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Twenty Acinetobacter baumannii strains resistant to various antibiotics were analyzed for integron content
and sequences of the amplification products. Sixteen clinical isolates had a class 1 integron, 2 contained an
additional class 1 or class 2 integron, but no class 3 integron was detected. Thirteen strains had integrons with
a single cassette: aac(3)-Ia (9 strains), ant(2")-Ia (2 strains), or aac(6')-Ib (2 strains); 1 had aac(6')-Ib and
oxa2(0 cassettes and an unknown gene; and 1 had an integron containing ant(2")-Ia and an oxa3 cassette
truncated by IS6100. The remaining strains harbored class 1 integrons with gene cassettes previously found in
Enterobacteriaceae. One integron had a hybrid structure composed of intI2 and the 3’ conserved segment of
class 1 integrons. These data indicate that integrons play a major role in multidrug resistance in Acinetobacter.

Integrons are genetic elements that can integrate, by site-
specific recombination, gene cassettes, usually antibiotic resis-
tance genes (5). Three main classes of integrons have been
described (22). All have a 5’ conserved segment, including an
intl gene encoding an integrase and an aftl recombination site,
but have distinct 3’ conserved segments. In the class 1 inte-
grons, the 3’ conserved segment includes three open reading
frames (ORFs)—qacEAI, a deletion derivative of the antisep-
tic resistance gene gacE; the sull sulfonamide resistance gene;
and ORFS, of unknown function—or #ni genes, as in Tn402
(18). The second class of integrons was found in transposon
Tn7 and its derivatives, and its 3’ conserved segment contains
five tns genes involved in the movements of the transposon. A
single class 3 integron has been reported to date, but its 3’
conserved segment has not been characterized (2). Cassettes
usually include a single ORF and, downstream, an attC site
which is an imperfect inverted repeat sequence related to a
60-bp consensus sequence (4). The movements of cassettes are
catalyzed by the integrase, which can excise or integrate cas-
settes by site-specific recombination between two specific se-
quences, either a#tl and attC or two attC sites. Cassette mobility
results in the dissemination of resistance genes, and more than
50 cassettes have been described for gram-negative bacteria
(5). This genetic flexibility allows numerous cassette rearrange-
ments under antibiotic selective pressure, and study of these
various assortments can lead to a better understanding of in-
tegron evolution. Acinetobacter, in particular Acinetobacter
baumannii, is increasingly responsible for nosocomial infec-
tions in intensive care units and is often resistant to multiple
antibiotics (27). Integrons have already been found in this
species, but their cassette content has not been fully charac-
terized (3, 25). The aim of our study was to search for the
presence of the three classes of integrons in multidrug-resis-
tant A. baumannii clinical isolates and to characterize their
gene cassette assortments.
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MATERIALS AND METHODS

Bacterial strains. Twenty clinical A. baumannii strains isolated between 1992
and 1998 were collected because of their multiresistance to antibiotics, in par-
ticular to aminoglycosides, sulfonamides, chloramphenicol, and B-lactams (Table
1). Seventeen strains were isolated from French hospitals, 1 was from Greece,
and 2 were from the Czech Republic. Bacteria were grown in brain heart infusion
broth (Biomerieux, Marcy I'Etoile, France) or on Mueller-Hinton agar (Bio-
merieux). Susceptibility to ampicillin, ticarcillin, ceftazidime, gentamicin, isepa-
micin, amikacin, tobramycin, kanamycin, streptomycin, spectinomycin, rifampin,
chloramphenicol, and sulfonamide was tested by disk diffusion on Mueller-
Hinton agar. The susceptibility tests were interpreted according to Comité de
I’Antibiogramme de la Société Francaise de Microbiologie recommendations
(1). Incubations were done at 37°C.

Preparation and analysis of DNA. Total DNA was prepared by using a Qiamp
tissue kit (Qiagen, Inc., Chatworth, Calif.). Small- and large-scale plasmid DNAs
were prepared as described previously (24). DNA for PCR was obtained by
boiling as described previously (16). Electrophoresis was performed with an
0.8% agarose gel (GIBCO BRL, Cergy Pontoise, France) and a Tris-borate-
EDTA buffer system.

Genetic techniques. Escherichia coli JM83 was transformed as described pre-
viously (24). Selective antibiotic concentrations were as follows: ampicillin, 100
png/ml; and tobramycin, 10 pg/ml.

DNA techniques. Integrons were screened for by PCR with three sets of
primers specific for the intl1, intI2, and intI3 genes and mapped with primers
complementary to conserved segments (Table 2). When the 3’ conserved seg-
ment was missing, the cassettes were cloned with selection for antibiotic resis-
tance. Amplification was performed with 50-ul reaction mixtures consisting of
Taq or Pfu DNA polymerase buffer, 1.5 mM MgCl,, 200 pM deoxynucleoside
triphosphates, 50 pmol of each primer (Isoprim, Toulouse, France), 1 U of Tag
or 2 U of Pfu DNA polymerase, and 25 ng of DNA by use of model 9600 DNA
thermal cycler (Perkin-Elmer Cetus, Norwalk, Conn.). The PCR products were
purified using a Qiaquick PCR purification kit (Qiagen) as recommended by the
manufacturer. For strains with two PCR products, the two fragments were
separated by agarose gel electrophoresis and purified using a Qiaquick gel
extraction kit (Qiagen).

The 3.8-kb BamHI fragment of BM4430 was cloned in pUCI8 and trans-
formed into E. coli JM83 with selection on tobramycin (28).

Random amplified polymorphic DNA (RAPD) analysis was performed with
the A5 10-mer primer (5'GCCGGGGCCT3'; Bioprobe Systems, Montreuil-
sous-Bois, France) as described previously (17). RAPD fingerprints were arbi-
trarily designated by letters.

DNA sequencing. The PCR-amplified and cloned fragments were sequenced
by using the ABI PRISM dRhodamine terminator protocol as recommended by
the manufacturer (Perkin-Elmer Applied Biosystems, Les Ulis, France). Prod-
ucts were analyzed with an ABI PRISM 310 automated DNA sequencing appa-
ratus (Perkin-Elmer Applied Biosystems).

Computer analysis of sequence data. The nucleotide sequence analysis pro-
cedure was obtained online over the Internet at the National Center for Bio-
technology Information website (http://www.ncbi.nlm.nih.gov).

Enzymes and chemicals. T4 DNA ligase (Pharmacia, St. Quentin-en-Yvelines,
France) and restriction endonuclease BamHI (Boehringer, Meylan, France)
were used according to the recommendations of the manufacturers. Tobramycin
and ampicillin were obtained from Sigma Chemical Co. (St. Louis, Mo.). De-
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics®

Source or reference

Strains

Acinetobacter baumannii
BM4420 Ak Cm Gm Ip Km Su Tc Clinical strain from France
BM4421 Ak Cm Gm Ip Km Rif Sp Su Tc Tm Clinical strain from France
BM4422 Ak Cm Cz Gm Ip Km Sm Sp Su Tc Tm Clinical strain from France
BM4423 Ak Cm Gm Is Km Sm Sp Su Tc Tm Clinical strain from France
BM4424 Ak Cm Gm Ip Km Su Tc Clinical strain from France
BM4425 Cm Gm Km Sm Sp Su Tc Clinical strain from France
BM4426 Ak Cm Cz Ip Km Sm Sp Su Tc Tm Clinical strain from France
BM4427 Ak Cm Ip Km Sm Sp Tc Clinical strain from France
BM4428 Ak Cm Ip Km Gm Sm Sp Su Clinical strain from France
BM4429 Cm Cz Km Su Tc Tm Clinical strain from France
BM4430 Ak Cm Gm Ip Km Sm Sp Su Tm Clinical strain from France
BM4431 Ak Gm Ip Km Sm Sp Su Tc Clinical strain from France
BM4432 Ak Cm Cz Gm Ip Km Sm Sp Su Tm Clinical strain from France
BM4433 Cm Sm Sp Clinical strain from France
BM4434 Cm Gm Km Sm Sp Su Tc Tm Clinical strain from France
BM4435 Cm Gm Km Sm Sp Su Tc Clinical strain from France
BM4436 Cm Gm Km Sm Sp Su Tc Tm Clinical strain from France
BM4437 Ak Gm Ip Km Sm Su Tc Clinical strain from France
BM4438 Ak Cm Cz Gm Ip Km Sm Sp Su Tc Clinical strain from Czech Republic
BM4439 Cm Cz Gm Km Rif Tm Tc Clinical strain from Czech Republic

Escherichia coli JM83 ara® (lac-proAB) rpsL [®80A(lacZ)M15] 28

Plasmids
pUC18 Tra™ Mob™ Ap 28
pAT719 Tra~ Mob™ Ap Tm Gm 3.8-kb BamHI fragment of BM4430 cloned in pUCI8

“ Abbreviations: Tra™, non-self-transferable; Mob ™, nonmobilizable; Ak, amikacin resistance; Cm, chloramphenicol resistance; Cz, ceftazidime resistance; Gm,
gentamicin resistance; Ip, isepamicin resistance; Km, kanamycin resistance; Rif, rifampin resistance; Sm, streptomycin resistance; Sp, spectinomycin resistance; Su,

sulfonamide resistance; Tc, ticarcillin resistance; Tm, tobramycin resistance.

oxynucleoside triphosphates were obtained from Boehringer. Tag DNA poly-
merase was purchased from GIBCO BRL, and Pfu DNA polymerase was ob-
tained from Stratagene Cloning Systems (La Jolla, Calif.). Antibiotic disks were
obtained from Sanofi Diagnostics Pasteur (Marnes-la-Coquette, France).

Nucleotide seq e accessi bers. The 403-bp ORFO cassette from
BM4426 (see Results and Discussion), the class 1 integron from BM4430, and
the class 2 hybrid integron from BM4431 have been deposited in the GenBank
data library (Los Alamos, N.Mex.) under accession no. AJ251519, AJ289190, and
AJ289189, respectively.

RESULTS AND DISCUSSION

Detection of intI genes. The presence of integrons was de-
tected by amplification of an internal fragment of the integrase
genes in 80% (16 of 20) of A. baumannii isolates (Table 3),

indicating that these elements are widely spread among mul-
tiresistant isolates of this species. Among the 20 clinical iso-
lates, 16 contained an int/l gene. The intI2 gene of class 2
integrons was detected in strain BM4431, which also contained
a class 1 integron. The intI3 gene was not found. Previous
studies have reported a high frequency of multiresistant gram-
negative isolates containing integrons (8, 9, 12). Class 1 inte-
grons were found in 68% of worldwide nosocomial isolates of
A. baumannii (25). A study of 100 clinical isolates of 4. bau-
mannii from Chilean hospitals indicated that more than 50%
of the isolates harbored an intll or an intI2 gene (3).
Mapping of class 1 integrons. The cassette assortments in all
the strains were characterized by PCR with the 5'-CS and

TABLE 2. Oligodeoxyribonucleotides used for amplification

Primer Sequence Strand Location

intI1L 5"-ACATGTGATGGCGACGCACGA-3' + intll

intlIR 5"-ATTTCTGTCCTGGCTGGCGA-3' - intl]

intI2L 5'-CACGGATATGCGACAAAAAGGT-3' + intl2

intI2R 5'-GTAGCAAACGAGTGACGAAATG-3’ - intl2

intI3L 5’-GCCTCCGGCAGCGACTTTCAG-3’ + intl3

intI3R 5'-ACGGATCTGCCAAACCTGACT-3’ - intl3

5'-CS 5'-GGCATCCAAGCAGCAAG-3’ + 5’ conserved segment of class 1 integrons
3'-CS 5'-AAAGCAGACTTGACCTGA-3’ - 3’ conserved segment of class 1 integrons
int2S 5'-ACCTTTTTGTCGCATATCCGTG-3' + 5" conserved segment of class 2 integrons
intCS2 5'-TACCTGTTCTGCCCGTATCT-3' - tmsE (3" conserved segment of class 2 integrons)
ORFL 5"-GTCCGACATCCACGACGTCTGATC-3’ + qacEAI

SulR 5'-CGAACCTGCTAACTAGGTA-3’ - sull

aadAL 5'-GTTGTGCACGACGACATCATTCC-3' + ant(3")-la

ORFR 5'-GTCGCTGCAACTCGCGACT-3’ - ORF5

tnpL 5’-ACACCCTCGGCTACCACCTC-3' - tnpM
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TABLE 3. RAPD types, PCR amplification products, and cassette contents of A. baumannii clinical isolates

Size (bp) of the

Class 1 integron PCR product
Strain RAPD type intl gene 3" conserved obtained with Gene content and order (accession no.)”
segment primers 5'-CS
and 3'-CS
BM4420 A 1 + 500 aac(3)-Ia [aacCI] (X15852)
BM4421 B 1 + 500 aac(3)-la (X15852)
BM4422 C 1 + 700 ant(2") [aadB] (L06418)
BM4423 C 1 + 700 ant(2") (L06418)
BM4424 D 1 + 500 aac(3)-la (X15852)
BM4425 B 1 + 500 aac(3)-la (X15852)
BM4426 B 1 + 2,400 aac(6")-Ib [aacA4]-ORFO-0xa20 (X60321-AJ251519-AF024602)
BM4427 E None -
BM4428 B 1 + 500 aac(3)-la (X15852)
BM4429 D 1 + 800 aac(6")-Ib (X60321)
BM4430 F 1 - None ant(2")-0xa3A-1S6100-1S26-tnpMA (AJ289190)
BM4431 G 1 + 500 aac(3)-la (X15852)
BM4431 G 2 - dfrA1-sat-ant(3")-la [aadAI] (AJ289189)
BM4432 H 1 + 500 aac(3)-la (X15852)
BM4433 D None -
BM4434 D 1 + 800 aac(6")-Ib (X60321)
BM4435 B 1 + 500 aac(3)-la (X15852)
BM4436 I 1 + 4,000 ant(2")-cmlAI-oxal0-ant(3")-la (L06418-U12338-U37105-X12870)
BM4436 I 1 + 1,300 dfrB1-aadA6 (U36276-AF140629)
BM4437 J None -
BM4438 B 1 + 500 aac(3)-la (X15852)
BM4439 K None -

¢+, yes; —, no.

b Alternative nomenclature for aminoglycoside-modifying enzymes is shown in brackets.

3'-CS primers and by sequencing of the amplification products
(Table 3). Thirteen strains had integrons containing a single
cassette which encoded an AAC(3)-Ia, an AAC(6')-Ib, or an
ANT(2") aminoglycoside-modifying enzyme. Previous studies
reported integrons with a single cassette, often an ant(3")-Ia
gene, in various gram-negative bacteria (8, 13, 23, 25). In this
study, the ant(3")-Ia gene cassette was not detected alone, but
nine strains had an integron, not reported so far, carrying only
aac(3)-la. Most strains were resistant to both streptomycin and
spectinomycin, suggesting an aminoglycoside adenylyltrans-
ferase activity. An ant(3")-Ia gene cassette (GenBank acces-
sion no. X12870) was detected only in strains BM4431 and
BM4436. Although most ant(3")-Ia genes are known to be part
of integron cassettes, these genes have also been found outside
integrons, such as in R538-1 (6). Another explanation is that an
ant(3")-la gene cassette was included in a large integron which
could not be detected by our PCR protocol.

Total DNA from A. baumannii BM4436 yielded two PCR
products. The first fragment, 1.3 kb, contained two known
cassettes, dfrB1 and aadA6; the second fragment, approxi-
mately 4 kb, contained a new assortment of four known cas-
settes, ant(2"), cmlAl, oxal0, and ant(3")-1a.

The integron in BM4426 was found to contain three cas-
settes (Table 3). The upstream one, adjacent to the 5’ con-
served segment, was aac(6')-Ib. The most downstream one was
the oxa20 gene, recently found in an integron from Pseudomo-
nas aeruginosa (15). These two cassettes were separated by a
466-bp sequence containing an ORF, designated ORFO, of
362 bp and displaying no homology with known genes. ORFO
was followed by an a#tC site, indicating that it was part of a
cassette. Other ORFs of unknown functions have also been
found in integrons (19). A. baumannii BM4426 and BM4436
contained, respectively, oxa20 and aadA6 cassettes, already
described for P. aeruginosa (15), confirming that integrons may

be transferred via plasmids and/or transposons between these two
species.

The integron in BM4430. Class 1 integrons lacking a 3’
conserved segment have been reported (21). In our study, the
3’ conserved segment was strongly linked to class 1 integrons,
since it was detected by PCR with primers ORFL and SulR in
15 out of 16 strains. The deleted integron in the remaining
strain, BM4430, was characterized by cloning with selection for
tobramycin resistance. Analysis of the sequence of the 3.8-kb
BamHI insert of the recombinant plasmid obtained, pAT719,
showed that the integron had an unusual organization, with an
ant(2") gene cassette and, downstream, the first 51 bases of an
oxa3 cassette (Fig. 1A). The oxa3 cassette was truncated by a
copy of IS6100, an insertion sequence found in Mycobacterium
fortuitum (11). In BM4430, 1S6100 was followed by a 14-bp
sequence and a copy of IS26 (14) and a portion of the tmpM
gene, proposed to encode a modulator protein which enhances
Tn2] transposition and suppresses the resolution of cointe-
grate replicons in vivo (7). The location of the mpM gene in
BM4430 is unusual compared to the structure of the integron
In2 of Tn21, in which this gene is located between the int/1 and
tnpR genes, upstream from the 5’ conserved segment (10). The
lack of an amplification product of PCR with primers intI1R
and tnpL suggests that the sequence at the right end of the
truncated tnpM gene is not the beginning of a second integron.

Mapping of class 2 integrons. A. baumannii BM4431 yielded
two PCR products with primers specific for the int/I and intl2
genes (Table 3). To characterize these integrons, multiplex
PCR with primers 5'-CS and 3'-CS, specific for the class 1
integrons, and primers int2S and intCS2, specific for the class
2 integrons, was performed and yielded two amplification
products. The first one, 500 bp, contained a class 1 integron
with a single aac(3)-Ia cassette (Table 3). The second one, 2.5
kb, contained the intI2 gene and the dfrAl and sat cassettes,
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| 1 kb :
(A)
BamHI BamHI
intll ant(2”’) I1S6100 H 1S26
. \ /
oxa3A
Class 1 5’-conserved segment tnpMA
(B)
intI2 dfrAl sat [ ant(3”’)-Ia acEAL sull ORF5
> > = -
int2S aadALL. 3’ CS ORFR
I L

Class 2 5’-conserved segment

Class 1 3’-conserved segment

FIG. 1. Physical maps of the class 1 integron of BM4430 (A) and of the hybrid integron of BM4431 (B). Filled circle, attC site; open arrows, coding sequences;

arrowheads, primers.

which are usually part of class 2 integrons (26). The ant(3")-Ia
(also called aadA1) cassette, located downstream from the sat
cassette, is identical to those previously reported for class 1
integrons (GenBank accession no. X12870) and differed from
the ant(3")-Ia cassette found in class 2 integrons (GenBank
accession no. X03043). This gene contains the codon AGA
instead of AGG at position 684, the codon GTC instead of
GTT at position 750, and the additional triplet GAA at posi-
tion 706. Downstream from these cassettes, we did not find the
tns genes usually described for the 3" conserved segment of
class 2 integrons, but we did find the first 56 bp of the 3’
conserved segment of class 1 integrons.

To characterize the entire 3’ segment in BM4431, amplifi-
cation with primers aadAL and ORFR (Fig. 1B) was per-
formed and yielded a 1.6-kb fragment. Sequence determina-
tion of this fragment showed that the 3’ end of the integron in
BM4431 contained the same ORFs as the 3’ conserved seg-
ment of class 1 integrons, i.e., gacEAI, sull, and ORF5 (Fig.
1B). This first report of a chimeric integron indicates that
recombination between class 1 and class 2 integrons may occur
in nature and is of interest in view of the evolution of integrons
and their implication in the natural engineering of bacterial
genomes. This hybrid structure may have resulted from cointe-
grate formation catalyzed by the Intll integrase between a
class 2 integron and a class 1 integron with the ant(3")-Ia
cassette at the left end of the 3’ conserved segment. Another
possibility involves RecA-dependent homologous recombina-
tion between two copies of the ant(3")-la cassette, which has
been found in both classes of integrons. Class 2 integrons have
already been detected in Acinetobacter spp., but their structure
has not been characterized (3, 25).

Distribution of integrons among RAPD types. Eleven
RAPD profiles were observed among the 20 clinical isolates
(Table 3). Integrons containing the same organization of cas-
settes were found in various RAPD genotypes (Table 3), sug-
gesting a horizontal transfer of integrons, also suspected in
other studies (23, 25). Martinez-Freijo et al. (12) also found
similar integrons irrespective of host species or geographic
origin. In addition, the promoter sequences were mostly con-
served, even in isolates from different countries with distinct
selective pressure, suggesting that acquisition of resistance
likely is due to transfer of entire integrons via plasmids and/or
transposons rather than of individual cassettes. In contrast,
certain strains with similar RAPD types (B and D) contained
distinct integrons.

Conclusions. Many studies have reported the high preva-
lence of integrons in human clinical isolates (9, 12, 13, 23, 26,
27) as well as in strains of animal origin (20) or from aquatic
ecosystems (21), suggesting the important role of integrons in
the dissemination of antibiotic resistance genes in the environ-
ment. Detection of integrons was often based on PCR or
hybridization experiments (3, 8, 9, 12). Systematic sequencing
of the integrons allows complete description of the cassettes
and the detection of unusual rearrangements. Of special inter-
est is the hybrid integron resulting from a recombination event
between class 1 and class 2 integrons.
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