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Highlights
e Plasmid-borne Tn2008 was responsible for carbapenem-resistance in multi-drug resistant
Acinetobacter baumannii strains causing an outbreak of infections in a tertiary care
hospital in Virginia.
e Similar strains were sporadically encountered in the hospital.
e The other determinant of carbapenem-resistance in Acinetobacter baumannii strains

isolated from sporadic infections in the hospital was ISAbal-blaOXA-66.

Abstract

Objectives

The objectives of this study were to determine the genetic basis for carbapenem resistance in
multidrug-resistant Acinetobacter baumannii strains isolated from patients affected by a sudden
increase in the incidence of infections by such organisms in a tertiary care hospital in Virginia,
USA, in 2009-2010 and to examine whether such strains are commonly encountered in the
hospital setting.

Methods

The whole genomes of one outbreak strain, one carbapenem-resistant strain and one
carbapenem-sensitive strain from sporadic infections in 2010-2012 were sequenced and
analyzed. Then five outbreak isolates and 57 sporadic isolates of which 39 were carbapenem-
resistant were screened via PCR for relevant DNA elements identified in the genomics
investigation.

Results
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All three strains, for which whole genome sequences were obtained, carried resistance genes
linked to multidrug-resistant phenotypes and a ~111 kbp plasmid (pCMCVTAbL) without a
drug-resistant gene. Of these, the two carbapenem-resistant strains possessed a ~74 kbp plasmid
(pPCMCVTADb2) carrying a Tn2008 transposon that provides high-level carbapenem resistance.
The PCR analysis showed that all outbreak isolates carried both plasmids and Tn2008, and of the
sporadic isolates, 88% carried pCMCVTADL, 25% contained pPCMCVTAb2, and 50% of the
latter group carried Tn2008.

Conclusions

Carbapenem resistance in outbreak strains and 12% of sporadic isolates was due to the
pCMCVTAb2-borne Tn2008. This is the first report for a Tn2008-driven outbreak of
carbapenem-resistant Acinetobacter baumannii infections in the Commonwealth of Virginia,

which followed similar cases in Pennsylvania and Ohio.

Keywords: Acinetobacter baumannii, carbapenem-resistant, whole genome sequencing, MDR,

Hospital Acquired Infection, Southwest Virginia

1. Introduction

The multidrug-resistant (MDR) strains of Acinetobacter baumannii (MDR-ADb) cause
10% of hospital-acquired infections (HAI) that result in patient mortality of up to 70% [1].
Acinetobacter species, strictly aerobic, non-motile, Gram-negative coccobacilli, are found in
numerous natural niches and occasionally in the clinical setting [2]. MDR-Ab strains are the

third leading cause of respiratory tract infections among patients in intensive care units (ICU)
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[3]. Initial colonization by Acinetobacter occurs predominantly in patients with compromised
immunity or prolonged hospital stay leading to bacteremia and ventilator-associated pneumonia,
particularly in those admitted to an ICU [4]. Often these infections occur in outbreaks or clusters
and are tracked to medical support devices [5]. Recently, the emergence of carbapenem-resistant
(CR) strains of Ab in the hospital setting coupled with limited options of antimicrobial treatments
has further aggravated the situation. Most prevalent carbapenem resistance (CR) enzymes of A.
baumannii belong to a group called Class D or OXA-type B-lactamases or oxacillinases which is
frequently encountered in Gram-negative bacteria and provides a wide spectrum of p-lactamase
activities [1, 2, 3]. The subsets providing carbapenem resistance are carbapenem-hydrolyzing
class D B-lactamases (CHDLs) and in A. baumannii these are encoded by blaoxa genes such as
blaoxa-23-iike, blaoxa-40, blaoxa-66, blaoxa-si-iike and blaoxassike [1, 2, 3, 6]. The spread of bla
genes from one strain to another is facilitated by mobile genetic elements, and through
integration within a genome these mobile elements create drug-resistant islands, which for A.
baumannii are called AbaR [7]. In some cases the expression levels for the blaoxa genes are
enhanced by associated insertion sequences (IS) [7]. We report an investigation on the genetic
basis for carbapenem resistance in multidrug-resistant Ab strains isolated during an outbreak or
cluster of infections in a tertiary care teaching hospital in Southwestern Virginia, USA.
2. Materials and Methods
2.1. Phenotypic characterization of Ab isolates

We studied 62 isolates of MDR-Ab, five from the outbreak period of 2009-2010 and 57
from sporadic infections in 2009-2012 (15 in 2010-2012 and 42 in 2013-2014), obtained from
respiratory sources (sputum, tracheal aspirate and bronchoalveolar lavage), wounds, urine or

blood; surveillance isolates were from perirectal and nasal swabs. The study followed prior
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approval from the local Institutional Review Board. Tests for biochemical properties of the
isolates, including antimicrobial susceptibilities, were performed using VITEK 2 (bioMérieux)
automated system. Antimicrobial susceptibility readings were recorded according to the Clinical

and Laboratory Standards Institute (CLSI) guidelines (http://clsi.org/m100/).

2.2. Clinical data collection and analysis

The complete microbiological characteristics datasets were available for five of the nine
outbreak isolates (Table S1) and for 57 sporadic isolates of MDR-Ab. Consecutive isolates from
a patient during the same admission were not included unless the resistance profile had changed.
Recorded variables included the anatomic source of the isolate plus its susceptibility profile,
patient comorbidities, as well as calculation of their Charlson comorbidity index score [8],
diagnosis at admission, total hospital length of stay (LOS), Intensive Care Unit (ICU)-LOS and
discharge disposition. Variables were collected and analyzed in an electronic database. Clinical

data were associated with duly de-identified isolates prior to being made available for research.

2.3. Sequencing of the genomic DNA, assembly and analysis of sequence data, and PCR
Genomic DNA isolated with Genomic-tip 20/G (Qiagen, Valencia, CA) was sequenced
on the PacBio RS Il platform employing Single Molecule Real Time or SMRT™ technology
(Pacific Biosciences, Menlo Park, CA) at the University of Delaware Sequencing and
Genotyping Center (Newark, DE) using a standard protocol [9]. De novo sequence assembly
was performed by the SMRT™ analysis version 2.2 system [9]. The resulting polished and
assembled sequences were analyzed for circularity using Gepard [10], and the circular sequences

were generated by use of Amos [11] and Minimus2 [12]. Automated annotation for gene
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functions was performed by the Rapid Annotation using Subsystem Technology (RAST) in the
RAST server [13] followed by manual curation. The origin of replication of a plasmid was
identified with OriFinder [14]. Identity and Average Nucleotide ldentity (ANI) values were
calculated using blastn [15] and ANI calculator at the http://enve-omics.ce.gatech.edu/ani/ [16],
respectively. PCR was performed with specific primers (Table S2), genomic DNA, and Platinum
Taq DNA Polymerase Hi Fidelity (Invitrogen, Carlsbad, CA). The PCR observations were
validated by determining the DNA sequences of two amplicons per target; sequencing occurred

at the Virginia Tech Biocomplexity Institute’s Genome Research Laboratory.

2.4. Bioinformatic analyses

2.4.1. Multilocus Sequence Typing (MLST) — The typing was performed following the
Pasteur MLST and Oxford schemes using the defined internal segments of gltA, gyrB, gdhB,
recA, cpn60, gpi, and rpoD genes [17]; the respective sequences were obtained either from the
whole genome data or from sequencing of PCR amplicons. The data were analyzed at the Center
for Genomic Epidemiology (https://cge.cbs.dtu.dk/servicessMLST/) and PubMLST

(http://pubmlst.org/abaumannii) webservers.

2.4.2. Searches for antibiotic resistance genes and IS elements — The resistance genes
were identified by using the RAST platform via built-in Blastp searches in the NCBI Reference
Sequence Database for proteins as well as the ResFinder and Antibiotic Resistance Gene
Database (ARDB) webservers (https://cge.cbs.dtu.dk//services/ResFinder/;

https://ardb.cbcb.umd.edu/) with the default parameters. The IS elements were identified by
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RAST and annotated by PSI-BLAST, as well as the IS finder tool (http://www-is.biotoul.fr) with

the standard parameters.

3. Results

3.1. A sudden rise in CR-MDR-AD infections

The incidence of MDR-Ab and CR-MDR-AD infections at Carilion Medical Center in
Roanoke, Virginia, was zero per 10,000 patient days prior to August 2009 (Fig. 1). Then, in
August 2009 - January 2010 period, coinciding with an HIN1 influenza epidemic in
Southwestern Virginia, an acute spike and clustering of nine CR-MDR-Ab cases were identified
in an ICU (Table S1). Three of the nine affected patients died. Using retrospective analysis, the
index case was traced to a nursing home patient admitted in August 2009. These frequent
infections were halted by strict cohorting of patients and staff and heightened general infection
control measures. The result of this action is reflected in the observation that in the March 2010-
Ausgust 2012 period the hospital encountered two more periods of increased infections by

MDR-Ab strains where the incidences of carbapenem-resistance were relatively low (Fig. 1).

3.2. Demographic and clinical features of MDR-AD isolates

In total, we studied 62 MDR-AD isolates, of which five were from the outbreak (2009-
2010) and 57 from sporadic infections (2010-2014) (Table 1). All outbreak isolates and 57
sporadic isolates were considered carbapenem-resistant (CR) per the CLSI definition [18], as the
respective CLSI breakpoint for imipenem and/or meropenem were > 8 pg/ml [19]; for 18
sporadic isolates the CLSI breakpoint value was <2 pg/ml. In analyzing the clinical

characteristics of patients from whom these isolates were obtained, we excluded seven patients
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with incomplete data and another 11 patients whose cultures were obtained due to surveillance
screening (nasal, perirectal, rectal). The remaining 44 patients had the following clinical
characteristics. Seventy percent of the isolates were from a respiratory source, while 15.9%
represented Ab-bacteremia. Sixteen percent of the patients died during hospitalization; about
two-thirds (65.9%) were discharged to a long-term care facility (LTCF) and 18% were
discharged home. Mean total LOS was 23.7 days (SD 28.3, range 0-157 days), and ICU-LOS

was 14.7 days (SD 11, range 1-35 days).

3.3. Genomic analysis of A. baumannii (Ab) strains

All five outbreak strains and two sporadic strains for which whole genome sequences
were analyzed exhibited identical Multilocus Sequence Typing (MLST) profiles and were
classified to Cluster 2 or ST2 of the Pasteur scheme and ST208 of Oxford scheme [17]. To
determine the molecular basis for carbapenem resistance in the Ab isolates (Table 1) in a cost-
effective manner, we used a combination of whole genome sequencing and PCR analysis. One
of the strains isolated from an outbreak patient (CMC-CR-MDR-Ab4), a carbapenem-sensitive
(CMC-MDR-Ab59), and a carbapenem-resistant strain (CMC-CR-MDR-Ab66) of Ab from
sporadic infections (Table 1) were targeted for the genome sequencing on the PacBio RS 1l
platform. The sequence for all three strains readily assembled to fully complete chromosomes
and one or two plasmids (Table S3). The assembled sequences have been submitted to the
GenBank with the following accession numbers: CMC-CR-MDR-Ab4 chromosome, CP016295;
CMC-CR-MDR-Ab59 chromosome, CP016298; CMC-CR-MDR-Ab66 chromosome, CP016300;

pCMCVTAD1-4, CP016296; pCMCVTADb1-59, CP016299; pCMCVTAbl-66, CP016301;
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pCMCVTAb2-4, CP016297; pCMCVTAD2-66, CP016302. Presented below is a comparative

analysis of the relevant features of these genomes.

3.4. Chromosomal antibiotic resistance genes

The antibiotic resistance genes found in whole genome sequences are shown in Table 2.
Both CMC-CR-MDR-Ab4 and CMC-CR-MDR-Ab66 carried the following three chromosomally
encoded bla genes [7] (class, bla gene): class A, blatem-1F; class C, blaapc-2s; class D, blaoxa-ss.
These genes, except blatem-1r, were also present in CMC-MDR-Ab59, which is sensitive to
carbapenem. The following additional antibiotic resistance genes were found in all three
chromosomes (drug (gene name)) (Table 2): sulfonamide (sull and sul2); tetracyclines (tetB);
choloramphenicol (catB8); aminoglycosides (strB: aph(6)-1d; strA: aphA(3”)-1b, aadAl, aacA4,
aphAl, and aph(3')-Ic, armA); and fosmidomycin (fsr). They also carried the multidrug
resistance genes (gene name, (drug names): MFS_1 (fluoroquinolone, macrolides, tetracyclines
and chloramphenicol); Bcr/CflA, (bicyclomycin, chloramphenicol and florfenicol); mph(E) and

msr(E) (macrolides, lincosamide and streptogramin B).

3.5. Plasmids

The carbapenem-resistant strains, CMC-CR-MDR-Ab4 and CMC-CR-MDR-ADb66,
carried two plasmids, named pCMCVTAbL (~111 kbp) and pPCMCVTADb2 (~74 kbp) (Fig. 2),
while carbapenem-sensitive CMC-MDR-Ab59 carried pCMCVTAD1 and lacked pCMCVTADb2.
The plasmid pCMCVTADbL (Fig. 2A) did not carry an obvious drug resistance gene, but several
metabolic genes such as those for alcohol dehydrogenase and heme biosynthesis. It also

contained remnants of genes for phage structural proteins, which have been found in plasmids of
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MDR-ADb isolates from China, such as pABTJ2 (GenBank accession number: CP004359.1). The
pCMCVTADb1 plasmids from CMC-CR-MDR-Ab4, CMC-CR-MDR-Ab66, and CMC-CR-MDR-
Ab59 exhibited sequence identities higher than 99% among themselves and the differences
mapped to a few SNPs in a phage tail protein gene (ORF numbers AOT16 19195 in
pCMCVTAD1-4). Similar plasmids are frequently encountered in Ab isolates. For example, in
nucleotide sequences the following plasmids were 99% identical to pPCMCVTAb1-4 [GenBank
accession number]: pAB386 [CP010780.1], pABTJ2 [CP004359.1]; pPORABO01-1 [CP015484.1];

and p6200 [CP010400.1].

The plasmid pCMCVTAD2 contained tra, a conjugative transfer gene (Figs. 2B and C).
The pCMCVTAb2 of CMC-CR-MDR-Ab4, called pPCMCVTAD2-4 (Fig. 2B), carried two
transposons: Tn2008 or ISAbal-blaoxa23 and TnaphA6 [20]; blaoxa23 and aphA6 impart
resistance to carbapenem and aminoglycoside antibiotics, respectively.  The plasmid
pCMCVTAb2-4 carried an additional copy of ISAbal, situated downstream of a telA gene that
provides resistance to tellurite and certain other toxic anions [21]. The CMC-CR-MDR-Ab66
carried a variant of pPCMCVTAb2, called pPCMCVTADb2-66, that lacked TnaphA6 but contained
remnants of TnaphA6, including two ISAbal25 units (Fig. 2C). Plasmids related to
pCMCVTAD2 have been found in clinical isolates of Ab. For example, the backbone and the
TnaphA6 element of pPCMCVTAD2 constitute most of the pAb-G7-2 and pACICU-2, and both
plasmids lack Tn2008 [22]. When compared with respect to homologous sections,
pCMCVTADb2-4 exhibit 91-94% sequence identities to the following plasmids [GenBank
accession number]: plAB5075 [CP008707.1]; pAb-G7-2 [KF669606]; pAba3207b

[CP015366.1]; and p2ABTCDC0715 [CP002524.1].
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3.6. Insertion sequences (IS), transposons and antibiotic resistance islands

The genomes of all three Ab strains studied here contained numerous IS elements
representing the 1S26, ISCR2, ISAb24, and 1S4 families [7], and we discuss here those associated
with antibiotic resistance genes creating transposons, or large islands in the chromosome (Tables
2, S4 and S5 and Fig. 3); the plasmid borne IS elements have been discussed above (Table S5
and Fig. 3). The inverted repeats, IRL and IRR, for the IS elements and transposons are shown in
Table S6.

We identified three AbaR type [7] chromosomal antibiotic resistance islands (I-111)
flanked by direct repeats, which likely resulted from transposition into the chromosome (Table
S4 and Fig. 3). These elements or their parts have been found previously in Ab genomes [7, 20,
23]. In addition to these islands, the isolate CMC-CR-MDR-Ab4 carried a combination of
blaapc-2s (ORF AOT16_05315) and two ISAbal, and this arrangement seemed to be unique to
this strain. A version with only one ISAbal was found in CMC-CR-MDR-Ab59 and CMC-CR-
MDR-Ab66 that caused sporadic infections and it also occurs in the following Ab strains
(GenBank accession number): ORABO1 (CP015483.1) and Ab11111 (Permanent Draft)
(NZ_AKAQO00000000.1). The position of ISAbal in the latter case mimics that found in Tn2008
[23] and an association of blaapc-2s with ISAbal in clinical isolates of Ab, and consequent up-
regulation of this bla gene and higher MIC for cephalosporins have been observed previously
[24]; blaapc-2s without an associated ISAbal has also been found in certain CR outbreak strains
of Ab [25].

Two forms of Island I were found (Fig. 3). In CMC-CR-MDR-Ab4 and Ab66, it was

Tn6297, a common Ab transposon and composite of Tn6020b-1 and Tn1548-like-1 that contains
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class I integron with aminoglycosides and sulphonamides resistance genes [26]; each transposon
was bounded by two 1S26 elements. The form found in CMC-CR-MDR-Ab59 carried an extra

aph3 gene linked with a preceding 1S26 element (Fig. 3).

The Island Il was found in CMC-CR-MDR-Ab4 and CMC-CR-MDR-Ab66 and in two
forms (Fig. 3). In CMC-CR-MDR-Ab4, it was identical to AbGRI2-1 of Ab isolate Al, an
Australian global clone 2 [20]. In CMC-CR-MDR-Ab66 it contained a truncated form of aphAl,
an aminoglycoside resistance gene (Fig. 3). Both forms of the island carried blatem-1r (ORF
AOT16_12495 in CMC-CR-MDR-Ab4) (Fig. 3), encoding a B-lactamase that does not degrade
carbapenems [27]. The formation for blarem-1r with truncated resolvase gene (tnpR’) and IS26-

tnpA in island 11 partly mimicked that of Tn3 and has been reported previously [28].

Island 111 is typical of many clinical isolates of CR-MDR-ADb [20, 29]. However, unlike
many of these previously reported islands, such as AbGRI1-2 [20], Island Il lacked a B-
lactamase gene (Fig. 3). Island IIl carried genes for resistance to sulphonamides (sul2),
tetracycline (tetA(B)), and streptomycin (strA-strB); sul2 was preceded by a ISAbal and in
analogy to the case of Tn2008, it could enhance the expression of this resistance gene. These
features make Island 111 a new type of AbaR. Island Ill is present in Ab strains XH386 and
AF673 (Accession numbers CP010779 and CP018256, respectively), and elements with
sequence similarities of 99% to Island Ill are found in Ab MDR-TJ and TYH (Accession

numbers CP003500.1 and CP003856.1, respectively).
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3.7. PCR-based analysis of the A. baumannii isolates

The 16S rRNA gene sequences of all strains analyzed fully (100%) matched that of
Acinetobacter baumannii and consequently identified the organisms as Ab. The ligk and parA
were selected as markers for pPCMCVTADb1 and pCMCVTAb2, respectively (Fig. 2), for the
following reasons. The DNA sequence of ligk (DNA ligase gene) of pPCMCVTAbL (Fig. 2A)
was identical to that of the following pPCMCVTADb1-type A. baumannii plasmids (GenBank
accession number): pORABO01-1 of strain ORABO1 (CP015484.1); pAB386 of strain XH386
(CP010780.1); p6200-114.848kb of strain 6200 (CP010398.1); pABTJ2 of strain MDR-TJ
(CP004359.1). Often parA, an ATPase involved in the partition of P1 type plasmids, is found as
part of a parAB operon [30] and in pPCMCVTAD2 the parA and parB genes formed an operon-

like arrangement (Figs. 2B and C).

The ligK gene was present in all five outbreak strains and in 50 of the 57 sporadic isolates
(Table 1), suggesting a wide presence of pPCMCVTAD1L in local Ab strains. This plasmid likely
provides certain useful metabolic capabilities, such as alcohol oxidation and the heme
biosynthesis. The parA gene was found in all five outbreak isolates and only 14 of 57 sporadic
isolates (Table 1), and suggested a limited presence for pPCMCVTAb2. Tn2008 element was
present in all five outbreak strains and seven of the 57 sporadic isolates (Table 1). All five
outbreak isolates and two of 57 sporadic isolates carried TnaphA6 (Table 1). Five sporadic
isolates carried parA and Tn2008 but not TnaphA6, whereas seven sporadic isolates carried parA
but neither Tn2008 nor TnaphA6 (Table 1). Such variations are seen with other pPCMCVTAb2

type plasmids of Ab [31] and these could be driven by the flanking insertion sequences.
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Of the p-lactamase genes of Ab [7], blaoxa-ss, blanom-1, blavim-2, blamve-1, and blaoxa-143
and blasiv-1 were absent from all isolates, whereas blaoxa-40 was widespread in sporadic isolates
(33 of 57 being positive), irrespective of whether they were carbapenem-resistant or not (Table
1). The most prevalent B-lactamase gene was blaoxa-ss, @ blaoxa-si—like gene, covering all five
outbreak isolates and 54 of 57 sporadic isolates (Table 1). In 25 sporadic isolates, blaoxa-es Was
part of an ISAbal-blaoxa-es element that has been found in Ab isolates [32]. The absence of
blaoxa-es in three isolates was surprising as blaoxa-si is intrinsic in Ab [7]. The blarem gene was

detected in all outbreak isolates, and only three of the 57 sporadic isolates carried this gene.

4. Discussion

The goal of this investigation was to identify the genomic basis for a high-level
carbapenem resistance in MDR A. baumannii strains isolated during an outbreak in a tertiary
care hospital in Virginia and to examine if such strains are sporadically encountered in this
hospital. The majority of the MDR-Ab isolates that were analyzed were obtained from a
respiratory source (tracheal, bronchial, sputum). This observation is consistent with earlier
reports on Ab infection [33]. Discharge to a long-term care facility (LTCF) was common with
this infection as has been previously described [34]. Although this could be due to the high
burden of chronic comorbidities and acute medical conditions in these patients, it emphasizes the
need for continued appropriate infection control precautions in LTCF in order to prevent spread

of these MDR organisms. As noted earlier, our index case was admitted from a nursing home.

Infections with MDR-Ab have generally been associated with prolonged LOS and

impaired functional status in survivors [34]. This was evident in our study as well. The main
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cause of admission in our series was sepsis (~1/3 of patients), and the mean Charlson
comorbidity index score was 3, reflecting a high burden of chronic comorbidities and acute
medical conditions in these patients, which could have played a role in their prognosis. Data
regarding mortality in this study were limited to the discharge disposition and thus could
underestimate death occurring after discharge. The mortality rate for our patients with outbreak
MDR-Ab was 33%. Overall mortality rate in our series is 16%. In other studies, mortality rates
in Ab infections have been reported as high as >30%, depending on factors such as site of
infections, drug susceptibility, adequacy of antibiotic therapy and the presence of severe

underlying diseases [33, 35].

One of the outbreak strains and one carbapenem-sensitive and one carbapenem-resistant
strain from sporadic infections were analyzed at the whole genome level. The sequencing was
performed using the PacBio RS Il platform as it provides longer sequence reads (up to 30 kbp)
and thereby allows facile assembly of sequences with repeat elements that are common in Ab [8].
The sequence data for each strain were readily assembled to respective fully complete
chromosomes and plasmids, and the analysis that followed suggested all these strains belonged
to a coherent group (Table S3). The ANI values for the chromosomes fell in the 99.88 - 99.98%
range. Similarly, these three strains and additional four outbreak isolates were members of the

Cluster 2 or ST2 of the Pasteur scheme and ST 208 of Oxford scheme [17].

The whole genome sequences showed that the MDR phenotypes of the strains that were

analyzed were due to 19 chromosomal antibiotic resistance genes (Table 2) [7, 36] and 15 of

these were located within genomic islands and often linked to IS elements or parts of transposons
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(Tables 2 and S4 and Fig. 3). All three carried pPCMCVTADL and the two carbapenem-resistant
strains contained pCMCVTADb2. A PCR analysis detected both plasmids in all five outbreak
isolates, and 88% of the 57 sporadic isolates carried pCMCVTAbl and 25% contained
pCMCVTADb2 (Table 1). But only about 12.28% of the sporadic isolates carried pPCMCVTAD2
with Tn2008 (Table 1). Thus, pPCMCVTADbL possibly serves important housekeeping roles
through activities such as alcohol oxidation and heme biosynthesis, whereas pPCMCVTAD2 is not
essential and has been selected through exposure to beta-lactams. The data indicate that an
association of Tn2008, ISAbal-blaoxa2s with pCMCVTAb2 was responsible for enhanced
carbapenem resistance (Table 1). ISAbal, an 1S4 family member, offers strong promoter activity
to associated genes and is common in Ab isolates, and ISAbal-blaoxa-2z imparts a high level of
carbapenem resistance [6, 20]. In the 39 carbapenem-resistant isolates, the following distribution
for carbapenemase producing bla genes or associated transposons was observed (number of
isolates, gene): 5, Tn2008 and blaoxa-6s; 2, Tn2008, ISAbal-blaoxa-ss; 19, ISAbal-blaoxa-ss and
blaoxa-a0; 9, blaoxa-s6 and blaoxa-s0; 1, ISAbal-blaoxa-ss; 3, blaoxa-se. Clearly, for 27 isolates,
resistance was due to Tn2008 or ISAbal-blaoxass, both of which are known to provide
carbapenemase activities; for the nine isolates, the resistance was likely due to an overexpression
of blaoxa-4, and for the three strains it was due to an unknown mechanism. Of the 18
carbapenem-sensitive isolates, three were negative for all bla genes tested for, 10 had only
blaoxa-es, two were with ISAbA1-blaoxa-es, two carried blaoxaes and blaoxa-o, and one
possessed ISAbAl-blaoxass and blaoxa-40. The carbapenem sensitivity in three strains with
ISAbA1-blaoxa-ss Was surprising and the possible reasons for this phenotype include mutations
in the promoters in ISAbA1 and/or in the bla gene. Promoter and/or coding sequence mutations

could also be reasons for an observed lack of carbapenem resistance in strains carrying blaoxa-4o.
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5. Conclusion

The pCMCVTADb2-borne Tn2008 (Figs. 2B and C) was responsible for a high-level
carbapenem resistance in the outbreak strains of A. baumannii. This is the first such report in the
Commonwealth of Virginia. A PCR-based assay targeting Tn2008 and other parts of

pCMCVTAb2 would allow epidemiological tracking and control of CR-MDR-ADb infections.
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Figure Legends

Figure 1. Prevalence of multidrug-resistant and carbapenem-resistant Acinetobacter
baumannii infections encountered at Carilion Medical Center (CMC), Roanoke, VA, from
August 2009-February 2012. Multidrug-resistant or MDR, blue line; carbapenem-resistant or

CR, red dotted line.

Figure 2. Circular maps of plasmids of A. baumannii clinical isolates. A. pPCMCVTADbL, a
plasmid containing phage elements and several transposons (tnp); B and C. pPCMCVTAb2-4 and
pCMCVTAD2-66, respectively. pPCMCVTAD2 contains genes encoding conjugative transfer
protein (tra), Tn2008, telA (tellurite resistance gene) and a complete or partial components of
TnaphA6. ligk and parA, genes encoding DNA ligase and partition protein (ATPase),
respectively, were selected for plasmid backbone screening (Table 1). White arrows without

label, hypothetical proteins; OriC, origin of replication.

Figure 3. Antibiotic resistance islands in A. baumannii isolates (CMC-CR-MDR-Ab4, 59 and
66). Three AbaR type [7] islands, I-111, carrying antibiotic resistance genes are shown. Each was
flanked by direct repeats, which likely resulted from transposition into the chromosome. The
names of the strains bearing these elements have been indicated. The structures of the islands |
and Il varied among isolates. Abbreviations: IS, Insertion sequence; Tn, transposon. The IS and
Tn elements have been identified with their previously described names [23, 37, 38]. AbGRI, A.
baumannii genomic resistance island [37]. The inverted repeats at 5’- and 3-ends (left and right

ends), IRL and IRR, for the IS elements and transposons are shown in Table S6. The arrows
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represent the ORFs and their orientations. Arrow color: white, hypothetical protein; black, 1S
element; pink, B-lactamase (bla); red, antibiotic resistance proteins except P-lactamases; and
green, magnesium chelatase (comM) [39]. Other colors are gene-specific. In most cases
previously described gene names have been used and the functions of these genes have been
discussed in the text. The parts of disrupted or truncated genes have been named according to
their relative location (5° or 3’ part) in the intact gene. WP _000736777.1-5° and
WP_000736777.1-3 in Island I (ORFs AOT16 06285 and AOT16 06265 in CMC-CR-MDR-
Ab4) represent parts of an intact ORF of an Acinetobacter baumannii strain (accession number,
WP_000736777.1). It is not clear whether WP_000736777.1, a putative DNA-binding protein,
has a role in DNA replication and/or transcriptional control. In Island Ill, the terminal direct
repeats as shown belong to the insertion site in the comM gene that is shown right below the
Island. The information presented in this figure to a large extent has relied on published literature

that has been cited in the text.
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Table 1. Phenotypes and genotypes of A. baumannii strains
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Table 1, continued

3Strain designations were based on Carilion Clinic’s de-identified numbers; PR, Resistant, S, Sensitive (according to the Clinical and
Laboratory Standards Institute (CLSI) guidelines) [19]; I or M, Resistance or sensitivity was tested, respectively, with Imipenem or
Meropenem, two commonly used Carbapanems; ligK and parA are markers for pPCMCVTADb1 and pPCMCVTAD2, respectively (Fig.
2); ®details for the transposons Tn2008 and TnaphA6 are in Fig. 2; fthe qualification "Partial” for some of the strains states that PCR
analysis detected a truncated form or a part of blaoxa-40 gene; 9SNF, Skilled nursing facility. The strains CMC-MDR-Ab16, 62 and 66
carried blatem-1. Shades: grey, isolates from the period of increased incidence of infection; blue, PCR positive. Note: PCR results for
blaoxa-143, blaoxa-ss, blanom-1, blavim-2, blasim-1 and blave-1 were negative for all the isolates.
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Table 2. Chromosomally-encoded antibiotic resistance genes in clinical isolates of Acinetobacter baumannii (Ab)

Antibiotic ORF numbers for resistance gene in the indicated
Resistance . . . S strains (amino acid substitutions with respect to the
a resistance islandAccession number of theAntibiotic class .
Gene number reference gene® reference’)
(Remarks) (Fig. 3) Abd Ab59 Ab66
g- (CP016295)¢ (CP016298)° (CP016300)¢

blarem-1r 1 AF188200 AOT16 12495 - AOT18 12480
Betalactams AOT17_05280 AOT18 05275

blaaoc 25 i EF016355 (Pencillins, (AA%ng?\fg’jfT) A245E A245E
Carbapenems) ’ N341T

blaoxa-es - FJ360530 AOT16 10390 AOT17 10365 AOT18 10370

sul2 Il Q421466 Sulfonamide AOT16 17635 AOT17 17595 AOT18 17750

sull I AY224185 AOT16_06225 AOT17_06200 AOT18 06195
Multidrug

MFS_1 I EEX04381 (Fluoroquinolone,

(Major Facilitator Macrolides, AOT16 06300 AOT17_06275 AOT18 06270

Superfamily) Tetracyclines and
Chloramphenicol)

tetB I AP000342 Tetracycline AOT16_17575  |AOT17_17535  |AOT18_ 17690

catB8 I AF227506 Phenicol AOT16_06210 AOT17_06185 AOT18_06180

Ber/CHA Multidrug protein

(Drug  resistance- WP_031980383.1 (Bicyclomycin, AOT16_ 03290 IAOT17 03280  |AOT18 03275

efﬂu?( transporten Chloramphenicol andI15V 115V 115V

P Florfenicol)

Continued/-
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Table 2.Continued/-

ORF numbers for resistance gene in the indicated

. Antibiotic . : : - -
Reasgance resistance islandAccession number of theAntibiotic class strains (eimlno acid substitutions with respect to the
Gene number reference gene® reference’)
(Remarks) (Fig. 3) Abd Ab59 Ab66
g- (CP016295)¢ (CP016298)° (CP016300)¢
mph(E) I EU294228 Macrolide, AOT16_06260 AOT17_06235 AOT18 06230
Lincosamide and
Streptogramin B

msr(E) I EU294228 resistance AOT16_06255 AOT17_06230 AOT18 06225
strB: aph(6)-1d i M96392 AOT16_17550 AOT17_17510 AOT18 17665
strA: apha(3”)-1b Il M96392 AOT16 17545 AOT17 17505 AOT18 17660
aadAl I JQ414041 AOT16_ 06215 AOT17_06190 AOT18 06185

AOT16_06205 AOT17_06180 AOT18 06175
aacA4 I KM278199 /Aminoglycoside L102S L102S L102S

D183V D183V D183V

AOT16_ 06185 IAOT17_06150" |AOT18_06155'
aphAl | &1l X62115 AOT16_12465
armA I AY 220558 AOT16 06240 AOT17 06215 AOT18 06210
fsr - SBS22948.1 Fosmidomycin AOT16 13530 AOT17 13465 AOT18 13510
aAntibiotic  resistance genes were identified by analyzing assembled individual genomes at the ResFinder 2.1 web server

(https://cge.cbs.dtu.dk//services/ResFinder) with the threshold for 98% ID and minimum length of 60% and the Antibiotic Resistance Gene
Database (ARDB) webserver (https://ardb.cbch.umd.edu/) with threshold E-value and percent identity, 1e2° and 40%, respectively.

bThe amino acid sequence identities with the respective query sequence, > 99.6%.
¢Amino acid replacement with respect to the reference.
9The Genbank accession number for the genomes.
®These are generic names and experimental studies are needed for assigning the true functional names.
faphAlcarries a silent mutation at a Threonine codon, C249T.
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