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ABSTRACT AbaR-type genomic islands (AbaRs) are important elements responsible for
antimicrobial resistance in Acinetobacter baumannii. This study performed a large-scale
identification of AbaRs to understand their distribution and compositions of antimicro-
bial resistance genes. We identified 2.89-kb left-end and 1.87-kb right-end conserved se-
quences (CSs) and developed a bioinformatics approach to identify AbaRs, using the CSs
as signatures, in 3,148 publicly available genomes. AbaRs were prevalent in A. bauman-
nii, being found in 2,091 genomes. They were sparse in other Acinetobacter species and
confined only to this genus. Results from 111 complete genomes showed that over 85%
of AbaRs resided on chromosomes. The external flanks adjacent to the inverted repeats
available in all identified CSs were mapped to an AbaR-free chromosome or searched in
the NCBI database for empty loci to define insertion sites. Surprisingly, 84 insertion sites
with diverse origins were revealed, including 51 scattered on the chromosome, 20 plas-
mid borne, 12 located on prophages, transposons, ISAbal, complex AbaRs, and genomic
islands of other types, and one uncharacterized, and some were strongly associated with
clonal lineages. Finally, we found 994 antimicrobial resistance genes covering 28 unique
genes from 70.9% (299/422) of intact AbaRs currently available. The resistance gene pro-
files displayed an apparent clonal lineage-specific pattern, highlighting the distinct fea-
tures of AbaRs in global clone 1 (GC1) and GC2. The tet(B) gene was highly specific to
the AbaRs in GC2. In conclusion, AbaRs have diverse insertion sites on the chromosome
and mobile genetic elements (MGEs) and display distinct antimicrobial resistance
gene profiles in different clonal lineages.

KEYWORDS antimicrobial resistance, genome, insertion site, mobile genetic element

cinetobacter baumannii is a nosocomial pathogen that infects and causes serious

disease in immunocompromised people. A. baumannii is feared because an increasing
number of clinical isolates are resistant against multiple antibiotics. AbaR-type genomic
islands (AbaRs) are a class of important mobile genetic elements (MGEs) known to be
involved in multiple antimicrobial resistance in A. baumannii (1-7). The noticeable plasticity
of these elements facilitates the evolution of bespoke AbaRs that enable A. baumannii
strains to thrive in the presence of multiple antibiotics and makes A. baumannii a formi-
dable threat to the health of immunocompromised patients in clinical settings.

AbaRs are diverse, containing various resistance genes, and have distinct structural
features in different epidemic clones (8-11). The AbaR3-type islands in global clone 1
(GC1) usually carry multiple resistance genes and have been mapped to a backbone
transposon, Tn6079 (8, 9). AbaRs like AbaR4, which is mostly found in GC2 and carries
the blagya-s gene, differ from the AbaR3-type elements (4, 10, 12, 13) and have a
Tn6022 backbone. A related element that carries no antibiotic resistance genes, Tn6021,
has also been found (8, 12). More complex AbaR variants like Tn6766 (13) and Tn6167
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(14) in GC2 that are associated with both Tn6022 and Tn6772 have been characterized
and recently termed AbGRI1-type islands to distinguish them from the AbaR islands in
GC1 (11, 15). Although these elements differ substantially in resistance gene content
and organization and display distinct structural features, their backbones are closely
related, and they share several open reading frames that constitute the so-called
transposition module and 26-bp imperfect terminal inverted repeats (IRs) (9-11, 16). For
simplicity, the abbreviation “AbaRs” will be used in this study to collectively refer to all
of the AbaR-type genomic islands. Most AbaRs site-specifically disrupt the chromo-
somal comM gene, generating a target site duplication indicated by 5-bp perfect direct
repeats (DRs). However, other chromosomal insertion sites, such as pho for some
AbaR4-type islands in GC1 and the site identical to ACICU_02698 in an isolate belonging
to clonal complex 10, also have been reported with distinct 5-bp DRs (10, 17). Plasmids
are also reported to carry AbaRs. An AbaR4 carried by the conjugative plasmid pA85-3
has been found in a GC1 isolate (18). Moreover, the AbGIR-type elements are believed
to have originated from a plasmid segment containing a Tn6022 and a Tn6172 that has
transposed as a single unit into the comM locus of GC2 strains (11).

Compared to the exponential growth in sequenced A. baumannii genomes, only a
limited number of AbaRs have been reported. This study has identified AbaRs from
3,148 publicly available genomes, allowing a large-scale analysis of AbaRs to under-
stand their distribution and antimicrobial resistance features and to further correlate
their clonal distribution with antimicrobial resistance signatures.

RESULTS

AbaRs contain conserved sequences at their terminal regions. Comparison of 40
known AbaRs with the reference element Tn6079 that was known as the backbone of
AbaR3-type elements in GC1 (8, 9), including the AbaR3, AbaR4 and AbGRI1 types
(Table S1), revealed a 2.89-kb region at the left end and a 1.87-kb region at the right
end that share conserved nucleotide sequences (Fig. 1A). The left-end conserved
sequence (CS,) included the left-end inverted repeat (IR)), tniC (orf1), tniA, and partial
tniB, while the right-end conserved sequence (CSg) contained orf4 and the right-end
inverted repeat (IRg). The region containing uspA and sup adjacent to the CS; also
appeared to be conserved. However, it mostly occurred along with an extra CSi within
the internal region of a complex AbaR (e.g., AbGRI1-type elements), instead of located
at the right terminal region of the entire element.

AbaRs are prevalent in A. baumannii and are mostly chromosome borne. The
CS, and CSi were used for in silico AbaR identification (Fig. S1) in 3,148 unique A.
baumannii genomes, including 111 complete and 3,037 draft genomes (Data Set S1).
The CSs were identified in 2,091 (66.4%) genomes covering 100% (11/11) of clonal
lineage sequence types (STs) (19), 45.7% (107/234) of Pasteur STs (20) and 59.0%
(184/312) of Oxford STs (21) that could be detected (Data Sets S1 and S2). Note that STs
could not be determined in many unfinished genomes. The Pasteur multilocus se-
quence typing (MLST) scheme was used as a reference method in this study (20). The
abundances of AbaRs were different in different clones (Fig. 1B and C and S2) based on
the current data. Of note, some multidrug-resistant epidemic clones showed extremely
high abundance, butut it should be emphasized that the current genome database
might be biased due to the overrepresentation of clinical isolates of certain STs. In other
species, only a few AbaRs were found in a limited number of Acinetobacter species
when searched against the NCBI nonredundant nucleotide database (Data Set S3).

Intact AbaRs (referring in this study to those with intact termini) were first identified
in 111 complete A. baumannii genomes, and over 85% resided on chromosomes. In
these genomes, we found 79 intact AbaRs on 76 chromosomes and 13 on 10 plasmids
(Data Set S4). The AbaR-containing plasmids accounted for less than 7% (10/145) of all
plasmids (Fig. 1D). Consistently, no AbaRs were detected on the additional 19 plasmids
sequenced alone (Data Set S5). Most chromosomes or plasmids contained one intact
AbaR, while a few harbored two. Among the AbaRs, 41 were identified as complex
elements, as they contained extra CS copies in their internal regions and they were
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FIG 1 Identification of AbaRs in Acinetobacter baumannii genomes. (A) Conserved sequences (CSs) of AbaRs obtained by aligning 40
known AbaRs against the reference element Tn6079. Left-end and right-end CSs (CS, and CSg, respectively) are indicated by gray
shades. (B) Abundance of AbaRs in different clonal lineage sequence types (STs). (C) Abundance of AbaRs in different Pasteur STs. Only
STs with top-20 genome numbers are shown. For panels B and C, the numbers above the histograms are the numbers of genomes
belonging to the corresponding STs. Note that STs could not be determined in many unfinished genomes. For the results by Oxford
ST, see Fig. S2. See Data Set S1 for results with detailed ST information. (D) Percentages of chromosomes and plasmids containing
AbaRs based on the data from 111 complete genomes. The numbers above the histograms are the total numbers of chromosomes/
plasmids. (E) Length distribution of AbaRs. (F) Guanine and cytosine content (GC %) distribution of AbaRs. For panels E and F, medians
with interquartile ranges are given, and the data are based on 442 intact AbaRs.

mostly found in the genomes of GC2 strains, which might be linked to the AbGRI1-type
islands (Data Set S4). Interestingly, apart from comM, pho, ACICU_02698, and the three
plasmid-borne insertion sites known previously, six novel insertion sites identical to
ABR2091_2729, ABR2091_2130, AB57_05270, B7L39_19070, D721_p10064, and umuC
were revealed (Data Set S4). Notably, AB57_05270 was a prophage-borne gene, whereas
the last three listed were plasmid borne. The AbaRs previously reported in these
genomes (Table S1) were all identified. Meanwhile, 34 AbaR remnants were found in 14
genomes, suggesting that they might have gone through complex genetic events.
Similarly, nearly 80% (27/34) of remnants were located on chromosomes. We further
managed to identify 331 intact AbaRs from 346 draft genomes (Data Set S4). Note that
in draft genomes, an intact AbaR could be split on different contigs, which did not allow
its identification as an intact element. Thus, intact AbaRs could only be defined in a
limited portion of draft genomes (11.4%; 346/3037).
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The 442 intact AbaRs were 7.66 to 86.24 kb (median, 17.63 kb) in length, and the
distribution displayed two major peaks at the 7.5- to 12.5-kb and 17.5- to 22.5-kb
intervals (Fig. 1E), which might correspond to certain types of AbaRs. Their GC contents
varied from 34.94% to 52.80% (median, 40.32%), comparing to the ~39% of A.
baumannii genomes, the distribution likewise displayed three major peaks at 34.5% to
35.5%, 37.5% to 38.5% and 39.5% to 41.5% intervals (Fig. 1F).

AbaRs have diverse insertion sites. A large-scale search was performed on all of
the retrieved A. baumannii genomes. The upstream and downstream sequences of
AbaRs represented by the external flanks adjacent to the IRs available in 7,851 CS hits
were mapped to an AbaR-free chromosome or otherwise searched in the NCBI data-
base for empty loci to define insertion sites and DRs. A total of 7,749 (98.7%) flanks were
mapped, and strikingly, 84 insertion sites were revealed (Fig. 2, Table S2, and Data Set
S2). The insertion sites had diverse origins, as 51 were found to be chromosome borne,
20 plasmid borne, and 12 located on putative prophages, transposons, ISAbal, or
genomic islands of other types, and they had distinct insertion frequencies (Fig. 2A).
Most insertion sites were embedded in protein-coding genes. The transpositions
generated 5- or 4-bp (only found in one locus) DRs (Fig. S3), except in one locus that
was disturbed by Tn60217 on the pAB3 plasmid. The 5-bp left and right flanks of Tn6021
were 5'-ATTAT-3" and 5'-ATAGT-3’, respectively. AbaRs had a strong preference for the
comM gene. Insertions at acoA, pho, and uup were occasionally seen, but the frequen-
cies had a sharp decrease. The other chromosome-borne insertion sites were rarely
found to be occupied. AbaRs also occurred at high frequencies at the two loci seen on
plasmid pAB3 and at the tet(B) gene that was mostly located within AbaRs (Data Set S4).
We further mapped the insertion sites to different clonal lineages (Fig. 2A). Interest-
ingly, of the 67 loci having clonal information, only five, including comM, the three
known plasmid loci, and the locus identical to D721_p10064, were found in different
clonal lineages, while the remaining loci were currently confined to either GC1 or GC2.
However, for the majority of loci, the frequencies of occupancy were extremely low,
which might not reflect actual clonal preference. However, several often-disrupted loci,
such as tet(B), acoA, pho, and uup showed strong association with specific clonal
lineages (Data Set S2). The disruption of tet(B), acoA, and pho was mostly associated
with ST2 (GC2), while that of pho was only found in ST1 (GC1). Meanwhile, the
disruption of tet(B) was seen in low frequencies in several other clones, most of which,
like ST98, ST129, ST415, ST641, ST823, ST880, ST524, and ST922 could be mapped to
GC2. The occupancy at acoA was also found in ST524. Notably, the chromosome-borne
loci were diverse and scattered (Fig. 3). In addition, 1.3% of flanks could not be mapped
to any known locus due to insufficient length or lack of hit.

The antimicrobial resistance gene profiles of AbaRs are associated with host
clonal lineages. A total of 994 antimicrobial resistance genes covering 28 unique ones
was identified from 70.9% (299/422) of the intact AbaRs (Fig. 4A). The strA, strB, and
tet(B) genes were predominant in these AbaRs. Notably, as an insertion site within
AbaRs, tet(B) often appeared in an occupied form and was truncated by 6 bp at the 3’
end, but it recruited a new stop codon from the CSi. Most resistant AbaRs contained
three or four resistance genes, but they were capable of hosting up to 24 resistance
genes (Fig. 4C). We further correlated their resistance gene profiles with host clones,
where applicable. Interestingly, an apparent clonal lineage-specific pattern was found
(Fig. 4C). GC2 was associated with an strA™ strB™ tet(B)™ signature, while GC1 was
associated with a different and wide spectrum of resistance genes. The tet(B) gene
seemed to be specific to AbaRs in GC2. The blagya_»3 gene was found on AbaRs in both
GC1 and GC2. Nonresistant AbaRs were found in nearly all available clonal lineages.

DISCUSSION

This study developed a bioinformatics method to identify AbaRs in 3,148 publicly
available A. baumannii genomes and analyzed their distribution, insertion sites, and
features of antimicrobial resistance gene profiles.

AbaRs are known to be diverse but have been mapped to several closely related
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FIG 2 AbaRs have diverse insertion sites. (A) Numbers of CS flanks mapping to the insertion sites grouped by origins. For a name-unassigned gene, a

the corresponding DR sequences are given in brackets for distinction; the letter “c” means complement where applicable. Loci that have been reported are

representative locus tag identifier of an identical undisrupted gene is given. If there are two insertion sites in one gene or one insertion site, the positions of

labeled in red. The locus that used to be represented by ACICU_02698 is tagged here with ABR2097_2729 to be consistent with other chromosomal loci.

ponds to the locus reported on pA85-3. The pAB3-type locus 1 and pAB3-type locus 2 correspond to the ones on plasmid pAB3 disrupted

by Tn6021 and Tn6174, respectively. Data for the locus with a similar sequence to A1S_2077 are not shown, as the origin of the locus could not be precisely

B7L39 18880 corres

determined at present. (B) Occupancy distribution of the insertion sites in different clonal lineages. GC, global clone. See Data Set S2 for detailed ST information.

Gl, genomic island; Tn, transposon; IS, insertion sequence. IGR, intergenic region.

transposon backbones (8-11). This study has identified conserved sequences at the
ends of AbaRs that actually reflect the relatedness of their backbones. Thus, the term
AbaR (AbaR-type genomic island) used in this study broadly refers to a class of mobile

genetic elements whose structures are based on these closely related backbones.
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integrated into some of the A. baumannii chromosomes.

AbaRs are prevalent in A. baumannii and are likely confined to the genus Acinetobacter.
AbaRs seems to have distinct distributions in different clones, but further epidemio-
logical studies are required, as the current A. baumannii genome database may be
biased toward clinical isolates of certain clones. AbaRs occurred in non-baumannii
Acinetobacter strains at low frequencies. Only a few AbaRs have been reported in A.
nosocomialis and A. seifertii clinical isolates (22). These results may suggest that the
interspecies transfer of AbaRs is infrequent. It has also been suggested that AbaRs
evolve independently in different epidemic clones. Most AbaRs are located on chro-
mosomes and fewer were reported on plasmid (11, 18). AbaRs are not self-transmissible
elements like conjugative plasmids or integrative and conjugative elements. The AbaR4
carried by a conjugative plasmid is also found in a GC1 isolate, suggesting plasmid-
mediated dissemination (18). However, we found that AbaRs do not commonly occur
on plasmids, which may reduce their chance to be mobilized, partially contributing to
infrequent interspecies transfer.

AbaRs have unexpectedly diverse insertion sites. There were six insertion sites
reported in previous studies (1, 11, 17, 18, 23). However, the large-scale analysis in this
study allows the identification of uncommon and cryptic sites, and thus 84 insertion
sites in total were revealed. Consistent with previous reports, we found that most of the
elements disrupted the comM gene. Other insertion sites displayed varied frequencies
of occupancy. Interestingly, apart from chromosome- and plasmid-borne insertion sites,
we also found several loci related to mobile genetic elements (MGEs), including
genomic islands, transposons, and an insertion sequence, which may suggest that
the incoming MGEs could expand the hosts’ capacity to accommodate AbaRs and/or
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mobilize AbaRs. In addition, our analysis utilized the flanking sequences of all identified
CSs, which included the CSs within the internal regions of complex AbaRs. Therefore,
we found several insertion sites located within complex AbaRs. Note that the split parts
of the two loci (here designated pAB3-type locus 1 and locus 2) reported on pAB3 could
belong to actual plasmid-borne sites or exist in the internal parts of the AbGRI1-type
elements (11). Consistently, the occurrence of the matching split parts of each of the
two loci were largely uneven. The tet(B) locus is likely an AbaR-borne insertion hot spot.
In many reported AbaRs, such as Tn6166, the tet(B) locus has been seen to be truncated
and immediately adjacent to an internal IRy, with the last 6 bp of the gene missing (14).
Here, however, we found a full set of split parts for tet(B) in some complex AbaRs, which
may provide insight into the formation of those complex AbaRs.

It is known that AbaRs carry multiple antimicrobial resistance genes. Indeed, we have
identified diverse resistance genes on over 70% of available AbaRs. Moreover, the resis-
tance gene profiles of these AbaRs follow specific patterns, allowing the grouping of the
elements into distinct clades and correlation of the resistance gene profiles with clonal
lineages. Our findings are highly consistent with those of previous reports. A highly mosaic
multiple antimicrobial resistance region located between two copies of Tn6078 has been
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widely seen in AbaR3-type elements in GC1 (24), whereas in GC2, the AbaRs usually contain
sul2, tet(B), strA, strB, and/or blagy,_»5 (10), and the multiple antimicrobial resistance is also
attributed to AbGRI2 and/or AbGRI3 elements (15, 25). The patterns in the minor clones
seem to be similar to that in GC2. These results again reiterate the distinct features of AbaRs
in different clones and provide strong support to help correlate the resistance phenotypes
of A. baumannii infections with genetic determinants, but future studies focusing on
comprehensive analyses of AbaR structures are required.

Overall, the findings of our study will advance understanding of the distribution,
insertion sites, and features of antimicrobial resistance gene profiles of AbaRs.

MATERIALS AND METHODS

Genomic data. A total of 3,258 A. baumannii genomes were retrieved from the NCBI database
(ftp://ftp.ncbi.nih.gov/genomes/). After removing duplicated genomes and those that did not pass the
RefSeq criteria, 3,148 unique genomes were included for analysis (Data Set S1). Meanwhile, 19 unique
plasmids sequenced alone were also retrieved from the NCBI database (Data Set S5).

In silico multilocus sequence typing (MLST) and clonal lineage sequence typing of A. baumannii
genomes. A. baumannii MLST was performed with both Pasteur (20) and Oxford (21) schemes. Allele
sequences and MLST profile definitions were downloaded from the Bacterial Isolate Genome Sequence
Database (BIGSdb; http://bigsdb.pasteur.fr/) (26). A clonal lineage sequence typing scheme utilizing
ompA, csuk, and blagy, s,-like genes was performed (19). A feature of this scheme was that it could
distinguish global clones. For all schemes, alleles in the A. baumannii genomes were identified with
BLASTN using criteria of 100% identity and 100% coverage. STs were then defined according to the allele
profiles using an in-house Perl script.

Identification of conserved sequences in known AbaRs. A total of 59 known AbaRs collected from
published literatures or by text searching in the GenBank database (Table S1) were subjected to manual
review to refine precise boundaries. Forty completely sequenced intact AbaRs were selected. The Tn6079
(sequence extracted from AbaR5) (8, 27) was used as the reference element. The 40 elements were
aligned against Tn6079 with Mega BLAST (version 2.3.0+) (28) (E value, =0.001) to obtain conserved
sequences. In this study, orientation of AbaRs was defined in accord with that of the tniA through tniE
genes, and IR, referred to the IR upstream of those transposase genes.

Identification of AbaRs in genomic sequences. We developed an AbaR identification pipeline with
Perl (Fig. S1). The conserved sequences (CSs) locating at both ends of AbaRs were used as a query data
set for AbaR identification. CSs were searched in genomic sequences with Mega BLAST (E value, =0.001).
Fragmental hits adjacent or close (with a distance of =2 kb) to each other that could make up one CS
and matching an insertion, deletion, or indel scenario were assembled as one CS hit (with the fragments
in between if applicable). The occupancy at the known insertion sites comM and pho were examined.
Cooccurrence of a left-end CS (CS,) and a right-end CS (CSg) with the same orientation would allow the
identification of a complete element and recognition of its precise boundaries. Thus, the identified CS_
and CS; with the same orientation were paired within a 150-kb window. However, a complex AbaR
containing extra copies of CSs or two individual AbaRs close to each other could generate more than one
CS, and/or CSg hits within the defined window, resulting in many combination possibilities. To obtain
reliable pairing in such cases, hits with a matching insertion site were paired first, followed by hits with
matching DRs, and last by the remaining hits. The hits located between two paired hits were excluded
for subsequent pairing. The identification results were manually checked.

Identification of insertion sites and direct repeats. Where applicable, the up-to-100-bp external
sequences flanking the invert repeats (IRs) of CS hits were extracted to identify insertion sites. Those
flanks were mapped to the chromosome of the AbaR-free A. baumannii strain R2091 (GenBank accession
number LN997846) or searched in the NCBI Nucleotide online database to identify empty sites using
BLAST (http://blast.ncbi.nim.nih.gov/Blast.cgi). The overlapping sequences of a left flank and a right flank
matching to the same loci were defined as DRs. Results were manually checked.

Profiling of antimicrobial resistance genes. Antimicrobial resistance genes were identified with the
ResFinder (29) database, supplemented with the gacEAT and gacE gene sequences, by using an in-house
Perl script. Results were manually checked.

Dendrograms. Binary heat maps indicating presence or absence were generated with the Com-
plexHeatmap package (30) in R. The accompanied dendrograms were drawn with default settings.
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