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Single-locus blagx a_s; e Sequence-based typing (SBT) was evaluated for its ability to determine correctly sequence types (ST's)
in Acinetobacter baumannii clinical isolates, in comparison with the Pasteur’s multilocus sequence typing (MLST) reference
method and 3-locus sequence typing (3-LST). The comparative study was performed in 585 multidrug-resistant (MDR) A. bau-
mannii clinical isolates recovered from 21 hospitals located throughout Greece, Italy, Lebanon, and Turkey. The isolates be-
longed to nine clonal complexes (CCs) that correspond to 12 distinct sequence types (STs) and to one singleton ST. These clonal
lineages predominate worldwide among nosocomial MDR A. baumannii strains. The most common clone was CC2 (ST2 and
ST45; n = 278 isolates) followed by CC1 (ST1 and ST20; n = 155), CC25 (n = 65), ST78 (n = 62), CC15 (ST15 and ST84; n = 9),
CC10 (n =4),CC3 (n =4), CC6 (n = 3), CC54 (n = 3), and CC83 (n = 2). Using the blagx_s51.1ie SBT method, all 585 isolates of
the study were typed and assigned correctly to the nine CCs and the singleton ST78. The 3-LST method was not able to classify
isolates belonging to CC6, CC10, CC54, and CC83, which are not yet characterized in its database. The low-cost and convenient
blagx-s1-1ice SBT method, compared with 3-LST and MLST, discriminated all epidemic and sporadic lineages of our collection
and could be effectively applied to type rapidly A. baumannii strains.

utbreaks due to multidrug-resistant (MDR) Acinetobacter

baumannii clinical strains are increasingly documented
worldwide (1). Currently, A. baumannii strains causing hospital
outbreaks usually belong to a limited number of clonal lineages,
among which those applying to the international clones I and II
are prevailing (1-3). This development increasingly necessitates
monitoring the epidemic evolution of A. baumannii strains by
grouping them to specific clonal lineages. For this purpose, several
genotyping methods exist, such as 3-locus sequence typing (3-
LST) (3), ribotyping (4), infrequent-restriction-site analysis (5),
repetitive sequence-based PCR (rep-PCR) (6), amplified frag-
ment length polymorphism (7), electrospray ionization mass
spectrometry (8), pulsed-field gel electrophoresis (PFGE) (9), and
multilocus sequence typing (MLST) (10, 11).

Among the methods most commonly used for tracking the
worldwide clonal dissemination of A. baumannii, as the reference,
the method considered the “gold standard” is MLST, of which
two schemes exist, PubMLST (11) and Pasteur MLST (10). Both
schemes are based on sequences of seven housekeeping genes and
are used for global but also for local epidemiological studies. Con-
cerning MLST, it still remains to be answered whether several loci
are required to obtain robust results and if the selection of house-
keeping genes is sufficiently reliable to reveal population struc-
tures. For instance, the PubMLST gyrB and gpi genes present re-
combination, resulting in failure to type some isolates (12).
Another method that has been widely applied and produced ac-
curate results for the classification of worldwide clones is the
3-LST scheme (3). It involves amplification and sequencing of the
ompA, csuE, and blagys_s; e genes that are under selective pres-
sure and assigns A. baumannii strains to seven different sequence
groups (SGs), SG1 to SG7, corresponding to international clonal
lineages identified by other methods (2, 3, 13, 14). Based on
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3-LST, two multiplex PCRs were also designed to selectively am-
plify the ompA, csuE, and blagy,_s, i alleles that correspond to
SG1, SG2, SG3, and SG6 (3, 14) without being followed by se-
quencing, thus serving as a convenient preliminary method to
study local epidemiology. The increasing need for molecular sur-
veillance of multidrug-resistant A. baumannii in the current era of
financial restrictions prompts investigation for reliable typing ap-
proaches requiring reduced time, labor, and costs.

One of the simplest approaches for the identification (15) and
typing (12) of A. baumannii involves amplification and sequenc-
ing of the blagy, s e gene, which is unique to A. baumannii,
although the same gene has occasionally been detected in Acineto-
bacter nosocomialis and Acinetobacter genomic species “close to
13TU” (16). The potential of the identification of the specific
blagx a_s1-1ike gene to correctly assign A. baumannii isolates to in-
ternational clones as single-locus-based typing (SBT) has been
scarcely evaluated previously on international collections, in com-
parison only with PubMLST (12) and rep-PCR (17). In the pres-
ent study, the performance of this simple, low-cost, and rapid SBT
method was evaluated in a large international collection of A.
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TABLE 1 Characteristics of the 585 study isolates”

Blagyy oy allele  Losteur's MLST 3-LST
Index strain” Country (no. of isolates) CcC cpn60  fusA  gltA  pyrG  recA  rpiB rpoB ST (no. of isolates)  group
AB3990 Italy blagy es (278) cc2 2 2 2 2 2 2 2 ST2 (265) 1
AB3 Greece 2 2 6 2 2 2 2 ST45 (13)
AB700 Ttaly blagy s g (155) CCl 1 1 1 1 5 1 1 ST1 (124) 2
AB2979 Italy 3 1 1 1 5 1 1 ST20 (31)
AB3237 Lebanon  blagys; (4) cc3 3 3 2 2 3 1 3 ST3 (4) 3
AB3890 Greece blagy ¢4 (65) CC25 3 3 2 4 7 2 4 ST25 (65) 4
AB3909 Italy blagys oo (62) Singleton 25 3 6 2 28 1 29 ST78 (62) 6
AB6 Greece blagxa-os (3) CCé6 5 2 4 1 3 3 4 ST85 (3) NA
AB17 Greece blagya_ses” (3) CC54 12 3 18 2 17 4 5 ST54 (3) NA
AB3868 Turkey  blagys.s, (9) CCl5 6 6 8 2 3 5 4 ST15 (6) 5
AB3871 Turkey 6 6 8 2 3 5 30 ST84 (3)
AB2977 Ttaly Blag s s (4) CC10 28 3 2 1 4 4 4 ST82 (4) NA
AB3866 Turkey  blagys.se (2) CC83 26 4 2 2 9 1 4 ST$3 (2) NA
OIFC032 Germany  blagya 100" CC32 1 1 2 2 3 4 4 ST32 NA
AB_TG27343  USA Blagy a o5 CC79 26 2 2 2 29 4 5 ST79 NA

@ Abbreviations: CC, clonal complex; ST, sequence type; 3-LST, trilocus sequence-based typing; NA, not available; USA, United States.

¥ Index strains for dendrogram analyses.

¢ GenBank accession number KF885217.

4 GenBank accession number AM231720.

¢ GenBank accession numbers AY750908 and JQ412185 (23).

baumannii strains in parallel with the widely used Institute Pas-
teur’s MLST and 3-LST schemes.

MATERIALS AND METHODS

Bacterial collection. A collection that included 585 A. baumannii clinical
isolates recovered between 2000 and 2010 from four different countries
(Italy, Greece, Turkey, and Lebanon), representing most common world-
wide lineages, was tested. The isolates included in this collection were
recovered during outbreaks that occurred in 21 unrelated hospitals in the
four countries. Representative isolates of this collection were molecularly
characterized previously (13, 14, 18, 19). Although not all of the study
isolates were selected because of a multidrug resistance (MDR) pheno-
type, almost all of them actually exhibited MDR and >80% were carbap-
enem resistant.

Identification of isolates as A. baumannii was initially performed by
PCR and sequencing of the blagy 51 ke gene (15) and was confirmed by
subsequent assignment of isolates by MLST to clonal lineages specific for
A. baumannii.

SBT, 3-LST, and MLST. All isolates were tested using the 3-LST pro-
tocol developed by the United Kingdom Health Protection Agency (HPA)
(3), involving initially two multiplex PCRs identifying only SG1, SG2,
SG3, and SG6 and, subsequently, sequencing, confirming the grouping
and discriminating SG1, SG2, SG3, SG4, SG5, SG6, and SG7 (available at
the Health Protection Agency website [http://www.hpa-bioinformatics
.org.uk/AB/]). The sequencing of solely the blagy s 51 _jixe gene using prim-
ers encompassing the total gene (forward primer, 5'-ATGAACATTAAA
GCACTCTTAC-3'; reverse primer, 5'-CTATAAAATACCTAATTGTTC
T-3' [825-bp amplicon]) was applied as a separate approach for typing the
isolates. These primers include the start and stop codons, and a few OXA-
51-like variants that differ from the common alleles at the 5" and 3’ prox-
imities could be misidentified. Nevertheless, the primers were able to am-
plify blagya s ke alleles of all 585 strains included in our collection.
Furthermore, all isolates were tested by the MLST scheme developed by
the Pasteur Institute (10), which served as the gold standard method
against which the other approaches were evaluated. This scheme involves
PCR amplification and sequencing of seven housekeeping genes (fusA,
gltA, pyrG, recA, cpn60, rpoB, and rpiB).

E burst. To determine the clonal complexes (CCs) where isolates be-
longed, e-BURST analysis was performed using the eBURST software
program (http://eburst.mlst.net/).
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Phylogeny trees. Neighbor-joining phylogenetic trees based on
blagy 51 1ike genes and concatenated alleles of the seven housekeeping
genes of Pasteur’s MLST scheme were constructed using the phylogeny.fr
platform (20) available at http://www.phylogeny.fr/.

RESULTS

STs of the studied isolates using the Pasteur’s MLST scheme.
Table 1 represents the origin, the typing results, and the classification
of the isolates using the three different typing schemes. Overall, by
using the reference Pasteur’s MLST scheme, 13 STs (ST1, ST2, ST3,
ST15, ST20, ST25, ST45, ST54, ST78, ST82, ST83, ST84, and ST85)
were identified among the 585 A. baumannii isolates of the study.

SBT results. In comparison with the MLST, SBT correctly
identified isolates belonging to all major lineages (Fig. 1). In par-
ticular, the two major international clonal lineages corresponding
to CC1 and CC2 each carried a single blagxa_s; e Variant. All
isolates carrying identical blagx s _¢o genes belonged to CC1, which
included the founder ST of CC1 (ST1) and its single-locus variant
(SLV) ST20. CC2 isolates, consisting in our collection of ST2 and
the SLV ST45, in all cases carried identical blagx,_es genes. Isolates
belonging to CC3, CC6, CC10, CC15 (ST15 and ST84), CC25,
CC54, ST78, and CC83 all carried a unique blagya_s;.jie variant
(Table 1). Finally, isolates of CC32 and CC79, although not avail-
able in the present collection, could be effectively typed by SBT, as
was shown using data obtained from the GenBank; CC32 isolates
carry blagya 100 (GenBank accession number AM231720), and
CC79 isolates carry blagy,_es (accession numbers AY750908 and
JQ412185) (Table 1). These data clearly showed that CC1 and CC2
predominated in this international collection.

The relatively limited number of OXA-51-like alleles that were
identified among the study isolates prompted a GenBank search of
all publicly available whole-genome sequences of A. baumannii.
The results of this search are presented in the Table S1 in the
supplemental material. In particular, of the 104 strains available
that belonged to ST2, 98 harbored OXA-66 or the single-amino-
acid variant OXA-82; the OXA-66 allele had identical nucleotide
sequences in all strains, and OXA-82 had identical sequences in all
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FIG 1 Neighbor-joining phylogenetic trees based on blagy 4 _sijike genes (A) and concatenated alleles of the seven housekeeping genes of Pasteur’s MLST scheme
(B). The dendrograms show the amounts of genetic change based on multiple alignments and were generated using phylogeny.fr software (17). The bar at the
bottom of each figure shows the amount of genetic change corresponding to the length of each branch.

but 2 strains that harbored alleles differing by 1 nucleotide (nt).
Also, 2 strains and 1 strain assigned to ST2 harbored the single-
amino-acid variants OXA-109 and OXA-254, respectively, and 3
strains harbored OXA-113 alleles that differed from OXA-66 in six
amino acid residues, thus suggesting that limited variability of the
blagxa_s1-tike gene existed in international clonal linage 2. Despite
this variability, SBT was able to correctly type and assign to inter-
national clonal lineage 2 all ST2 strains available in GenBank.
Furthermore, all 28 ST1 strains harbored identical OXA-69 alleles,
6/8 ST3 strains harbored OXA-71 and 2/8 harbored an allele
(OXA-312) with 1-nt difference, 1/2 CC10 strains harbored
OXA-68 and the other harbored an allele (OXA-128) with 1-nt
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difference, 7/7 CC25 strains harbored identical OXA-64 alleles,
3/3 CC32 strains harbored OXA-100, and 3/3 CC79 strains har-
bored identical OXA-65 alleles.

3-LST results. The 3-LST scheme, although overall it provided
data relative to three genes under selective pressure, failed to clas-
sify isolates belonging to CC10, CC54, CC83, ST85, CC32, and
CC79, as alleles corresponding to these lineages are not yet as-
signed in its database. Twelve isolates, identified as belonging to
ST54, ST82, ST83, and ST85, are considered to belong to micro-
epidemic lineages and are not assigned to any SG. As for the simple
and rapid 3-LST multiplex PCR, it discriminated only SG1 (CC2),
SG2 (CC1), SG3 (CC3), and SG6 (ST78).
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DISCUSSION

Several methods have been applied during the last 2 decades to
identify the clonal lineages of A. baumannii isolates. Among them,
the most common ones have been 3-LST (3) and MLST (10, 11).
These methods are appropriately discriminatory but can be con-
sidered either time-consuming and labor-intensive or costly. Am-
plification and sequencing of the blagy, s, e gene have been
used successfully for A. baumannii identification and within the
3-LST scheme, respectively. It has also been observed during
3-LST analysis (3) that blagy s s ke Variants are conserved within
most SGs and often correlate well with the MLSTs, thus deserving
investigation for the potential of blagy _s; ke SBT to be utilized as
an independent typing scheme. Until now, this possibility was
tested in parallel only with the PubMLST scheme (12), against
which the blagy 51 ixe SBT was shown to identify accurately iso-
lates belonging to the three major epidemic lineages. In another
study, the blagya_s;.1ike SBT compared with rep-PCR identified
international clonal lineages I to III and worldwide clonal lineages
4 to 8 (17). In the current report, the performance of blagy s s ke
SBT was compared with that of the Pasteur’s MLST scheme, which
does not exhibit recombination in its target loci in contrast with
PubMLST, and also with that of 3-LST, including both the initial
multiplex PCR and the sequencing analysis. The total blagy s _s1 ke
gene was sequenced, as the cost is the same and the nucleotide
yield is bigger, enabling the identification of novel blagy_s; jike
variants, such as the blagy,_s45 allele corresponding to ST54. This
comparison was applied to a large, diverse collection of 585 A.
baumannii strains from several countries, including most com-
mon lineages. This collection was also tested by PFGE, but these
results were not included in the current presentation because
PFGE is not suitable for international population studies.

In the tested collection, blagy,_s1ixe SBT identified success-
fully the common lineages CC1, CC2, CC3, CC10, CC15, and
CC25. It was also shown in the publicly available databases that
each of the remaining rather common clones CC32 and CC79
contains a specific blagya_si.jixe allele (blagyxa 100 and blagxa_es
respectively) and can be efficiently identified by the blagy 51 jike
SBT. A single blagx a_s; ke allele was found to correspond to two
different STs (blagxa_go to ST1 and ST20 and blagy _gs to ST2 and
ST45) that, however, were included in the same CC, not affecting
prompt identification of the respective international lineages. In
all cases, the same blagya_s; e allele was detected in strains be-
longing to the same CC and no case was observed where different
blagy a_s; ke alleles were detected in the same ST. In contrast, the
application of blagy, s e SBT in comparison with PubMLST
(12) resulted in the detection of the same blagya_s1_jie allele(s) in
unrelated STs (blagx .5, in CC4 and ST20) and of distinct alleles
in a single lineage (blagya_g9 and blagy,_; 1, in international clone
L; blagxa.g» and blagy s g3 in ST22; blagy,-107 and blagy,-110 in
ST49; and blagy,-51 and blagy ,-68 in ST20). The correlation of
the blagyxa_s1-1ike gene with PubMLST was better when alleles ex-
hibiting recombination (gpi and gyrB) were excluded from the
analysis (12).

In this study, testing 585 multidrug-resistant clinical isolates,
only 13 ST's were identified, while at least 450 ST's were found to be
currently distinguishable by the Pasteur’s MLST. However, it is
well known that the high diversity of the general population of A.
baumannii at the strain level especially involves susceptible strains
(10). Also, although this large collection includes also epidemio-
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logically related isolates, these isolates came from numerous un-
related hospitals in four different countries, indicating the circu-
lation of limited clones in the hospital epidemiological niche and
supporting the observed bottleneck effect for MDR A. baumannii
(10). Furthermore, the present analysis, which detected identical
alleles in multiple A. baumannii isolates from each lineage, under-
lines the intrastrain stability of typing characteristics using the
blagxa-si-tike SBT method.

The reliability of the blagx,_s; ke SBT method is further vali-
dated by the analysis of A. baumannii whole-genome sequences
(WGS) available in GenBank. Despite a slight variability of the
blagxa_s1-tike gene found in A. baumannii strains belonging to in-
ternational clone 2 and also within the predominant international
clones 1 and 3 (see Table S1 in the supplemental material), this SBT
is able to correctly type and assign to the major international clonal
lineages A. baumannii WGS available in GenBank. These data in-
dicate that the vast majority of the predominant lineages of A.
baumannii could be effectively identified by this SBT and clearly
support our view of the clinical applicability of blagyx,_s; jie SBT
as a simple first-line typing approach.

As for 3-LST, although this scheme analyzes three loci and
provides more comprehensive data from an evolutionary point of
view than the blagy s _s1jie SBT scheme, it has not yet been applied
in collections large enough to identify all common lineages. Its
database currently includes only SG2 (CC1 according to Pasteur’s
scheme), SG1 (CC2), SG3 (CC3), SG4 (CC25), SG5 (CC15), SG6
(ST78), and SG7, which were almost all identified in our collec-
tion. In that respect, blagx _s1_1ike SBT identified more ST's defined
by MLST than 3-LST. However, it is evident that a future applica-
tion of 3-LST in larger collections representing all lineages might
further discriminate strains. We should note here for 3-LST that
two unrelated strains were previously shown to carry the
blagxa_s1-nike gene that corresponds to CC1 but also a csuE allele
that was characteristic of CC2 (21). However, both of these strains
actually belonged to CC1 as shown by MLST and it was concluded
that they had acquired the csuE gene from other A. baumannii
strains. In fact, one of these strains, A388, carried OXA-92 (12),
which differs from OXA-69 by only one nucleotide (22), indicat-
ing that it would be correctly grouped by OXA-51-like SBT as
CC1. It is thus indicated that we should treat with caution results
that include the csuE allele, such as those from 3-LST, and that
OXA-51-like alleles are possibly more conserved and may corre-
late better with MLST than does correlate the 3-LST scheme. Fi-
nally, as could be anticipated, simple multiplex PCR of the 3-LST
scheme, when applied as an independent method, identified fewer
SGs than the other typing approaches tested.

Concluding remarks. Overall, blagya_ s e SBT, compared
with Pasteur’s MSLT and 3-LST, was shown to identify accurately
isolates belonging to all major A. baumannii lineages that were
available in our collection. It can be assumed that this SBT, being
evidently easier, faster, and cheaper than MLST, could be applied
efficiently for the provisional molecular typing of A. baumannii.
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