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Abstract

High colistin resistance rates in Acinetobacter spp. were recently reported in Korean hospitals (J. Antimicrob. Chemother 2007;60:1163).
In this study, we investigated if colistin-resistant Acinetobacter spp. isolates from Korean hospitals disseminated clonally or emerged
independently. Multilocus sequence typing (MLST) analysis was performed for 58 colistin-resistant Acinetobacter spp. isolates: 8 isolates of
the Acinetobacter baumannii subgroup A, 16 isolates of the A. baumannii subgroup B, and 34 isolates of the genomic species 13TU. A
phylogenetic tree inferred from concatenated sequences of 7 MLST loci showed a clear distinction among the 3 Acinetobacter groups. In the
MLST analysis, most colistin-resistant Acinetobacter spp. isolates showed different allele profiles at the 7 loci; that is, they belonged to
different clones. Despite the clear distinction between the 3 Acinetobacter groups, interrelationships among the 3 groups were not consistent
within the gene trees. In addition, some isolates showed clustering incongruent with their species or group identities in some gene trees.
MLST analysis indicated that most colistin-resistant Acinetobacter spp. isolates from Korean hospitals arose independently. Considering the
increasing use of colistin and the high recombination rate of Acinetobacter spp., independent but frequent emergence of colistin resistance in
Acinetobacter spp. isolates is of great concern.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Although Acinetobacter spp. has long been regarded as
rarely causing infections, its significance in nosocomial
infections in immunocompromised patients and patients in
intensive care units has been increasingly recognized. The
emergence of multidrug-resistant (MDR) or pandrug-resis-
tant (PDR) Acinetobacter spp. isolates has become a serious
clinical concern worldwide (Perez et al., 2007). Few
antimicrobial agents can be reliably used for effective
therapy against MDR or PDR Acinetobacter infections.

Although polymyxins such as polymyxin B and colistin
(polymyxin E) have not typically been included in regimens
to treat Acinetobacter infections because of their neurotoxi-
city and nephrotoxicity, they are now considered as one of
the last resorts against MDR or PDR Acinetobacter
infections (Falagas and Kasiakou, 2005; Li et al., 2006b).
So far, colistin or polymyxin B resistance rates among Aci-
netobacter isolates are very low worldwide (Gales et al.,
2006). However, some investigators have reported the
emergence of heteroresistance and resistance to colistin
after colistin treatment (Hawley et al., 2008; Li et al., 2006a).
In addition, high resistance rates against polymyxin B and
colistin among Acinetobacter isolates from Korea have been
recently reported by us (Ko et al., 2007).

Although we previously reported high colistin resistance
rates among Acinetobacter isolates from Korea, we did not
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investigate whether they emerged independently or dissemi-
nated clonally (Ko et al., 2007). It is important to understand
the emergence pattern of antimicrobial-resistant pathogens
because infection control strategies may differ with regard to
their origin (Gardam et al., 2002). Because Acinetobacter
infections are known to be nosocomial, it could be supposed
that the high colistin resistance rates in Acinetobacter spp.
isolates from Korean hospitals were due to clonal dissemina-
tion of specific and resistant clones. So far, a number of
typing methods such as amplified fragment length poly-
morphism (AFLP) and pulsed-filed gel electrophoresis
(PFGE) have been successfully applied for typing of Acine-
tobacter baumannii isolates (Towner et al., 2008; van Dessel
et al., 2004). However, reproducibility and interlaboratory
exchange of data for global epidemiologic analysis have been
problematic. Multilocus sequence typing (MLST), a highly
discriminative typing method of bacterial pathogens based on
DNA sequences of several housekeeping gene fragments, has
been applied successfully for molecular typing of many
bacterial species (Maiden, 2006). For A. baumannii, it was
recently developed and has been used in the investigation of
spread and outbreak of A. baumannii (Nemec et al., 2008;
Shelburne et al., 2008; Wisplinghoff et al., 2008). In this
study, we applied theMLST in the investigation of the genetic
divergence of colistin-resistant A. baumannii and genomic
species 13TU (GS 13TU) because it can provide answers as
to the relatedness with Acinetobacter isolates from other
countries as well as their clonality.

2. Materials and methods

2.1. Bacterial isolates

A total of 58 clinical isolates of colistin-resistant Acine-
tobacter spp., collected from 2 tertiary-care hospitals in
Korea, were included in the study: 26 isolates from Samsung
Medical Center, Seoul, Korea, and 32 isolates from
Chonnam National University Hospital, Gwangju, Korea,
all of which were included and characterized in a previous
study (colistin MIC values, ≥4 mg/L) (Ko et al., 2007).
Colistin susceptibility was tested using the broth microdilu-
tion method according to the Clinical and Laboratory
Standards Institute (2007) guidelines.

2.2. Acinetobacter spp. identification

Species identification was performed via partial rpoB
gene sequencing (Ko et al., 2007; La Scola et al., 2006). In a
previous article, we classified the species into 3 categories,
A. baumannii subgroups I, II, and III (Ko et al., 2007).
Later, the A. baumannii subgroup II was ascertained to
belong to the Acinetobacter GS 13TU based on amplified
ribosomal DNA restriction analysis (ARDRA) and gyrB-
based multiplex polymerase chain reaction method (Higgins
et al., 2007). Thus, we reclassified A. baumannii subgroup I,
including the type strain and reference strains of European
clones I, II, and III, as A. baumannii subgroup A (Aba A),

and the A. baumannii subgroup III was reclassified as A.
baumannii subgroup B (Aba B). Two subgroups of A.
baumannii showed distinct clustering and exhibited rpoB
sequence divergence of less than 1.5% within each subgroup
but 6.3% to 7.5% divergence between 2 subgroups. Based on
rpoB gene sequences, 8 of the isolates belonged to Aba A
and 16 isolates belonged to Aba B. The other 34 isolates
were GS 13TU.

2.3. MLST analysis

The 7 gene fragments of the MLST scheme in Acineto-
bacter spp. were amplified as described (Bartual et al.,
2005), with the addition of the following modified primer
sets: gpi-F2 (5′-AAT ACC GTG GTG CTA CG-3′), gpi-R2
(5′-TTC AGG AGC AAT CCC CCA CT-3′); rpoD-F2 (5′-
CGA ATY GCATTG CAA AAC G-3′), rpoD-R2 (5′-CNG
CAA TYT TTT GYT GGA A-3′); gyrB-R2 (5′-GAC TAT
GAA GGY GGT TTA TC-3′). We unambiguously deter-
mined the sequences of 7 housekeeping genes from all 58
colistin-resistant isolates. In addition, gene sequences from 2
colistin-resistant Acinetobacter isolates (S117-1 and S133),
which showed a high degree of divergence from the other 58
isolates in the sequences of MLST loci, were used as out-
groups in phylogenetic analyses. Based on the determined
sequences, we constructed 7 gene trees from each loci of the
MLST using the neighbor-joining method. In addition, a
phylogenetic treewas generated fromconcatenated sequences
of the 7 housekeeping genes using the same method.
Bootstrap values were evaluated with 1000 replications to
determine the robustness of the branches in the phylogenetic
tree inferred from these concatenated sequences.

3. Results and discussion

Fig. 1 showed the phylogenetic clustering inferred from
concatenated sequences of 7 gene fragments. It indicated a
clear distinction between the 3 groups, Aba A, Aba B, and
GS 13TU, with robust bootstrap support. Most colistin-
resistant Acinetobacter spp. isolates belonged to the
different clones; that is, most did not have identical
sequences at the 7 loci. With respect to the sequence type
(ST) in the MLST analysis, 46 STs were found among the
58 colistin-resistant Acinetobacter spp. isolates in this
study. Only 2 A. baumannii isolates, S011 and S034,
showed previously identified ST, ST22. PFGE also
indicated that colistin-resistant Acinetobacter isolates
belonged to different clones (data not shown). It suggested
that most colistin-resistant Acinetobacter spp. isolates in
Korean hospitals emerged independently and not by clonal
spreading of and individual bacterial clone. Although all 8
colistin-resistant isolates of Aba A were collected from the
Samsung Medical Center, they showed sequence diver-
gence from each other, except for 2 isolates (S011 and
S034). That is, they belonged to different STs or clones.
This situation is different from the previously characterized
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carbapenem-resistant A. baumannii isolates. MLST analysis
showed that only 2 major distinct clones were found among
the carbapenem-resistant A. baumannii isolates acquired
from Korean hospitals (Ko et al., unpublished).

Although the mechanism of colistin resistance in Acine-
tobacter spp. has not been fully revealed, it is known that
changes in the outer membrane causes colistin resistance in
Pseudomonas aeruginosa and Escherichia coli (Bonomo
and Szabo, 2006; Li et al., 2006b). Although resistance to
colistin in Acinetobacter spp. is rare worldwide, hetero-
resistance to colistin associated with colistin therapy and a
high colistin resistance rate in Korea have been reported
(Hawley et al., 2008; Ko et al., 2007). In addition, Tan et al.
(2007) revealed the extensive emergence of colistin-resistant
A. baumannii subpopulations provoked by exposure to
colistin. They suggested that the current recommended
dosage regimens for colistin are inadequate to prevent the
emergence of resistance in vitro (Tan et al., 2007). Thus, it
can be speculated that the independent emergence of colistin-
resistant Acinetobacter spp. isolates in this study may be
related to such inadequate dosage regimens. In reality, Gilad

et al. (2005) showed that emergence of colistin resistance in
A. baumannii might be related to increased use of colistin.
Hawley et al. (2008) also showed using PFGE that colistin-
heteroresistant Acinetobacter spp. isolates associated with
previous colistin therapy were not derived from a single
clone. The frequent appearance of colistin resistance in
Acinetobacter spp. isolates, as evidenced in this study,
should be of concern. Although clonal spreading of colistin-
resistant Acinetobacter spp. isolates was rarely found in this
study, combination of frequent development of colistin-
resistant isolates and their clonal dissemination in hospitals
may result in a high prevalence of colistin resistance, which
limits the therapeutic options for treating Acinetobacter
infections. Thus, careful use of colistin for treatment of
Gram-negative pathogens is needed, and appropriate dosage
regimens for colistin so as to prevent colistin-resistant
mutants should be defined (Hawley et al., 2008; Li et al.,
2006a, 2006b; Tan et al., 2007).

Gene trees of the 58 colistin-resistant Acinetobacter spp.
isolates from each gene sequence were shown in Fig. 2.
Except the gdhB and gpi gene trees, the other gene trees

Fig. 1. Unrooted phylogenetic tree of 58 colistin-resistant Acinetobacter spp. isolates as derived from concatenated sequences of the 7 gene loci used in MLST.
The tree was constructed using the neighbor-joining method. Three Acinetobacter groups are represented. Only bootstrap values higher than 70% in the bootstrap
analysis are indicated at the corresponding branches. Scale bar indicates 1 substitution per 100 nucleotides.
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showed a clear distinction among the 3 Acinetobacter
groups. Although the 3 clusters generally corresponding to
Aba A, Aba B, and GS 13TU could also be identified in
the gdhB gene tree, 7 GS 13TU isolates and 4 Aba B isolates
were grouped with the Aba A isolates (Fig. 2C). In contrast,
isolates of the 3 groups were more intermingled within the
gpi gene tree (Fig. 2F). However, the 3 phylogenetic clusters
were also found in the gpi gene tree. The first cluster (*)
consisted of mostly GS 13TU isolates. The 2nd (#) included
mostly Aba B isolates, some GS 13TU isolates, and all the
Aba A isolates except S125. Some GS 13TU and 1 Aba B
were grouped into the 3rd cluster (†) . Thus, it is considered
that the colistin-resistant Acinetobacter spp. isolates in this
study are separated into 3 distinct clusters, which are

generally consistent with species and subgroups. Along with
the tree from the concatenated sequences, the distinction
within each gene tree may indicate the divergence of these 3
groups over an extended period.

However, the phylogenetic relationships among the 3
groups were inconsistent within the gene trees. In contrast to
the general conservation of subgroupings, interrelationships
among the subgroups were not concordant with each other.
Gene trees derived from the gltA, gyrB, gdhB, and rpoD
sequences showed close relationships between Aba A and
GS 13TU, whereas Aba B and GS 13TU were closely related
in those trees derived from recA and cpn60 sequences.
Interestingly, such closeness did not correlate with physical
relatedness of genes within the genome. A genomic map of

Fig. 2. Phylogenetic trees of 58 colistin-resistant Acinetobacter spp. isolates from each gene sequence of the MLST loci: gltA (A), gyrB (B), gdhB (C), recA (D),
cpn60 (E), gpi (F), and rpoD (G). Each gene tree was constructed using the neighbor-joining method and rooted using 2 divergent strains (S117-1 and S133) as
out-groups. Scale bars indicate 10 (F, gpi) or 1 (all others) substitution per 100 nucleotides. In panel F, the first cluster (*) consisted of mostly GS 13TU isolates.
The 2nd (#) included mostly Aba B isolates, some GS 13TU isolates, and all the Aba A isolates except S125. Some GS 13TU and 1 Aba B were grouped into the
3rd cluster (†).
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Fig. 2 (continued).
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Fig. 2 (continued).
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Fig. 2 (continued).
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the Acinetobacter baylyi strain ADP1 indicates that the gltA,
cpn60, and rpoD genes; the gyrB and gpi genes; and gdhB
and recA genes are located proximally to each other (Bartual
et al., 2005). In the A. baumannii strain AYE, of which the
genome has been recently sequenced, the physical related-
ness of genes are similar to that of the ADP1 strain (Vallenet
et al., 2008). Inconsistent groupings may indicate mosaic
genomes of A. baumannii and GS 13TU. It may also be
evidence of gene fragment replacement after divergence of
these 3 groups, probably by horizontal gene transfer (Feil
and Spratt, 2001). However, an alternative explanation that
some MLST loci are unsuitable for typing of Acinetobacter
may be possible.

In addition to the complicated clustering within the
gdhB and gpi gene trees, some isolates showed incongruent
phylogenetic clustering in other gene trees: C075 in gltA
(Fig. 2A), C061 and C108 in gyrB (Fig. 2B), and C094 in
rpoD (Fig. 2G). This may indicate recent genetic
recombination events. A. baylyi ADP1 is known to be
naturally transformable and has a propensity for frequent
recombination (Metzgar et al., 2004). Although natural
transformability has not been reported in other Acineto-
bacter spp., it is suggested that frequent recombination in
Acinetobacter spp. may contribute to high antimicrobial
resistance. Furthermore, it has been suggested that colistin
resistance may be associated with modification of lipid A
with 4-aminoarabinose in E. coli (Gatzeva-Topalova et al.,
2005), though it requires further investigation to determine
if such mutated genes might have been transferred into
colistin-susceptible isolates.

In this study, it was shown that the high resistance to
colistin of Acinetobacter spp. isolates from Korea was not
due to clonal dissemination of specific clones but that they
likely arose independently. Three colistin-resistant Acineto-
bacter groups were conserved within the phylogenetic tree
from concatenated sequences and in most of the individual
gene trees. However, gene replacement and recombination
might also be inferred in the phylogenetic analyses. Owing to
the increasing use of colistin against Gram-negative patho-
gens and the high recombination rate of Acinetobacter spp.,
it is of concern that colistin resistance in Acinetobacter spp.
isolates may increase rapidly.
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