassettes that have become fixed. We have previously sug-
gested that the sull gene may have originally been part of a
cassette which was integrated at aftl and subsequently fixed by
loss of the functional 59-base element recombination site (43).
The same scenario has recently been suggested for the origin
of the qacEAI gene (30), and the fact that the gacE gene of
Tn402 has since been shown to be part of a functional mobile
gene cassette (31a) supports this conclusion.

Insertion of IS1326 into the ancestral su/l-containing inte-
gron is assumed to have occurred either within a further, un-
identified, region of the 3'-CS (dotted region in Fig. 5) or
within the fni module but between the positions shown by the
horizontal bar in Fig. 5. Thereafter, deletion events originating
at the ends of IS7/326 and leading to loss of known 3'-CS
sequences from In0 and In2 and to loss of part of the i
module in In0, In2, and In5 have occurred. To explain the
different extents of 3'-CS and i modules retained in In5 and
In0 (In2), it is necessary to invoke at least two insertion se-
quence-mediated events in the evolution of one of them. The
acquisition of IS/353 by In2 is presumed to be a recent event
(see below).

Evolution of the Tn2! transposon family. By using informa-
tion from this study, together with data from previously pub-
lished restriction maps of Tn2/ and related transposons and
heteroduplex analyses involving pairs of transposons from this
family (11, 20, 24, 25, 38, 47), it is possible to construct a
coherent model for the evolution of members of this family
(Fig. 6). Only close relatives of Tn2/ identified by the presence
of the characteristic motif of EcoRI and HindIII sites found in
the Tn2/ transposition gene (tnpA, tmpR, and res) region are
considered here as members of the Tn2/ family. This group
includes a little over half of the transposons listed as belonging
to the Tn27 subgroup of the Tn3 transposon family in a recent
review (see Table 1 in reference 11). Tnl401, Tni406, and
Tnl409 were not considered because the most recently pub-
lished maps of these transposons (24) are not sufficiently ac-
curate to permit analysis. One further transposon, Tn5086, that
has subsequently been identified as a member of this group
(45) was considered.

In the simplest evolutionary tree consistent with all of the
published data, the first step in the evolution of this family is
the insertion of an integron identical to In0 (or equivalent to
In0 but containing one or more integrated gene cassettes) into
an ancestral mercury resistance transposon, possibly Tn2613
(47). As most members of this group include the aadAI cas-
sette, for simplicity it has been assumed that this cassette was
present in the incoming integron. Tn2471, rather than Tn21, is
assumed to be the true ancestor of the integron-containing
members of this family because the acquisition of IS71353 by
In2 (in Tn2I) appears to be a recent event that occurred after
the movement of the integron to its present location. The
region corresponding to IS/353 is not present in transposons
that are otherwise very closely related to Tn27, such as Tn4 and
Tn2411 (20, 25, 47), and it has been suggested that this region
was acquired in Japan, as it is generally present in Tn2I-like
transposons isolated in Japan (11).

Most of the differences between Tn24/1 and the known
transposons in this family can be explained by site-specific
integration of further cassettes into the integron or insertion of
further transposons (e.g., Tn3 in Tn4 and IS1353 in Tn27) at
various positions. Two further differences can be explained by
IS1326-mediated events. The large deletion in Tnl831 (25)
originates close to one boundary of IS7326, extends beyond the
right-hand end of the integron into the mer region, and is likely
to be due to a further IS1326-mediated deletion event. Trans-
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FIG. 6. Evolution of the Tn2! transposon family. The relationships of all of
the transposons in this group (see reference 11 for references) can be explained
by invoking the insertion of an integron with the structure shown followed by
subsequent events including integration, excision, or exchange of gene cassettes,
insertion of transposons, or insertion sequences, insertion sequence-mediated
deletions, or insertion sequence excision.

poson Tn5086 contains all of the bases to the right of IS1326 in
In2 and all but the last four bases to the left (TATC), which are
replaced by two bases (CA) (45). The simplest explanation for
this configuration is excision of IS1326 with imprecise rejoining
and repair of the ends generated. A similar configuration is
found in Tn2608 (47), which may also have arisen by this route.

Other members of the Tn2/ subgroup are also known to
include integrons, the best known being Tn/696, which con-
tains the integron In4 (13, 43). However, Tn/696 is not a close
relative of Tn2417 and the integron is located at a different
position (38) and has a different structure, which includes
IS6100 (13). Thus, it appears that Tn/696 has a different evo-
lutionary history and that integrons have been inserted into
ancestral transposons containing tnp and mer modules on more

J. BACTERIOL.

than one occasion. Studies to resolve the complete structure of
In4 and Tn1696 are in progress.
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