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The carbenicillin, gentamicin, kanamycin, streptomycin, spectinomycin, sulfonamide, and tobramycin re-
sistance determinants found on Pseudomonas aeruginosa plasmid R151 have previously been shown to trans-
locate to another plasmid, R388, and it was inferred that a transposon, Tnl404, carried the resistance
determinants. Sequencing of the cassette array from the plasmid known as R388::Tn1404 revealed two known
gene cassettes, oxal0 and aadB, and a previously unidentified cassette determining resistance to streptomycin
and spectinomycin, here designated aad410, in the order oxal0-aadB-aadA10. These cassettes replaced the
dfrB2-orfA cassette array of R388, indicating that movement of the resistance determinants from R151 to R388
resulted from recombinational exchange between two class 1 integrons rather than transposition. The AadA10
protein is most closely related to AadA6 (85% identical) and AadA7 (80% identical). The aadA410 cassette found
here has only a simple site containing a 7-bp spacer derived from attl1 in place of a 59-base element and is
likely to represent a derivative of the complete cassette. IntI1-mediated deletion of the aadA10 cassette was not
detected, indicating that this single simple site is either inactive or only weakly active.

Multiresistance plasmid R151 was originally identified in
Pseudomonas aeruginosa strain POW 151, isolated in Chicago,
Ill., in or prior to 1973 (5). R151 is an IncP-11 plasmid that
confers resistance to carbenicillin, gentamicin, kanamycin,
streptomycin, spectinomycin, sulfonamides, and tobramycin (5,
38). The carbenicillin resistance of R151 is due to the PSE-2
B-lactamase (38), since renamed OXA-10. Philippon et al. (38)
used recombinant plasmids of unknown structure derived from
R151 and broad-host-range plasmid pUZS8 (IncP-1; tetracy-
cline resistant [22]) to move the R151 resistance markers into
Escherichia coli. Trimethoprim and sulfonamide resistance
plasmid R388 (IncW) (1, 14) was introduced as the target for
transposition. Ampicillin-resistant transconjugants were ob-
tained and were also resistant to gentamicin, kanamycin, strep-
tomycin, spectinomycin, sulfonamides, and tobramycin but not
to tetracycline. The resistance determinants were then found
to be associated with an IncW plasmid, suggesting that they
had been translocated to R388, and the unit carrying them was
named Tn/404. However, although the plasmid was designated
R388::Tn1404, it appeared to be the same size as R388 and did
not confer the trimethoprim resistance of R388, implying that
this determinant had been lost or inactivated.

The sequence of the oxal0 gene originating from R151
(GenBank accession no. J03427) (23) indicated that it was part
of the first gene cassette in a class 1 integron (17, 23). Further
sequencing (GenBank accession no. U37105.1) (40) revealed
the beginning of an aadB cassette adjacent to the oxal0 cas-
sette, accounting for the gentamicin-adenylating activity (5)
and the gentamicin, kanamycin, and tobramycin resistances of
strain POW 151. Class 1 integrons usually contain two con-
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served segments (CS) flanking the antibiotic resistance gene
cassettes (45). The 5'-CS (20, 45) includes the int/I gene, which
encodes the Intll integrase (27); the att/l recombination site
(36); and the P, promoter, which directs transcription of cas-
sette genes (10, 45). The 3’-CS can vary in length but usually
includes the sull sulfonamide resistance determinant (4, 18,
45). Gene cassettes can be inserted between the two CS of the
integron by Intll-catalyzed site-specific recombination be-
tween the 59-base element (59-be) of the cassette and the attl]
site of the integron (9), and IntI1 also catalyzes cassette exci-
sion (11, 12). As R388 also includes the class 1 integron In3,
which contains the dfrB2 (trimethoprim resistance) and orfA
(unknown function) cassettes (45), the resistance genes of
R151 could have been acquired by R388 via cassette exchange,
with the simultaneous loss of trimethoprim resistance.

Gene cassettes are small, mobile genetic elements consisting of
a single gene (or occasionally two genes) plus a recombination
site called the 59-be (6, 12, 17, 40). At least 75 different antibiotic
resistance gene cassettes have now been identified; and the genes
that they contain confer resistance to aminoglycosides, -lactams,
chloramphenicol, trimethoprim, erythromycin, and rifampin (28,
40; S. R. Partridge and R. M. Hall, unpublished data). The 59-be
found in different gene cassettes vary in length (55 to 141 bp) and
sequence, but they all contain consensus regions of about 25 bp at
each end (11, 17, 46) (Fig. 1A). The consensus regions are im-
perfect inverted repeats of one another and are separated by a
region of variable length that is generally also an inverted repeat
(17). Each consensus region contains a simple site (Fig. 1A) made
up of a pair of inversely oriented core sites (GTTRRRY) sepa-
rated by a 7- or 8-bp spacer that overlaps the core sites by 1 bp at
each end (46). The extents of these simple sites are inferred from
integrase binding data (13, 16). The core sites are designated 1L
and 2L at the left-hand (LH) end and 2R and 1R at the right-
hand (RH) end (46), and the recombination crossover occurs
between the G and the first T in the 1R core site (46). Hence, in
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FIG. 1. Recombination sites associated with gene cassettes. (A) Structure of 59-be. The 59-be from the circular form of the aadB cassette (GenBank
accession no. L06418) is shown. Core sites, labeled as described by Stokes et al. (46), are in boldface type, with their relative orientations indicated by
the arrows below the sequence. Spacer regions are boxed (note that one base at each end of the spacers is also part of the adjacent core site). Inverted
repeat regions are indicated by the arrows immediately above the sequence, and an asterisk indicates the extra base present in 2L compared with the
sequence of 2R. The extents of the LH and RH simple sites and consensus regions are also indicated. The vertical arrow shows the position of the
recombination crossover point. (B) Simple sites with an att/1 spacer found in derivatives of gene cassettes. The simple site at the end of the R151-derived
aadA 10 cassette is compared with those of all known cassettes with single simple sites containing the att/] spacer. The latter are aligned with the 59-be
associated with the complete cassette, and colons indicate identity. The attl1 simple site, with the 7-bp core sites labeled as described by Partridge et al.
(36) in boldface type and the 7-bp spacer boxed (note that A and G belong both to the spacer and the core site), is shown below. The sequence from
the adjacent cassette or 3’ CS is indicated with lowercase letters. The sources of the sequences are as follows: oxal0 and aacA4, GenBank accession no.
7.22590; oxal0, GenBank accession no. U37105; oxal0 and aadA1, GenBank accession no. AF205943; aadAI and oxa9, GenBank accession no. M55547,
aadA1, GenBank accession no. X12870; bla .., and aacA4, GenBank accession no. AF156486; bla ., (equivalent to bla;. ;), reference 15; aadA6 and
aacA4, GenBank accession no. AF453998; and aadA6, GenBank accession no. AF140629.

the linear, integrated form of a cassette the 1R site, except for the 36, 39, 41). The central part of the 59-be has been lost or
initial G residue, is situated at the start of the cassette. Occa- replaced by the spacer from the attl] site of the integron (36).
sionally, incomplete versions of known cassettes containing a However, the effects of these changes on cassette mobility have
single simple site in place of a 59-be have been found (7, 31, 33, not been investigated.
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TABLE 1. Plasmids used in the study

Plasmid Description Relevant phenotype” Reference
R388 33-kb IncW plasmid containing In3; cassette order, dfrB2-orfA Su' Tp" Tra* 1
R388::Tn1404 “Tnl404” transposed into R388 Ap" Cb" Gm" Km" Sm" Sp” Su" 38
pSU2056 1.2-kb BamHI-Rsal fragment from Tn2/ inserted into pUC9 Ap" IntI1™ 27
pRMH260 2.3 kb of In6 from pSa in pACYC184; cassette order, aacA4-aadA2 Cm" Km" Sm" Sp* 10
pRMH328 2.3 kb of In6 from pSa in pACYC184 in opposite orientation to Cm" Km" Sm" Sp* This work

pRMH260; cassette order, aacA4-aadA2
pRMHS549 5.3-kb BamHI fragment of R388::Tn/404 in pACYC184 Ap" Cb" Cm" Gm" Sm" Sp* Su’ This work
pRMHS857 5.3-kb BamHI fragment of R388::Tn/404 in pACYC184 Ap" Cb" Cm" Gm" Sm" Sp* Su" This work
pRMHS549A0xa 10 IntI1-mediated deletion of oxal0 cassette from pRMH549; cassette Cm" Gm" Sm" Sp" Su’ This work
order, aadB-aadAl10
pRMHS549AaadB IntI1-mediated deletion of aadB cassette from pPRMHS549; cassette Ap" Cb" Cm" Sm" Sp" Su’ This work

order, oxal0-aadA10

“ Ap, ampicillin; Cb, carbenicillin; Cm, chloramphenicol; Km, kanamycin; Sm, streptomycin; Sp, spectinomycin; Su, sulfonamide; Tc, tetracycline; Tp, trimethoprim.

In the study described here, we have investigated the possi-
bility that the loss of trimethoprim resistance observed on
formation of R388::Tn/404 could be due to replacement of the
R388 cassette array by the one that is present on pUZS8-R151.
The sequence of the cassette array in R388::Tn/404 was de-
termined, and a new aadA gene cassette was identified.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli DH5« [supE44 AlacU169 ($80 lacZ
AM15) hsdR17 recAl endAl gyrA96 thi-1 relA1] was used to propagate plasmid
DNA. R388::Tnl404 in E. coli strain C600 was kindly supplied by G. A. Jacoby
and was confirmed to confer resistance to ampicillin, gentamicin, kanamycin,
streptomycin, spectinomycin, and sulfamethoxazole. It was transformed into
DH5a with selection for sulfamethoxazole and spectinomycin. Descriptions of
the plasmids used in the study are provided in Table 1. The 5.3-kb BamHI
fragment from R388::Tn/404 was cloned in pACYC184 (8) by standard proce-
dures (42), and plasmids with the insert in opposite orientations were designated
pRMHS549 and pRMHS857. pRMH549A0xal0 and pRMHS549AaadB were ob-
tained by IntI1-mediated deletion of the aadB cassette or the oxal0 cassette,
respectively, from pRMHS857 to give the cassette orderes aadB-aadA10 and
oxal0-aadA10. pPRMH260 contains part of integron In6 from pSa, consisting of
567 bp of the 5" CS, the aacA4-aadA?2 cassette array, and 193 bp of the 3’ CS, in
pACYC184 (10). A Sall-Clal fragment containing this truncated integron was
end filled and ligated to EcoRV-digested pACYC184, and a plasmid with the
integron region in the orientation opposite that in pPRMH260 was designated
pRMH328. Bacteria were routinely cultured at 37°C in Luria-Bertani (LB) me-
dium or on LB agar, with Mueller-Hinton agar being used to select for resistance
to trimethoprim and sulfamethoxazole. The following antibiotics (Sigma) were
added as appropriate at the indicated concentrations: ampicillin, 100 wg ml™;
chloramphenicol, 25 pg ml™'; gentamicin, 2 or 8 pg ml~!; kanamycin, 15 pg
ml~!; streptomycin, 25 pg ml~; spectinomycin, 25 wg ml™'; trimethoprim, 25 pg
ml~!; and sulfamethoxazole, 25 ug ml™'.

DNA isolation and restriction mapping. Plasmid DNA for restriction analysis
and cloning was isolated by an alkaline lysis method (2). 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. EcoRI-digested bacteriophage SPP1 DNA (Ge-
neworks) and HindIII-digested bacteriophage A DNA (Progen) were used as size
markers. Plasmid DNA for sequencing was purified with Wizard maxiprep (Pro-
mega) or Jetstar midi prep (Genomed) kits.

DNA sequencing and analysis. The DNA sequence on at least one strand of
the insert in pRMH857 was determined. The sequences on both strands of the
entire aadA10 gene cassette and of regions where there were differences from
standard or prototype sequences were determined. The sequences of the inte-
gron boundaries were obtained by sequencing R388::Tn/404 directly. Auto-
mated sequencing was performed by the sequencing facility at the Department of
Biological Sciences, Macquarie University, Sydney, New South Wales, Australia,
on an ABI-PRISM 377 sequencer with the Big Dye system. DNA sequences were
assembled by using MacVector (version 6.5) software and AssemblyLIGN soft-
ware (Oxford Molecular). GenBank searches were performed by using the
BLASTN and FastA programs available through WebANGIS (Australian Na-

tional Genomic Information Service). Programs in the Genetics Computer
Group Wisconsin package (version 8.1.0) were used via WAG (WebANGIS
GCGQG) to align and analyze the DNA and protein sequences.

Cassette deletion experiments. Strains for deletion experiments were con-
structed by introducing each of pPRMH857, pPRMH549AaadB, pPRMH549A0xa 10,
or pRMH328 into DH5a containing plasmid pSU2056, which contains the int/]
gene under the control of the lac promoter (27). Cassette deletion experiments
were carried out as described by Collis and Hall (12), except that prior to DNA
isolation the strains were grown in LB medium containing only chloramphenicol
and ampicillin. The DNA recovered was used to transform DH5a by electropo-
ration with selection on plates containing chloramphenicol, and the resultant
colonies were patched onto plates containing chloramphenicol alone and chlor-
amphenicol plus gentamicin, ampicillin, or spectinomycin, as appropriate. The
patches were scored for resistance, and plasmid DNA prepared from selected
patches was digested with restriction enzymes to confirm that a cassette had been
lost.

Nucleotide sequence accession number. The sequence with GenBank acces-
sion no. U37105.1 has been extended to include the sequence of the whole
cassette array in the R388-R151 hybrid plasmid and is now GenBank accession
no. U37105.2.

RESULTS

Movement of resistance determinants. The possibility that
an exchange of gene cassettes was responsible for the loss in
R388 of the trimethoprim resistance accompanying the acqui-
sition of R151 resistance markers (38) was investigated. Inte-
gron In3 in R388 contains characteristic BamHI sites present
in the 5'-CS and the 3’-CS of class 1 integrons plus an addi-
tional BamHI site in the orfA cassette (Fig. 2). As no other
BamHI sites are present in R388 (1), BamHI digestion gives a
large fragment, comprising the bulk of the plasmid, plus frag-
ments of 2.1 and 1.8 kb derived from integron In3 (Fig. 2). In
BamHI digests of R388::Tn/404, the 2.1- and 1.8-kb fragments
of R388 were replaced by a single band of 5.3 kb (Fig. 2). This
indicates that only a single integron is present in R388::Tn1404
and that replacement of the R388 cassette array (dfrB2-orfA)
had taken place. This was confirmed by determining the se-
quences at the boundaries of the integron in R388::Tni/404,
which were found to correspond exactly to those seen between
In3 and the plasmid backbone in R388 (4, 34), indicating that
the new cassettes lie within the boundaries of In3. We suggest
that R388::Tn/404 should in future be described as an R388-
R151 hybrid.

Cassette array in R388-R151. The 5.3-kb BamHI fragment
of the R388-R151 hybrid plasmid containing most of the in-
tegron (Fig. 2) was cloned in pACYCI184 (8) to give
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FIG. 2. Structures of R388 and R388::Tn7404. (A) BamHI digests of R388, R388::Tn/404, and pRM857. Size markers are SPP1 digested with
EcoRI and bacteriophage \ digested with HindIlI, and the sizes of the fragments (in kilobases) are indicated. (B) Maps of integron In3 in R388
and the cassette array in R388::Tn/404. The 5'-CS (thick line) is bounded at one end by IRi and ends with the a#tl] site (narrow open box). Gene
cassettes are shown as open boxes and an adjacent filled box representing the 59-be or simple site. The 3'-CS region present is represented by a
thin line, and flanking regions are shown as dashed lines. BamHI sites (labeled B) and the sizes of the fragments expected on BamHI digestion

are shown.

pRMHS57, and the insert was sequenced (GenBank accession
no. U37105.2). The 5'-CS has the strong version of the P,
promoter (TTGACA-17 bp-TAAACT), which is also found in
In3 (34, 45), and neither the three G residues in In2 that create
the P2 promoter nor the 19-bp duplication of a#t/1 sequence in
In4 (35) was present. As expected, the first cassette was oxal0
(carbenicillin resistance), and the sequence was identical to
that of the sequence with GenBank accession no. U37105.1.
The adjacent aadB gene cassette (gentamicin, kanamycin, and
tobramycin resistance) was found to be identical to the proto-
type version of this cassette (GenBank accession no. L06418)
(6). The third cassette was a novel aadA cassette, designated
aadA10, which confers resistance to streptomycin and specti-
nomycin.

aadA10 gene cassette. The aadA10 cassette of R388—R151 is
822 bp in length, and in place of the typical 59-be configuration
of two simple sites separated by a central region (46), a single
simple site is present. The simple site that would be found in
the circularized version of this aadA10 cassette appears to
consist of the first 6 bp of the 1L core site separated from the
last 6 bp of 1R (found at the beginning of the linear cassette)
by a 7-bp region that corresponds to the spacer of the attl]
simple site (Fig. 1B). Other gene cassettes with similar 1L-aftI1
spacer-1R simple sites are known, and for all of them complete
cassettes with a 59-be have been identified (Fig. 1B) (15, 36).

It is therefore possible that a longer version of the aadA10
cassette with a complete 59-be will be discovered in the future.

The sequence of the aadA10 cassette is most closely related
to those of the aadA6 (88% identical) and aadA7 (83% iden-
tical) cassettes (Fig. 3). There are two possible initiation
codons for the aadA10 gene: an ATG at positions 10 to 12 that
is also found in all of the other aadA cassettes and a GTG at
positions 22 to 24 that is also found in the aadA7 cassette (Fig.
3). A GTG is also present in this position in the aadA1 and the
aadA2 cassettes, and a potential ribosome binding site
(GAGG) is present upstream of this GTG, which appears to be
the major initiation codon for at least aadA2 (3). In the aadA7
and aadA10 cassettes a potential ribosome binding site (GAG)
is present in the equivalent position, and it is possible that the
GTG codon is also the main initiation codon for these genes.
The aadA10 reading frame extends through the part of the
simple site sequence (GTCTAAAACAAAG) found at the end
of the cassette and into the adjacent 3'-CS (the sequence with
lowercase letters in Fig. 3). An in-frame TAA codon in the
3’-CS would terminate translation in this particular configura-
tion, yielding a 6-amino-acid terminal extension (the sequence
with lowercase letters in Fig. 4). The terminal extension would
differ if the cassette was in another position. In the aadA6
cassette, which has a complete 59-be, the reading frame ends
within the 59-be, whereas in the aadA7 cassette, deletion of a
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& TTAGACATCA'IG%GTAAL.GCAGT1‘-\CCCGCCGAGATTTCGGTACAGCTATC?-\CTGGCTCT’“AA 730 bp-

10 TTAGACATCMG‘%GAAACACAGTG:CCGCCGAGAT"‘TCGGTACAGTTATCACAGGCACTCAA 730 bp-

1L 2L

2R

6 AGTGCCATGCCAGTGATGTCTAACAATTCATTCAAGCCGACGCCGCT TCGCGGCGCGGCTMTCAGGCG

10 GGTGCCACG CCAATGATGTCTAA_'!:tagatg\,actaag\,acataa ....................

1L 1R

FIG. 3. Alignment of sequences at the ends of the aadA6, aadA7, and aadA10 cassettes. Colons indicate identity between aligned sequences.
Possible initiation codons (marked by the letter M) and stop codons are indicated by letters in larger type. Potential ribosome binding sites are
underlined. Core sites in the 59-be are in boldface type and are labeled as described in the legend to Fig. 1. The aadA6 and aadA7 sequences shown
end at the cassette boundary, and lowercase letters in the aadA10 sequence lie outside the cassette boundary and represent the 3'-CS sequence.
Bases corresponding to the attl] spacer are boxed. The sources of the sequences are as follows: aadA46, GenBank accession no. AF140629; aadA7,

GenBank accession no. AF224733.

single base has brought a TGA codon preceding the start of the
59-be into frame (Fig. 3).

The aadA10 product, AadA10, is an aminoglycoside (3")(9)-
adenylytransferase [AAD(3")(9)], as expected from adenyla-
tion studies (26). It is most closely related to AadA6 (85%
identical; GenBank accession no. AF140629) (32) and AadA7
(80% identical; GenBank accession no. AF224733) (29).
AadA10 is also related to all of the other cassette-encoded
AadA proteins (59 to 75% identical), and Fig. 4 shows the
alignment of the amino acid sequences of these proteins, which
fall into groups of more closely related sequences. AadAo6,
AadA7, and AadA10 are 80 to 85% identical to each other,
AadAl and AadA2 are 86% identical, and AadA4 and AadAS5S
are 95% identical, while AadA?9 is less than 62% identical to
any of the other proteins. One hundred twelve amino acids are
completely conserved in all of the cassette-encoded AadA pro-
teins (sequences in boldface type in Fig. 4), and at least some
of these conserved residues are likely to be important in en-
zyme function.

Database searches with the sequence of the AadA10 protein
also identified several related proteins that are not encoded by
a cassette. One of these, from a streptomycin-resistant mutant
of Corynebacterium acetoacidophilum (GenBank accession no.
AJ278607) (J. Deb and G. Karan, Abstr. 100th Gen. Meet.
Am. Soc. Microbiol., 2000), is 74% identical to that of AadA10
and differs by only 1 amino acid (V31M in Fig. 4) from AadA2
if the GTG codon is used as the start codon for the aadA2 gene
(position 5 in Fig. 4). The nucleotide sequences of the aadA42
gene and the C. acetoacidophilum aadA gene are also 95%
identical over the length of the reading frame, with the last 437
of the total 779 nucleotides being 100% identical. However,
this similarity drops away completely on either side of the
reading frame, and no vestige of a 59-be is detectable. This
high degree of identity suggests that the C. acetoacidophilum

aadA gene could represent the direct precursor of the one in
the aadA2 cassette.

Other Aad proteins that are not cassette associated are less
closely related to AadA10 (29 to 45% identical; 51 to 62%
similar). These include the Salmonella enterica serovar choler-
aesuis AAD(3")(9) protein (GenBank accession no. X68089),
which confers resistance to both streptomycin and spectinomy-
cin (25); the AAD(9) spectinomycin adenylyltransferases from
Tn554 of Staphylococcus aureus (GenBank accession no.
X02588) (30), Enterococcus faecalis (GenBank accession no.
M69221) (24), and Legionella longbeachae (GenBank accession
no. AF288536); and a number of other proteins (GenBank
accession nos. AF408195, AL392149, and AE007309) that are
predicted to be aminoglycoside-modifying enzymes on the ba-
sis of the similarities of their sequences to that of the S. aureus
AAD(9) protein. The amino acids that are conserved among
all of these proteins are boxed in Fig. 4.

Activity of the aadA10 simple site. A typical active 59-be
consists of two simple sites separated by a central region (46),
and deletion of either the LH or the RH simple site of the
aadAl 59-be has been shown to reduce the activity of this
recombination site to undetectable levels in conduction assays
(27). Removal of 1L from the aadB 59-be was also found to
dramatically decrease the activity of this 59-be in conduction
assays (19). On the basis of these findings, it seemed unlikely
that the single simple site configuration found in the aadA10
cassette of R388-R151 would function efficiently in recombi-
nation. To determine whether this simple site is functional,
IntI1-mediated excision of cassettes from pRMHS857 was fol-
lowed by assaying for loss of the associated antibiotic resis-
tance determinants (Table 2). Deletion of the aadA10 cassette
was not detected in over 600 colonies screened, while aadB, the
central cassette in the array, was frequently excised and the
first cassette, oxal0, was occasionally lost. Loss of the aadA10
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4 MGEFFPAQISEQLSHARGVIERHLAATLDTIHLFGSALDGGLKPDSDIDLLVTVSAAPNDSLROALMIDLLEVSSPPGDG
MGEFFPAQVEFKQLSHARAVIERHLAATLDT THLEGSATIDGGLKPDSDIDLLVTVSAAPNDSLROALMIDLLKVSSPPGDG

9 MMSNSIHTGISRQLSOARDVIKRHLASTLKATHLYGSAIDGGLKPYSDIDLLVTVDARLDEATRRSLMIDFLNISAPPCES

M-——————- S-QLS----VI-RHL--TL---HL-GSA-DGGUKP-SDIDLLVTV-——————~ R-AL}-DLI--g--PG--

B1 ] . L E : . . 160
10 RVLRALEVTIVVHSDIVPWRYPARRELQFGEWORKDILAGIFEPATTDVDLAILLTKARQHSLALAGSAAEDFFNPVPES
& EALRALEVTIVVHGDVVPWRYPARRELQFGEWORKDILAGIFEPATTDVDLAILLTKVROHSLALAGSAAEDFFNPVPEG
7 KALRALEVTIVVHSDIVPWRYPARRELQFGEWORKDILAGIFEPATTDSDLAILLTRAKQHSVVLAGSAAKDLFSSVPES

1 EILRAVEVTIVVHDDIIPWRYPAKRELQFGEWORNDILAGIFEPATIDIDLAILLTKAREHSVALVGPAAEELFDPVPEQ
2 ETLRAIEVTLVVHDDIIPWRYPAKRELQFGEWORNDILAGIFEPAMIDIDLAILLTKAREHSVALVGPAAEEFFDPVPEQ

4 GPWRPLEVTVVARSEVVPWRYPATIRELQFGEWLRHDILSGTFEPSVIDHDLAILLTKARQHSLALLGFPSAVTFFEFVPNE
5 GTWRPLELTVVARSEVVPWRYPARRELQFGEWLRHDILSGTFEPAVLDHDLAILLTKARQHSLALLGFPSAATFFEPVPEE

9 SILRPLEVTVVACNEVVPWRYPARRELQFGEWLREDILEGVFEPAALDADLAILITKARQHSIALVGPVAQKVFMPVPEH
-—-R--EVT-V--—-—- PWRY[PA-RELQFIGEW-R-DIL-G-FEPA--D-DLAILLTKAR-HS-AL-|G--A---F-PViR- -

161 . = g . . . - 240
10 DLFEKALADTLEKLWNSQOFDWIGDERNVVLTLSRIWY SAATGKIAPKDVAANWVMERLPVOHOPVLLEARQCAYLGOGEDCLA
6 DLFEKALSDTLELWNSQPDWEGDERNVVLTLSRIWYSAATGKIAPKDIVANWAMERLPDOHKPVLLEARQAYLGOGEDCLA
7 DLFEALADTLELWNSPPDWAGDERNVVLTLSRIWYTAATGHIAPKDVAATWAMARLPAQHOPILLNAKRAYLGOEEDYLP

1 DLFEALNETLTLWNSFPPDWAGDERNVVLTLSRIWYSAVTGKIAPKDVAADWAMERLPAQYQPVILEARQAYLGOEEDRLA
2 DLFEALRETLELWNSQOFDWAGDERNVVLTLSRIWYSAITGKIAPKDVAADWATIKRLPAQY(OPVLLEAKQOAYLGOKEDHLA

4 HFSKALFDTIAQCWNSESDWEGDERNVVLALARIWYSASTGLIAPKDVAAAWVSERLPAEHRPITICKARAAYLGSEDDDLA
5 HFSKALFDTIAQOWNAESDWKGDERNVVLALARIWYSASTGLIAPKDVAAAWYVSERLPAEHRPLICKARAAYLGSEDDDLA

9 DFLOVLSDTLELWNTHEDWENEERNIVLTLARIWYSTETGGIVPKDVAAEWVLERLPAEHKPILVEARQAYLGLCKDSLA

----AL--T- -WN---DW-GDERNVVL-L-RIWYsA-ftG-1APKDVAA-W---RLP}---P----A--AYLG---D-LA

241 3 ; ¢ ¥
10 SLTDQLEAFVHFVEHEATKLLGATPMMSKTKldalst*

6 SRADQLAAFVHFVKHEATKLLSAMPVMSNNSFKPTPLRGAA*
T ARADQVAALIKEFVKYEAVELLGASQ*

1 SRADQLEEFVHYVKGEITEVVGE*
2 SRADHLEEFIRFVKGEIIKSVGK*

4 MRVEETAAFVRYAKATIERILR*
MEVEETAAFVRYRRKATIERILR*

9 LRADETSAFIGYAKSAVADLLEKRKSQTSHICDGAKNV*

FIG. 4. Alignment of cassette-encoded AadA proteins. The sequences are identified on the left by the numeral in the protein name, and more closely
related sequences are grouped. The first ATG after the beginning of the cassette has been used as the start codon, although AadAl, AadA2, AadA7,
and AadA9 also have a second potential start codon (GTG) which corresponds to the valine at position 5. Residues identical in seven or all eight (boldface
type) sequences are indicated in the consensus sequence shown below. Residues that are also conserved in the Aad proteins from the sequences with
GenBank accession nos. X68089, X02588, M69221, AF288536, AF408195, AL392149, and AE007309 are boxed. The protein sequences are translations
of DNA sequences in AadAl (GenBank accession no. X12870), AadA2 (GenBank accession no. X68227), AadA4 (GenBank accession no. Z50802.3),
AadA5 (GenBank accession no. AF137361), AadA6 (GenBank accession no. AF140629), AadA7 (GenBank accession no. AF224733), and AadA9
(GenBank accession no. AX135967 or AJ420072). The AadA3 (GenBank accession no. AF047479) and AadA8 (GenBank accession no. AF326210)
proteins have not been included in the analysis, as they can be considered hybrids of AadA1l and AadA2.
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TABLE 2. Intl1-mediated excision of gene cassettes
% Colonies with cassettes deleted
Plasmid Cassette array No. of colonies screened
1 2 1 and 2 3
pRMHS549 oxal0-aadB-aadA10 1.1 25.5 1.1 <0.2 663
pRMHS549A0xa 10 aadB-aadA10 0.2 <0.1 <0.1 NA“? 1,069
pRMH549AaadB oxal0-aadA10 <0.1 <0.1 <0.1 NA 1,034
pRMH328 aacA4-aadA2 0.3 30.4 0.5 NA 382

“ NA, not applicable.

cassette from derivatives of pRMHS857 containing only two
cassettes (aadB-aadA10 or oxal(0-aadA10) was not detected in
over 1,000 colonies screened, and the first cassette was lost
infrequently. When another array containing two complete
gene cassettes, aacA4-aadA2, was examined, the first cassette,
aacA4, was again lost at very low levels, but the aadA2 cassette
in the second position was frequently excised, which is in con-
trast to the lack of excision of the incomplete aadA10 cassette
from the equivalent position. Together, these results indicate
that the simple site present in the aadA10 cassette is not func-
tional at a significant level, at least for IntI1-mediated excision
reactions.

DISCUSSION

We have shown that the resistance genes present on R151-
pUZS8 were translocated to R388 by exchange of the gene
cassette region between two integrons rather than by transpo-
sition. A similar exchange of cassette arrays was recently found
to account for the movement of resistance markers from the
chromosome of the P. aeruginosa Dalgleish strain to R388 via
a pUZS8 intermediate, forming the plasmid known as
R388::Tni405 (34). Although movement of resistance markers
from R151-pUZS8 to R388 was recA4 independent in the original
study (38), the investigators suggested that the gene exchange
may have occurred by homologous recombination between
identical regions present in both plasmids, i.e., the 5’ CS and
the 3" CS. An alternate explanation is that IntIl-mediated
site-specific recombination may have been involved. If this was
the route, two site-specific recombination events must have
occurred, one at each extremity of the two cassette arrays.

However, the findings reported here do not preclude the
existence of Tn/404 as a transposon. Philippon et al. (38) also
used pUB5573, a sulfonamide-sensitive PstI deletion derivative
of R388 that has lost part of the orfA cassette and part of the
3" CS region, instead of R388 as the recipient for R151-pUZS8
resistance markers. The putative pUB5573::Tn1404 transcon-
jugants arose in a rec™ strain but were about 9.6 kb larger than
pUBS5573, retained trimethoprim resistance, and had acquired
sulfonamide resistance together with the other resistance
markers (26, 38). This suggests that a transposable unit carry-
ing all of the resistance determinants of R151 may have trans-
located to pUBS5573 in this case. The size of this unit is similar
to those of class 1 integrons such as In5 (9 kb), In2 (11 kb), and
In4 (8 kb), which all carry the sull gene (4, 35), and it is
possible that Tn/404 corresponds to a class 1 integron. Al-
though most class 1 integrons lack a complete set of transpo-
sition genes and are unable to transpose themselves (4, 35, 37),
if they have intact terminal inverted repeats they may be

moved in trans by appropriate transposition proteins that hap-
pen to be present in the same cell. Indeed, integron In33,
which corresponds to both Tn2527 and Tnl405, can move by
transposition catalyzed by transposition proteins supplied in
trans (44). Thus, it is possible that movement of an integron
from R151-pUZS8 to pUB5573 created pUB5573::Tnl404.
However, this event could have occurred only if the R151-
pUZS8 recombinant carries the appropriate genes for transpo-
sition functions. In this regard, it would be interesting to look
at the structures of pUB5573::Tn/404 and of the integron in
the original plasmid R151 to determine if transposition genes
are present.

The aadA10 cassette found here may not represent the com-
plete cassette, as a single simple site was found in place of a
59-be. Intl1-mediated excision of this incomplete aadA10 cas-
sette was not detected, and this is consistent with previous
observations that deletion of all or part of either the LH or the
RH simple site from a 59-be reduces the activity of the 59-be
to undetectable levels (19, 27). Similar observations have been
made in the case of the att/] recombination site, which consists
of one simple site plus two additional, but directly oriented,
integrase binding domains (13). In cointegration assays, the
attl1 simple site alone is active at low levels in reactions with a
complete attl] site but is not an efficient recombination site in
reactions with the 59-be (21, 36). Further experiments are
needed to determine if single simple sites derived from the
59-be, such as the one found in the aadA10 cassette, are able
to participate in integration reactions.

The loss of the central region of the 59-be appears to have
effectively fused the aadA10 cassette to the 3'-CS, with the
consequence of fixing it as part of the class 1 integron back-
bone. There are four further examples in which the final gene
cassette in an array is likely to be fused to the 3'-CS as a result
of the replacement of a complete 59-be by a simple site (33, 39,
41). However, the structures of these simple sites differ from
that of the one found in the R388-R151 aadA10 cassette (Fig.
5). The 1L and 1R sites of the original 59-be are present, but
they are separated either by the RH spacer found in the com-
plete 59-be or by the LH spacer. Thus, a 59-be can be con-
verted to a single simple site in more than one way. We have
previously suggested how simple sites with the a#tll spacer
could have been created (36), and the role of the integron-
encoded integrase in these processes deserves investigation.

The other cassette derivatives in which the central part of
the 59-be is replaced by the attI1 spacer sequence have all been
fused to a second cassette (Fig. 1B). Although these partial
59-be are presumably also nonfunctional, in these cases the
first cassette is likely to retain mobility by moving together with
the downstream cassette as a single two-gene unit. Conversion
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aadAl/3'-CS

aadAl 59-be

aadAz/3'-C3

aadAZ2 59-be

aadAz/3'-C3

aadA2 59-be

aadA10 CASSETTE IN Tni404

CTCARGCGttagatgca-3'-CS

CTCAAGCGEttrrrynnn

CTCCGGCGEttagatgca-3'-CS

TGATGTCTAACAATTCGITCAAGCCGA-14 bp-GCGGCTTAA

*
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CTCCGGCGttrrrynnn

........ ttagatgca-3'-C3

TGATGTCTAA
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TTCAAGCCGA-14 bp-GCGGCTTAACTCCGGCGEtrrrynnn
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blayy. ,/3'-CS

blayy., 59-be

1L 2L

TGCGECAT AR ATGAAG. & v v vttt it ittt eenasneennnecnnsnna ttagatgca-3'-C3

TGCGGCATAACATGAAGTTGCAGCCGA-26 bp-GCGGCTGAACTTCGGCGEtrrrynnn

2R 1R

FIG. 5. Simple sites containing spacers derived from 59-be. The sequences at the ends of the aadAI and aadA2 cassettes with the complete
59-be and derivatives with simple sites are aligned. Colons indicate identity. Core sites are in boldface type and are labeled as described in the
legend to Fig. 1, and spacers are boxed. The sequence from the adjacent 3'-CS or gene cassette is indicated with lowercase letters. The stop codons
of the aadA1 and aadA2 genes are marked by asterisks. The sources of the sequences are as follows: aadA 1, GenBank accession no. X12870; aadA2,
GenBank accession no. X68227; aadA1l and 3' CS, GenBank accession no. AJ278514; aadA2 and 3’ CS with RH spacer, GenBank accession no.
AF156486; aadA2 and 3' CS with LH spacer, GenBank accession no. AF227505; bla,,,,, and 3’ CS, GenBank accession no. AF302086; and

blay;y., GenBank accession no. AF191564.

of the remaining 59-be in a fused cassette to a simple site could
potentially extend such cassette fusions to include three or
more genes. The genes situated in a cassette array usually
constitute an operon, as they are transcribed together from the
P. promoter within the integron (10). Furthermore, as the
numbers, orders, and identities of the cassettes in the array can
be varied by adding or removing cassettes, a vast number of
different operons can potentially be created. Conversion of the
59-be within a cassette array to simple sites would reduce the
flexibility of an array of functional gene cassettes by fixing the
cassette genes in a certain order. This cassette fusion process
could therefore have consequences in terms of creating stable
operons from the more flexible operons that the cassette arrays
within integrons represent. It may also have played a role in the
creation of the 3’-CS of class 1 integrons.

It should be noted that the putative Tn/404 transposon of
R151 is not the same as the transposon recently designated
Tnl404 (GenBank accession nos. AF157797 to AF1577801) by
Schnabel and Jones (43).
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