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Two epidemiologically unrelated carbapenem-resistant Acinetobacter baumannii isolates were investigated as
representatives of the first Italian isolates producing the OXA-24 carbapenemase. Both isolates were of
European clonal lineage II and carried an identical OXA-24-encoding plasmid, named pABVA(1. Comparative
analysis revealed that in pABVAO1, blayx ,_,, Was part of a DNA module flanked by conserved inverted repeats
homologous to XerC/XerD binding sites, which in other Acinetobacter plasmids flank different DNA modules,
suggesting mobilization by a novel site-specific recombination mechanism.

Acinetobacter baumannii is an opportunistic nosocomial
pathogen of increasing clinical relevance (3, 4, 22). The species
is naturally resistant to several antimicrobial agents and exhib-
its a remarkable propensity to acquire new resistances (4, 14,
22). Carbapenems are elective agents for treatment of 4. bau-
mannii infections, and the emergence of carbapenem-resistant
strains is a matter of increasing clinical concern (22, 24). Ac-
quired class D carbapenemases of the OXA-23, OXA-24 (also
named OXA-40), and OXA-58 lineages are playing a major
role as determinants of acquired carbapenem resistance in A.
baumannii (24).

In Italy, production of OXA-58 is the dominant carbapenem
resistance mechanism in 4. baumannii, and several outbreaks
caused by OXA-58-producing strains related to European
clonal lineage II have been documented (11, 15, 17), while
strains producing OXA-23 and OXA-24 have not been re-
ported. Here we report the characterization of the first Italian
isolates of carbapenem-resistant 4. baumannii producing the
OXA-24 carbapenemase.

(Part of this study was presented at the 18th European
Congress of Clinical Microbiology and Infectious diseases,
Barcelona, Spain, 2008. [M. M. D’Andrea, T. Giani, F. Luz-
zaro, and G. M. Rossolini, oral communication O300].)

Characterization of OXA-24-positive A. baumannii isolates.
In a survey of carbapenemase genes in carbapenem-resistant
A. baumannii isolated from several Italian hospitals during the
past decade, only two A. baumannii isolates, VA-566/00 and
NS0, tested positive for blagx a»4-like genes by PCR analysis,
while they lacked genes for other acquired class D carbapen-
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emases (OXA-23- and OXA-58-like class D carbapenemases)
and metallo-B-lactamases (IMP-, VIM-, or SIM-type metallo-
B-lactamases). The primers and PCR conditions used for the
detection of carbapenemase genes are described in Table 1.
VA-566/00 was isolated from an inpatient at a tertiary care
hospital in Varese (in northern Italy) in September 2000. No
epidemiological links with areas of OXA-24 endemicity could
be traced for this patient by analysis of clinical records. N50
was isolated from an inpatient at a general hospital in Rome
(in central Italy) in January 2004. In this case, analysis of
clinical records revealed a previous history of hospitalization (2
months earlier) in Spain, which is a country where OXA-24 is
endemic (20, 24). Both isolates were from the respiratory tract
and had apparently played the role of colonizers. Identification
at the species level was performed by automatic identifica-
tion systems (Phoenix; Becton Dickinson, Sparks, MD; and
Vitek-2; bioMérieux, Marcy-I’Etoile, France) and confirmed
by PCR detection of blax4_s;-like alleles (33).

Susceptibility testing carried out by broth microdilution and
interpreted according to CLSI guidelines (8, 9) revealed that
both isolates were resistant to all B-lactams (including carbap-
enems), aminoglycosides, and fluoroquinolones. Variable sus-
ceptibilities toward colistin and tigecycline were observed (Ta-
ble 2). PCR performed with the primers described in Table 1
revealed ISAbal upstream of the resident bla 5, gene but not
upstream of the resident blagx A _s;-like gene in both isolates,
suggesting that blagxa.si-like gene overexpression was not
involved in the carbapenem resistance phenotype.

Multiplex PCR for the definition of A. baumannii sequence
groups, which has been proven to be a useful method for
assigning isolates to major clonal lineages (31, 32), was per-
formed using ompA, csuE, and blax 5_s;,-like target genes as
described previously (32). PCR amplicons were purified by
using a Wizard PCR purification kit (Promega, Madison, WI)
and were sequenced on both strands, using custom primers at
an external sequencing facility (Macrogen, Seoul, Korea).
Genotyping by macrorestriction analysis of Apal-digested A.
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TABLE 1. Nucleotide primers used in this work for detection of B-lactamase genes and their linkages with insertion sequences
in A. baumannii isolates

E Conditions  Conditions Conditions .
xpected Positive control
. ) ana . for for for Source or
Primer Sequence (5'-3") Target(s) amplicon denaturati i ali . f (gene) [source or
size (bp) endtur_dtlon annealing extenglon reterence reference]
(°C/min)®  (°C/min)®  (°C/min)®
IMP-DIA-fwd  GGAATAGAGTGGCTTAATTCTC blayyp alleles 361 94/1 50/1 72/1 13 A. baumannii AC-54/
IMP-DIA-rev. - GTGATGCGTCYCCAAYTTCACT 97 (blayp.») [25]
VIM-DIA-fwd CAGATTGCCGATGGTGTTTGG  blayyy, alleles 523 94/1 50/1 72/1 26 P. aeruginosa VR143/
VIM-DIA-rev  AGGTGGGCCATTCAGCCAGA 97 (blaxyn.,) [18]
SIM1-F TACAAGGGATTCGGCATCG blagin. 570 94/1 50/1 72/1 19 A. baumannii YMC
SIM1-R TAATGGCCTGTTCCCATGTG 03/9/T104
(blagin.y) [19]
OXA23-F GATGTGTCATAGTATTCGTCG  blagxa.»3 alleles 748 94/1 50/1 72/1 2 A. baumannii Ab13
OXA23-R TCACAACAACTAAAAGCACTG (blagxa-z) [10]
OXA24-F TTCCCCTAACATGAATTTGT blagxa.o4 alleles 582 94/1 50/1 72/1 2 A. baumannii RYC
OXA24-R GTACTAATCAAAGTTGTGAA 52763/97
. (blapxa24-type) [6]
OXA-58 I Fw GCTGAGCATAGTATGAGTCG blagxa.sg alleles 691 94/1 48/1 72/1 This work A. baumannii VA-
OXA-58"T"Rev. AAGCAAATGCCACCACTTGC 900/05 (blagxa.ss)
[this work]
OXA-69A CTAATAATTGATCTACTCAAG  blagxa.s; alleles 975 or 94/1 48/1 72/2 16 A. baumannii VA-
OXA-69B CCAGTGGATGGATGGATAGAT 2,168° 804/03 (ISAbal +
TATC blagx a-0p) [this
work]
ISAba2_Fw CCTTATCCTATCAGGGTTCTG ISAbal and blaype 2,300 94/1 50/1 72/2 This work A. baumannii 16x46
AmpCaba_Rev GCATTCAGCACAGCATAAG alleles (bla ap-type) [this

work]

“ For degenerate primers, the following code was used: Y, C/T.

b All reactions included an initial denaturation step of 5 min at 94°C, 30 cycles of amplification, and a final extension step of 20 min at 72°C.
¢ Primers give a larger amplicon in the presence of an IS4bal upstream of the blagxa.s; allele.

baumannii genomes was performed by pulsed-field gel electro-
phoresis (PFGE) as previously described (28), using a CHEF
mapper (Bio-Rad, Hemel Hempstead, United Kingdom).
PFGE profiles were interpreted according to the criteria pro-
posed by Tenover et al. (30), with a difference of six bands or
less used to define epidemiological relatedness, and were an-
alyzed by BioNumerics software (Applied Maths, Kortrijk,
Belgium). A. baumannii RUH875 and RUH134 were used as
reference strains representative of European clonal lineages I
and II, respectively (12, 21). A. baumannii isolates VA-900/05,
N33, and N40, obtained from the same hospitals in which the
OXA-24-producing isolates were detected, were used as rep-
resentatives of the major carbapenem-resistant OXA-58-pro-
ducing clone spreading in Italy. N33 and N40 showed close
genetic relatedness to the OXA-58-producing prototypic Ital-
ian strain ACICU (11, 17).

Sequencing of the ompA, csuE, and blagxa_s,-like alleles
showed that VA-566/00 belonged in sequence group 1 (allelic
profile 1-1-1), similar to RUH134 and the OXA-58 producers
VA-900/05, N33, and N40 used for comparison, while N50

belonged in a variant of sequence group 1 called group 4,
which does not yield an amplicon for the csuE allele (31) (Fig.
1A). As expected, RUHS875 yielded results typical of sequence
group 2, with an allelic profile of 2-2-2. The Apal macrorestric-
tion profiles of genomic DNA confirmed that the two OXA-
24-positive isolates were related to each other (a difference of
four bands) and, although to a lower extent, to RUH134 and
the OXA-58-producing isolates from the same hospitals (dif-
ferences of six to seven bands) (Fig. 1B). The topology of the
dendrogram highlighted two major clusters at a similarity
threshold of at least 82.4%, which differentiated the OXA-24-
producing isolates from the OXA-58-producing isolates.
Moreover, both clusters were related, having a 74.2% similarity
with the prototypic strain RUH134 (Fig. 1B). Altogether, these
results demonstrate a genetic correlation between the two
OXA-24-producing isolates and that they belong to European
clonal lineage II.

Genetic support of blagx, ,4 Plasmid extraction from VA-
566/00 and N50, carried out with a Wizard Plus SV Minipreps
DNA purification system (Promega), revealed in both cases the

TABLE 2. Antibiotic susceptibility of the blaoxa_»4-positive A. baumannii isolates investigated in this work and of the
RUH134(pABVAO1) transformant”

MIC (mg/liter) of the indicated antibiotic”:

Isolate
CIP GEN AMK CAZ IPM MEM SAM CST TGC
VA-566/00 128 >256 64 >256 256 256 64 0.5 4
N50 128 >256 256 >256 128 128 32 >8 1
RUH134 1 >256 4 16 0.25 1 64 0.5 1
RUH134(pABVAO1) 1 >256 4 16 64 128 64 0.5 1

“ The susceptibility of RUH134 is shown for comparison.

b CIP, ciprofloxacin; GEN, gentamicin; AMK, amikacin; CAZ, ceftazidime; IPM, imipenem; MEM, meropenem; SAM, ampicillin/sulbactam; CST, colistin; TGC,

tigecycline.
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FIG. 1. Results of genotyping of A. baumannii isolates investigated in this work and of the reference strains RUH875 and RUH134,
representative of European clonal lineages I and II, respectively. (A) Sequence-based typing resulting from multiplex PCR targeting the ompA,
csuE, and blagya_si-like genes. Lane M contains 100-bp molecular weight markers. (B) PFGE profiles. The dendrogram was generated with
BioNumerics software (Applied Maths), using the unweighted-pair group method with arithmetic averages and the Dice coefficient. The
percentage of similarity is shown at each node. Strain descriptions with the corresponding carbapenemases (in parentheses) are shown on the right.

presence of a small plasmid, which in a Southern blotting exper-
iment (27) hybridized to a blagx .4 probe (data not shown).

The plasmid from VA-566/00, named pABVAOQ1, was trans-
ferred to RUH134 by electroporation, using a Gene Pulser
apparatus (Bio-Rad). Competent cells were prepared as de-
scribed for Escherichia coli (27). Transformants were selected
on LB agar supplemented with imipenem (4 mg/liter). The
carriage of blagxa.»4 in the transformants was confirmed by
PCR. The RUH134(pABVAO1) transformants showed high
MICs of carbapenem (similar to those for parent strain VA-
566/00), while their susceptibilities to other agents, including
ceftazidime, were not affected (Table 2), confirming that
OXA-24 is not active on this substrate (6). Ceftazidime resis-
tance in the original host was likely related to overexpression
of the bla 5 cephalosporinase gene due to upstream inser-
tion of ISAbal.

The nucleotide sequence of pABVAO1 was determined on
both strands by a primer-walking technique with a purified
plasmid preparation. Plasmid pABVAOL1 is 8,963 bp long and
carries eight open reading frames (ORFs) (Table 3, Fig. 2A).
PCR mapping, followed by restriction analysis of amplicons
and partial sequencing, showed that the plasmid obtained from
N50 was indistinguishable from pABVAO1L (data not shown).

In particular, the nucleotide sequence of the region encom-
passing blax a4 and its flanks (Fig. 2A) was identical.

Structure of plasmid pABVAO1 and context of blagy, o4
Comparative analysis with other sequenced Acinetobacter plas-
mids revealed that the genetic organization of pABVAO1 was
overall very similar to that of p2ABAYE (35) and pAB0057
(1), two small Acinetobacter plasmids previously detected in
French and American clinical isolates, respectively. The major
differences between pABVAO1 and these plasmids were found
in the replicon region (the iteron and repB region of pABVAO1
are more divergent; the 3’ end of the repA gene of pABVAO1
carries a 7-bp deletion resulting in a premature stop codon)
and in the region containing blagxa -4, Which in the other
plasmids was replaced by unique regions of different size and
composition (Fig. 2B).

A similar arrangement of intervening DNA modules in-
serted at the same position suggested the occurrence of a
conserved recombination site where different DNA modules
could be inserted by a site-specific recombination mechanism.
Analysis of the sequences at the recombination junctions re-
vealed, on both sides, the presence of conserved inverted re-
peats (IRs) separated by a 6-bp variable region (Fig. 2C).
These structures, which partially overlap the previously de-
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TABLE 3. ORFs and other features of plasmid pABVAO1

Gene product

Nucleotide position* Strand” Feature (no. of ar?ino Properties and/or putative function
acids)
319-519 + oriV/ NA Origin of DNA replication
520-607 NA Repeat region NA Imperfect 4-repeat iterons; control of DNA replication
663-1613 + repB 316 Replicase
1606-2181 + repA 191 Replicase
2481-2491 + Putative XerC binding site NA Protein binding site
2498-2508 + Putative XerD binding site NA Protein binding site
2519-3346 - blagxansa 275 Carbapenem-hydrolyzing oxacillinase
3420-3430 - Putative XerD binding site NA Protein binding site
3437-3447 - Putative XerC binding site NA Protein binding site
3617-3832 + ORF1 71 Putative inner membrane protein
38604243 + ORF2 127 Putative cytoplasmic protein
4371-6782 + TonB-dependent receptor 803 Putative TonB-dependent receptor
7087-7548 + ORF3 153 Hypothetical protein
8044-8415 - ORF4 123 Hypothetical protein

“ Position no. 1 corresponds to the first nucleotide of p2ABAYE (NC_010402).
® NA, not applicable.

scribed Re27-1 and Re27-2 regions associated with blagxa_sg
(23, 36), share high homology with dif-like binding sites that act
as targets of the XerC and XerD recombinases that normally
convert plasmid and chromosome dimers to monomers during
cell division (29). XerC and XerD proteins and cognate re-
combination sites are also involved in other site-specific
recombination mechanisms such as the integration of phage
CTX-® at the dif] site of the larger chromosome of Vibrio
cholerae (34) and have also been exploited for artificial gene
excision by site-specific recombination in E. coli and Bacillus
subtilis (5). Interestingly, the conserved IRs homologous to the

|terons

A

ORF1 ORFZ

XerC/XerD binding sites were found to flank not only different
DNA modules in related Acinetobacter plasmids but also the
blagx a4 gene in the partially sequenced plasmid pAB02 and
in the chromosome of strain RYC 52763/97 (6) (Fig. 2C).
Altogether, these findings suggest that the XerC/XerD-like
sites could act as site-specific recombination targets responsi-
ble for the mobilization of discrete DNA modules within Acin-
etobacter plasmids and chromosomes and that blax 4_»4 could
be mobilized by a similar mechanism.

Concluding remarks. To the best of our knowledge, this is
the first description of carbapenem-resistant A. baumannii iso-

ORF3 ORF4

pABVAO1
(A. baumannii) |=D:| repB repA blapgyp.p4 TonB dependent receptor
FM210331
B ABAYE ID 83% ID 96% ID 99%
p:
P2 " 7 GAPS saaprs || 1601bp | 1 GAP
NC_010402 l
ID 83% 1D 96% I I ID 99%
PAB00S7 8 GAPS 8 GAPS 3 GAPS
A. b if) 672 bp
NC_011585 l
/ 1Kb /
C Accession no.
/reference
XerC XerD XerD XerC
PABVAOL ATATACAAATGT——TCJCC# 911 bp #_TAC ACHITATACCAARATIGCTGTATAATTATCCTTA FM210331
PZABAYE G 1601 bp ##.Coonnnnnniou. Lo NC_010402
PABOOS7  ........ G...f— ............................ H 672 bp Gttt e NC_011585
PABO2 e s # 911 bp .C.. ..TG.A.T..TCTTA. . AY228470
PABZ ... R AT. i, #4# 3389 bp Lo N NC_009084
pAVI  L....... G...m—.T.G....... [ ## 2890 bp [ GTvvvnnnnn TA NC_010309
PABIR T.T.CA.TT...GC.T......... CGC.vvnnnnnn. T.## 21802 bp Gttt e NC_010481
blagy, 5, RYC52763/97 T.T.CAT...T.——.T....C....CGC.......uu..... #H 912 bp I < TG.A.T..TCTTA. . Ref. 6

FIG. 2. (A) Linear map of plasmid PABVAOL. Plasmid features are detailed in Table 3. The dashed line indicates the sequenced region of the
plasmid from isolate N50. (B) Comparison of plasmid pABVAO1 with plasmids p2ABAYE and pAB0057. For each homologous segment, the
percentage of nucleotide identity and the number of gaps inserted into the alignments are shown. Filled boxes represent the putative recombination
sites represented by the IRs homologous to the XerC/XerD binding sites. The sizes of the different DNA modules inserted between the IRs in place
of the blagxa.», module are also shown. (C) Nucleotide sequences flanking different DNA modules (including that containing blagxa.4) in
different Acinetobacter plasmids. The IRs homologous to the XerC/XerD binding sites that resulted from comparison with sequences reported by
Bui et al. (7) are boxed. The sizes of intervening DNA modules are also indicated. The regions flanking blaox_»4 in the chromosome of strain
RYC 52763/97 (6) are also shown. Accession numbers for each sequence and the reference for strain RYC 52763/97 are reported on the right.
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lates carrying the blagx .4 determinant from Italy. The two
isolates have a common ancestry and carry the same OXA-24-
encoding plasmid, but they are not identical by PFGE profile
and sequence type, which suggests a history of independent
acquisition of the same resistance plasmid by the two related
strains. Analysis of the genetic context of blagya., did not
reveal structures typically involved in DNA mobilization (in-
sertion sequences or other genes encoding known recombi-
nases). However, blagya.s Was carried on a DNA module
inserted between conserved inverted repeats homologous to
XerC/XerD binding sites, which, in other plasmids, flank DNA
modules of different sizes and compositions. This finding sug-
gests the occurrence of a novel site-specific recombination
mechanism that could play a role in the plasticity of Acineto-
bacter plasmids and in the mobilization of resistance genes.

Nucleotide sequence accession number. The nucleotide se-
quence determined in this work has been submitted to the
EMBL/DDBJ/GenBank database and assigned accession num-
ber FM210331.
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