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INTRODUCTION:

The opportunistic human pathogen Acinetobacter baumannii is a gram-negative, nonmotile, nonfastidious
member of the family Moraxellaceae within the order Pseudomonadales. A. baumannii is best known for
causing health-care associated infections, however it is now emerging as a community-acquired pathogen as
well. This bacterium accounts for 1-3% of hospital acquired infections primarily in immunocompromised hosts
or those in Intensive Care Units (ICU). In some centers, the incidence of infections, particularly due to
antibiotic resistant strains, is increasing making treatment challenging. The respiratory tract, particularly in
ventilated patients, and 1V devices (particularly for non-A. baumannii species) are the primary sites of infection
% Interestingly, A. baumannii has been described to uncommonly cause severe community-acquired
pneumonia, usually in abnormal hosts (e.g. alcoholics), with the preponderance of cases reported from warm
and humid geographic locales > ® **. Further, a recent report from Kenya, described A. baumannii as the sixth
most common pathogen responsible for bacteremia and sepsis in children *°. The importance of A. baumannii
infections in war-related injuries is now well established. A. baumannii was the most common gram-negative
bacillus recovered from traumatic injuries to the lower extremities during the Vietnam War *'. A new series of
infections due has been reported in U.S. service members injured in the Irag/Kuwait region during Operation
Iraqi Freedom and in Afghanistan during Operation Enduring Freedom % 3*. The majority of patients had
sustained traumatic injuries and A. baumannii was associated with soft-tissue infection, osteomyelitis,
pneumonia, and bacteremia. In 67% of these cases A. baumannii was detected in blood cultures 48 hours after
arrival to Landstulhl Regional Medical Center in Germany (LRMC) and 62% (18/29) had A. baumannii
detected in blood cultures obtained within 48 hours of arrival at Walter Reed Army Medical Center (WRAMC).
LRMC. These data are consistent with the concept that the majority of these A. baumannii infections were
acquired from the combat field although subsequent acquisition in field hospitals or referral centers remains a
possibility. Particularly disconcerting was the degree of antimicrobial resistance detected in the clinical
isolates. Historically, imipenem has been the most active antimicrobial (>95% sensitivity) and p-lactam-p-
lactamase combinations, cefepime, and amikacin have been often active 2* % 2, However, only 87% and 82%
of isolates from LRMC and WRAMC were sensitive to imipenem and from WRAMC 35% were sensitive only
to impenem and 4% were resistant to all antimicrobials tested.
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BODY/RESEARCH ACCOMPLISHMENTS:

Milestones/Task 1: Computer analysis of open reading frames.

We identified 1,862 putative open reading frames and annotated the complete genome of A. baumannii 307.
Completed 06/01/06.

Milestones/Task 2: Lipoprotein determinations.
We have identified all the putative lipoprotein proteins and determined their characteristics. Completed
07/01/06.

Milestones/Task 3: Outer membrane transport analysis.

We identified 35 proteins that were apparently transported to the outer membrane. These

were characterized by mass spectroscopy and database searches. Given the complexity in the characterization
of optimal targets, we elected to pursue a more effective method to identify proteins of interest. Completed
08/31/06.

Milestones/Task 4: Homology searches.

We analyzed 102 different spots that represented outer membrane proteins expressed under different conditions.
Using our selection process 71 of these proteins were analyzed to find putative vaccine antigens, iron regulated
proteins, novel drug targets and/or virulence factors. Completed 12/22/06.

Milestones/Task 5: Identification of iron-regulated outer membrane proteins.

IROMPS were identified and characterized. From this group we identified an FHA homologue to the
Bordetella FHA. This component is in the currently licensed DPT vaccine and thus we began to focus or efforts
on determining the vaccine potential of this A. baumannii protein. We have also developed a series of
monoclonal antibodies to A. baumannii and have characterized the epitopes recognized by three of these
antibodies. Mab 6E3 reacts to an epitope expressed on the FHA homologue of Acinetobacter described above in
task 1 and this epitope is present on the surface of 41% of the clinical isolates tested to date. Mab 13C11 reacts
to a surface exposed carbohydrate epitope present on 33% of our strains and Mab 4E5 reacts with an epitope
expressed on the surface of 38% of all isolates tested. Completed 05/09/07.

Milestones/Task 6: Isolation and Characterization of IROMPs.

We initially focused these studies on the Ton B dependent putative receptor proteins as are important for other
human pathogens. In the pathogenic Neisseria and also in Haemophilus influenzae, iron-regulated Ton B
dependent bacterial proteins have been expressed on the surface, conserved among strains, expressed in vivo
and immunogenic in humans. These are all characteristics that constitute an ideal vaccine candidate thus we
identified these homologues in A. baumannii isolates 307 and 855. To our surprise the biofilm-associated
protein (BAP) was identified in this analysis and decided to pursue this protein further. Some of this data is
presented in publication 1 in the appendix. Completed 09/24/07.

Milestone/Task 7: Molecular Epidemiologic Assessment of Military and Civilian Healthcare Associated
Acinetobacter Strain Collections.

We performed a comprehensive antibody analysis combining our monoclonal and polyclonal antibodies to
screen all our isolates for BAP reactivity. These data are shown in publication 1 in the appendix. It is important
to note that a significant number of A. baumannii express the Bap epitope recognized by our Mab 6E3.

We have also performed static biofilm assays on our entire A. baumannii collection in
order to define any obvious phenotypic differences among the strains. The plate on
the right shows that some strains form very strong biofilms (well H/6); some strain
form intermediate biofilms (well G/1); some strains form weak biofilms (well  B/3);
while other strains form no detectable biofilm using this method (well H/12). We
have begun to explore these differences by comparative genomics among the

different phenotypes. Page 5



We also focused our efforts on identifying conserved genes in following three categories:
1) Adherence/colonization factors

2) Biofilm associated proteins and polysaccharides

3) Siderophores and siderophore receptors

Completed 09/29/08.

Milestone/Task 8: Genome Sequencing of Representative Military Associated and Civilian Healthcare
Associated A. baumannii Strains.

We completed the complete genome sequence of Ab 307 reported this data publication 2 of the appendix. As
we had a no cost extension we continued to sequence other relevant A. baumannii isolates as the additional
milestones added (and approved) to the original proposal. Completed 09/18/08.

Milestone/Task 9: Comparative prevalence of virulence factors, antibiotic resistance genes, and genes
that encode surface-exposed epitopes between military and civilian healthcare associated A. baumannii
isolates by microarray analysis.

We have identified numerous A. baumannii components that represent novel drug targets, virulence factors and
potential vaccine antigens. Most of the data derived from this proposal is presented the publications in the
appendix. However, we did not have enough time or funding design a logical microarray chip. In addition it
appears that with the changing technology there is no longer a need to perform microarray studies as we have
already identified viable targets with defined phenotypes. Thus we have completed all of the proposed studies in
each milestone with the exception of the remaining 20% of milestone 9.
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KEY RESEARCH ACCOMPLISHMENTS:

1) We have developed an animal model to study infections associated with A. baumannii. Including in vivo
biofilm formation on medically relevant material.

2) We have sequenced and annotated complete A. baumannii genomes.

3) We have identified 18-25 novel targets for novel therapeutic development.

4) We have identified and characterized single gene targets that disrupt biofilm formation.

5) We have identified a Bap, which may be a potential vaccine antigen.

6) We have performed extensive comparative genomic studies on multiple isolates of A. baumannii.

7) We have present some of our data at the First Wound Conference at the WRAMRC; at two meetings of the
American Society for Microbiology; at the the recent TATRC meeting in Frederick, MD.

Appendix is attached.

REPORTABLE OUTCOMES: None
CONCLUSIONS:
We have identified targets that warrant further analysis as putative vaccine antigens, therapeutic targets and

virulence factors. The next steps would be to continue these studies towards the development of deliverables
that can be used to prevent and eradicate A. baumannii infections.
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Identification and Characterization of an Acinetobacter baumannii
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We have identified a homologue to the staphylococcal biofilm-associated protein (Bap) in a bloodstream
isolate of Acinetobacter baumannii. The fully sequenced open reading frame is 25,863 bp and encodes a protein
with a predicted molecular mass of 854 kDa. Analysis of the nucleotide sequence reveals a repetitive structure
consistent with bacterial cell surface adhesins. Bap-specific monoclonal antibody (MAb) 6E3 was generated to
an epitope conserved among 41% of A. baumannii strains isolated during a recent outbreak in the U.S. military
health care system. Flow cytometry confirms that the MAb 6E3 epitope is surface exposed. Random transposon
mutagenesis was used to generate A. baumannii bap1302::EZ-Tn5, a mutant negative for surface reactivity to
MADb 6E3 in which the transposon disrupts the coding sequence of bap. Time course confocal laser scanning
microscopy and three-dimensional image analysis of actively growing biofilms demonstrates that this mutant
is unable to sustain biofilm thickness and volume, suggesting a role for Bap in supporting the development of
the mature biofilm structure. This is the first identification of a specific cell surface protein directly involved
in biofilm formation by 4. baumannii and suggests that Bap is involved in intercellular adhesion within the

mature biofilm.

Acinetobacter spp. are gram-negative aerobic coccobacilli
that are ubiquitous in nature, persistent in the hospital envi-
ronment, and cause a variety of opportunistic nosocomial in-
fections (1). A number of species of Acinetobacter are associ-
ated with human infection, including genomic species 3 and
13TU (8, 46), although A. baumannii is generally regarded as
the major pathogen. A. baumannii is a causative agent of nos-
ocomial pneumonia, bacteremia, meningitis, and urinary tract
infection (1) and more recently has caused serious infections
among American military personnel serving in Iraq and Af-
ghanistan (12, 38). Because it is often multi- or pan-drug re-
sistant, infections are difficult to treat (17), resulting in attrib-
utable mortalities of up to 23% for hospitalized patients and
43% for patients under intensive care (16). Indeed, the Anti-
microbial Availability Task Force of the Infectious Diseases
Society of America recently identified A. baumannii, along
with Aspergillus spp., extended-spectrum B-lactamase-produc-
ing Enterobacteriaceae, vancomycin-resistant Enterococcus fae-
cium, Pseudomonas aeruginosa, and methicillin-resistant Staph-
ylococcus aureus, as “particularly problematic pathogens” for
which there is a desperate need for new drug development
(42). In the case of A. baumannii, there is an additional unmet
need for an understanding of its basic pathogenesis.

Most A. baumannii research to date has focused on catalog-
ing and understanding the variety of antimicrobial resistance
genes and mechanisms found within the species (3, 30, 45, 50).
An intriguing observation that ethanol stimulates the virulence

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, University at Buffalo, Rm. 140, Biomedical
Research Building, 3435 Main St., Buffalo, NY 14214. Phone: (716)
829-2673. Fax: (716) 829-3889. E-mail: aac@buffalo.edu.

¥ Published ahead of print on 16 November 2007.
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of A. baumannii (39) led to the identification of a number of
genes affecting virulence toward Caenorhabditis elegans and
Dictyostelium discoideum (40) that await further characteriza-
tion. A well-characterized porin of A. baumannii, the 38-kDa
outer membrane protein A, has been shown to induce apop-
tosis of eukaryotic cells (9) and to activate dendritic cells,
leading to the differentiation of CD4™ T cells toward a Thl
phenotype (26). Finally, it was noted that A. baumannii forms
biofilms with enhanced antibiotic resistance (48, 49) and, more
recently, that a chaperone-usher secretion system involved in
pilus assembly affects biofilm formation (44).

Biofilms are highly structured communities of bacteria at-
tached to a surface (41) and are recognized as a common cause
of human infection (10). It has been proposed that all bacterial
biofilms have a number of functionally conserved components
in common, including the production of an extracellular poly-
saccharide matrix, GGDEF/EAL-domain-mediated intracellu-
lar signaling, and large surface adhesins homologous to the
biofilm-associated protein (Bap) first identified in S. aureus
(23). Bap family members are defined as high-molecular-
weight proteins that are present on the bacterial surface, con-
tain a core domain of tandem repeats, and confer on bacteria
the ability to form a biofilm (24). Since the initial identification
of Bap, homologues have been identified in at least 13 patho-
genic species (24, 25), and the proteins generally share struc-
tural and functional similarities, although not necessarily pri-
mary sequence similarity.

In the present study, we have identified and fully sequenced
a gene encoding a Bap homologue in A. baumannii 307-0294.
We have generated a transposon-insertion mutant deficient in
Bap surface expression and a specific monoclonal antibody
(MAD), 6E3, recognizing Bap. The epitope recognized by MAb
6E3 is surface accessible and conserved among 41% of A.
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TABLE 1. Sequences of oligonucleotide primers used for RT-PCR

Primer Sequence (5'-3") Position” Target

1124  TCATACGTCTGAAA 152-174 5’ region of bap
AATGGCGAG

1125 CATCAAGTGCTACT 1151-1171(c) 5’ region of bap
GTCGGCG

1461 CAGATGTGCCTCAT  25025-25045 3’ region of bap
TTGTCGG

1462 CCTGTATTCACTCC  25259-25283(c) 3’ region of bap
TTGACCAGCAG

1160 AAGGAGTGAATAC  25268-25288 3" bap to
AGGCGAAG A1S_2695

1330 CATTTGCATCGTAG  26572-26592(c) 3’ bap to
CGACTCG A1S_2695

1437 ACCAAATAGAGCA  26278-26298 A1S_2695
GCAGGTTC

1438 CTCCCCTTCTTTACC 26888-26909(c) AI1S_2695
ATCAATC

“ That is, relative to the predicted bap start codon. The predicted bap coding
sequence is from positions 1 to 25863, and that of A1S_2695 is from positions
26160 to 27665. The “(c)” indicates that the primer anneals to the cDNA strand.

baumannii isolates recovered during the U.S. military health
care system outbreak. Quantitative comparison of biofilms
formed by a Bap-deficient mutant and wild-type bacteria dem-
onstrates that the mutant is unable to sustain biovolume and
biofilm thickness development.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Wild-type A. baumannii strain 307-
0294 was isolated from the bloodstream of a patient in 1994. A library of 98
Acinetobacter strains was obtained from the Walter Reed Army Medical Center,
including 76 isolates of A. baumannii, 13 isolates of genome species 3, 5 isolates
of species 13TU, 1 isolate of genome species 10, and 3 isolates of otherwise-
uncharacterized Acinetobacter sp. Escherichia coli XL1-Blue (Stratagene, La
Jolla, CA) was used as the host strain for all plasmid manipulations.

All Acinetobacter strains were cultured in Mueller-Hinton (MH) medium
(broth or agar), supplemented with kanamycin (50 wg/ml) and carbenicillin (200
pg/ml) when appropriate. For biofilm studies, FAB medium [0.1 mM CaCl,, 0.15
mM (NH,),SO,, 0.33 mM Na,HPO,, 0.5 mM NaCl, and 0.2 mM KH,PO,]
supplemented with 10 mM sodium citrate and, unless otherwise indicated, 0.5%
(wt/vol) Casamino Acids (FAB-citrate) was used. Static culture biofilm experi-
ments for time course confocal microscopy were incubated at 37°C in room air
on a heated microscope stage; in all other cases, bacteria were grown at 35.5°C
in 5% CO.,.

Plasmid pMU125, an E. coli-Acinetobacter shuttle vector conferring green
fluorescent protein (GFP) expression (14), was generously provided by Luis
Actis.

DNA and RNA manipulations. Routine DNA manipulations were performed
using standard procedures (37). Chromosomal DNA was purified as previously
described (36). Restriction endonucleases were supplied by New England Bio-
labs, Inc. (Ipswich, MA), and Promega Corp. (Madison, WI); assays were per-
formed as recommended by the manufacturer. Oligonucleotide primers were
purchased from Integrated DNA Technologies (Coralville, TA).

Total RNA was isolated by using an RNeasy minikit (Qiagen, Santa Clara,
CA), and transcriptional analysis was performed by using a OneStep reverse
transcriptase-PCR (RT-PCR) kit (Qiagen) and the primers listed in Table 1.

MAD development. MADb 6E3, an immunoglobulin G1 isotype that reacts to an
epitope on Bap, was developed by injecting BALB/c mice intraperitoneally with
live A. baumannii 307-0294 suspended in phosphate-buffered saline according to
a previously described protocol (5). Hybridoma supernatants were screened by
immunodot and Western blot assays for the presence of antibody reactive to
whole bacteria, whole-cell lysate, and proteinase K-digested whole-cell lysate of
A. baumannii 307-0294.

Hybridoma cell line 6E3 produced antibody reactive to a proteinase K-
sensitive epitope on a high-molecular-weight antigen. This cell line was used
to generate high-titer mouse ascites fluid and protein A affinity-purified
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antibody at a stock concentration of 2.2 mg/ml (Rockland Immunochemicals,
Gilbertsville, PA).

Transposon mutagenesis. EZ-Tn5 Kan-2 Transposomes (Epicenter, Madison,
WI) were electroporated into electrocompetent A. baumannii 307-0294, pre-
pared by washing log-phase bacteria (optical density at 600 nm [ODgy] =~ 1)
three times with ice-cold sterile ultrapure water and resuspending them in ice-
cold sterile 10% glycerol. Electrocompetent cells were stored in 50-pl single-use
aliquots at —80°C. Transformants were selected with kanamycin and screened
for surface reactivity to MAb 6E3 by colony lift assay.

Flow cytometry. Wild-type A. baumannii 307-0294 and bap1302::EZ-Tn5 from
late-log-phase growth (ODy, =~ 1.8) in MH broth cultures were diluted in sterile
saline to an ODyg, of 0.03. MAb 6E3 was labeled with the Zenon Alexa Fluor
488 Mouse IgG1 kit (Invitrogen Corp., Carlsbad, CA) according to the manu-
facturer’s protocol. Blocking antibody, supplied with the kit, was labeled sepa-
rately as a control for nonspecific binding. A total of 1 ug of labeled antibody was
added to 100 pl of diluted bacteria, followed by incubation at room temperature
for 20 min. Then, 900 wl of sterile saline was added to the samples, and the cells
were analyzed in a FACSCalibur flow cytometer (BD, Franklin Lakes, NJ) with
the following settings: forward scatter voltage, E02 (log); side scatter voltage, 582
(log); FL1 voltage, 665 (log); event threshold, forward scatter = 434 and side
scatter = 380.

DNA sequencing and computer analysis. The DNA sequence was determined
by the dideoxy chain termination method using an ABI Prism 3130XL genetic
analyzer (Applied Biosystems, Foster City, CA) at the Biopolymer Resource
facility at Roswell Park Cancer Institute (Buffalo, NY). PCR products were
cloned into the pGEM-T Easy vector (Promega), and genomic DNA was cloned
into pUCIS after appropriate restriction endonuclease digestion. For sequencing
the internal, highly repetitive region of bap, chromosomal DNA from nine
transposon-insertion mutants, each with insertions in bap, was partially digested
with Sau3Al, separated by 1.5% agarose gel electrophoresis to allow the selec-
tion of specific fragment sizes, and ligated into BamHI-digested pUC18. In some
cases, nested deletions of the resultant plasmids were generated by using the
Erase-a-Base system (Promega). The sequence of the genomic regions neigh-
boring bap was determined by pyrophosphate-based sequencing by synthesis on
a 454 Genome Sequencer 20 DNA sequencing system (Roche Applied Science,
Indianapolis, IN) at the New York State Center of Excellence in Bioinformatics
and Life Sciences (Buffalo, NY). Sequence similarity searches were per-
formed by using the BLAST and BLASTP programs at the National Center
for Biotechnology Information (NCBI). All other sequence assembly and
analysis was performed by using the MacVector software package (v7.2.3;
MacVector, Inc., Cary, NC).

SDS-PAGE, Western blotting, and colony lift immunoassay. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), Western blotting, and
colony lift analyses were performed according to standard procedures (37), with
the exception that protein samples were not boiled prior to gel electrophoresis.
Equal amounts of protein were loaded in each lane, and gels were stained with
a Colloidal Blue staining kit (Invitrogen). Western blots and colony lift immu-
noassays were probed with MAb 6E3 and detected colorimetrically with
horseradish peroxidase-conjugated secondary antibody (KPL, Inc., Gaithers-
burg, MD). Whole-cell protein extracts were prepared with a BugBuster
protein extraction reagent (Novagen) according to the manufacturer’s pro-
tocol. Zwittergent-extracted outer membrane proteins were prepared as de-
scribed previously (6).

NanoLC-MS/MS. The protein identification work was performed by ProtTech,
Inc. (Norristown, PA) using nanoscale liquid chromatography with tandem mass
spectrometry (NanoLC-MS/MS) peptide sequencing technology. In brief, each
protein gel band was destained, cleaned, and digested in-gel with sequencing-
grade modified trypsin. The resultant peptide mixture was analyzed by an LC-
MS/MS system, and the mass spectrometric data acquired were used to search
the most recent nonredundant and patent protein databases with ProtTech’s
proprietary software suite.

Static culture biofilm growth for confocal microscopy. For single-time-point
biofilm imaging, A. baumannii 307-0294 and bap1302::EZ-Tn5 were resuspended
from an overnight MH plate and inoculated into 35-mm glass-bottom petri
dishes (MatTek, Corp., Ashland, MA). The plates were incubated at 35.5°C for
48 h and then stained with a LIVE/DEAD BacLight bacterial viability kit (In-
vitrogen) according to the manufacturer’s instructions. Image stacks were ac-
quired by confocal laser scanning microscopy (CLSM) at X630 magnification on
a Zeiss Axiovert 200M inverted microscope with an attached Zeiss LSM 510
Meta NLO imaging system. Images were produced from the raw LSM files by
using ImageJ (freely available from the National Institutes of Health).

For time course biofilm imaging, A. baumannii 307-0294 and bap1302::EZ-Tn5
were transformed by electroporation with pMU125. The resultant GFP-express-
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FIG. 1. Coomassie blue-stained SDS-7% polyacrylamide gel (A
and C) and immunoblot (B) demonstrating reactivity of MAb 6E3 to
a high-molecular-weight antigen in A. baumannii 307-0294 whole-cell
lysate (lane 1) and outer membrane proteins (lane 3) but not the
corresponding samples from A. baumannii bap1302::EZ-Tn5 (lanes 2
and 4, respectively). (C) Enlargement of the region outlined in panel
A to clearly show the high-molecular-weight antigen present in wild
type and absent in A. baumannii bap1302::EZ-Tn5 whole-cell lysate.
This band was excised from a similar gel and identified by NanoL.C-
MS/MS. Molecular mass standards are indicated in kilodaltons.

ing strains were incubated overnight at 35.5°C on MH agar with appropriate
antibiotics. Cells were resuspended in FAB-citrate to an ODg of 0.4, and 10 .l
was inoculated into four-well chambered coverglass slides (Nunc; Lab-Tek cat-
alog no. 136420) containing 1 ml of FAB-citrate. The slides were loaded onto the
motorized preheated stage of the CLSM system, and image stacks were acquired
every 60 min for 14 h from two nonoverlapping fields of view at X400 magnifi-
cation, covering a total slide surface area of 10° wm?, in order to obtain a
representative sample of the biofilm (21). The CLSM image stacks were manu-
ally edited to remove extraneous images (defined as any image including and
below those containing reflections of the glass coverslip and any images including
and above the first image to contain no bright pixels representing bacterial cells)
to minimize bias during quantitative image analysis (29). The manually edited
image stacks were analyzed by using the Image Structure Analyzer-3D program
to calculate 20 parameters describing the three-dimensional biofilm structure (2),
including biovolume and average thickness at each time point for each field of
view. Statistical analyses were performed with Prism (version 4.0c; GraphPad
Software, Inc.) by fitting the data with the best-fit fourth-order polynomial
equation and performing an F test of the null hypothesis that the curves describ-
ing biofilm development by wild-type and mutant bacteria were best described by
the same equation. Inverse biofilm experiments using 96-well polystyrene plates
were performed as described previously (28).

Nucleotide sequence accession number. The A. baumannii 307-0294 bap locus,
with each repeat unit annotated, has been deposited in GenBank under accession
number EU117203.

RESULTS

Characterization of MAb 6E3. Immunodot assay was initially
used to identify MADb 6E3, which reacted to whole-cell lysates of

J. BACTERIOL.

A

# Cells

1’ 10= 10

109

Fluorescence Intensity

FIG. 2. Flow cytometric analysis of A. baumannii 307-0294 (A) and
bap1302::EZ-Tn5 (B) demonstrates the surface accessibility of the
MADb 6E3 epitope. Cells from late-log-phase cultures were probed with
Alexa Fluor 488-conjugated control nonspecific antibody (shaded his-
tograms) or MAb 6E3 (unshaded histograms). Each histogram shows
the fluorescence intensity distribution of >50,000 flow cytometer
events.

A. baumannii 307-0294 (data not shown). Western blot analysis
demonstrated that the MAb 6E3 epitope is detected on a high-
molecular-weight antigen present in whole-cell lysate and outer
membrane proteins of A. baumannii 307-0294 (Fig. 1B). The
epitope is sensitive to proteinase K digestion, and the electro-
phoretic mobility of the antigen is modified by heat but not by
SDS or B-mercaptoethanol (data not shown).

The MADb 6E3 antigen contains surface-exposed epitopes.
Flow cytometry was used to determine whether the antigen
recognized by MAb 6E3 was surface accessible. Figure 2 shows
that MAD 6E3 binds to an epitope expressed on the surface of
wild-type A. baumannii 307-0294 (Fig. 2A), whereas the Bap-
deficient mutant bap1302::EZ-Tn5 (described below) has lost

TABLE 2. Survey of MAb 6E3 reactivity among a representative
library of Acinetobacter strains isolated during an outbreak
in the U.S. military health care system

No. of strains: No. of strains

Acinetobacter Sequence reactive to
species type* Isolated Screened MADb 6E3 (%)
A. baumannii 189 76 31 (41)
ST11 51 5 4 (80)
ST14 22 6 6 (100)
ST16 13 2 2 (100)
ST10 12 2 2 (100)
Other” 91 61 17 (28)
13TU 8 5 0 (0)
Genome sp. 3 13 13 11 (85)
Other® 6 4 0 (0)
Total 216 98 42 (43)

“ Sequence type assignments were extracted from Fig. 2 in reference 15.

? Includes strains representing 35 other sequence types and two isolates of
unknown sequence type.

¢ Includes one isolate of genome species 10 and three otherwise undescribed
genomic species; additional single isolates of A. ursingii and A. haemolyticus were
recovered during the outbreak, but these were not included in our screened
library.
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TABLE 3. Internal peptide fragments of Bap identified by
NanoLC-MS/MS from a single band on a protein gel

Peptide . Position
masls) (Da) Peptide sequence (start-end)
1,141.64 VAASDVLVVNR 35-45
2,630.35 NIPADAANTAVTVVINGVTYNATVDK 228-253
1,900.95 AAGTWTVSVPGSGLVADADK 254-273
2,596.33 TVVADSSDTGVIDLLGIFGSEVQFK 8032-8056
1,642.78  VDSFTYTVSDPVTGR 8181-8195
1,690.84 PLDSAANATVDVIDYK 8444-8459

reactivity to this antibody (Fig. 2B). These data confirm that
the epitope on the high-molecular-weight antigen recognized
by MADb 6E3 is surface exposed.

The MADb 6E3 epitope is conserved among recent clinical
isolates. A panel of 98 Acinetobacter strains, representing the
216 isolates recovered during an outbreak in the U.S. military
health care system (15), was screened by colony lift assay to
determine the level of conservation of the MAb 6E3 epitope.
The results of these studies demonstrate that 43% of Acineto-
bacter isolates are reactive to MAb 6E3 (Table 2).

Peptide sequence from the MAb 6E3 antigen. The high-
molecular-weight protein band reactive to MAb 6E3 was ex-
cised from a Coomassie blue-stained SDS-polyacrylamide gel
and identified by LC-MS/MS peptide sequencing. Six peptides
were sequenced (Table 3), and the sequences were concate-
nated and subjected to BLASTP analysis against the patented
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protein sequence database at the NCBI, which identified se-
quence 5503 from U.S. patent 6562958 (entitled “Nucleic acid
and amino acid sequences relating to Acinetobacter baumannii
for diagnostics and therapeutics”). A similar search performed
against the nonredundant protein sequence database identified
a small number of repetitive surface proteins, as well as two
predicted proteins from A. baumannii ATCC 17978: A1S_2724, a
putative hemagglutinin/hemolysin-related protein, and AlLS_
2696, a hypothetical protein.

Random transposon mutagenesis. In order to identify the
gene encoding the high-molecular-weight proteinaceous anti-
gen described above, we screened 550 kanamycin-resistant EZ-
Tn5 insertional mutants and identified nine that lost surface
reactivity to MAb 6E3. We obtained DNA sequence flanking
the transposon insertion site for each of the nine mutants that
suggested a common gene was disrupted.

The full-length coding sequence of the disrupted gene was
assembled from sequence data obtained as described in Ma-
terials and Methods. BLASTP analysis against the nonredun-
dant protein sequences database at the NCBI showed that this
coding sequence was similar to Baps from various bacterial spe-
cies. The predicted full-length A. baumannii 307-0294 bap open
reading frame is 25,863 bp and composed primarily of four sim-
ilar, tandem repeated modules (designated modules A to D),
ranging in size from 237 to 315 bp (Fig. 3A). The 3’ end of the
coding sequence contains additional repeat modules (designated
modules E to G) that are not similar to modules A to D.

A B c A B A B A B C B C B C
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] = B [+ B C B C B C B C B C B c B Cc
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5000 5500 6000 8500 7000 7500 ao0o BE0O 2000
B c B [ B C B C B c B C B C C [b] "]
1 I 1 ===l == == =1 == 1 = 1
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D D D ] D D [*] #] 0 [#] D D D D
14000 14500 15000 15500 16000 16500 17000 17500 18000
*) D D 2] D D 5] | #] D 3] |¥] 8] A E
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FIG. 3. Graphical representation of bap demonstrating the repetitive structure (A) and a CLUSTAL alignment (B) showing sequence similarity
between the Bap, puumannii ad Bapg, 4ueus T€peat units. (A) The 25,863-bp A. baumannii bap open reading frame is composed almost entirely of
tandemly arranged repeats, labeled A to D. The 3" end of the coding sequence contains additional repetitive units E to G that are not similar to
A to D. (B) CLUSTAL alignment of an example of each of the major repeat types found in Bap, ,umammi: and of the “C” repeat unit from
Bapg ,.eus- FOr both proteins, the start and end of each repeat, indicated in parentheses, was defined by comparison to the seed alignment of the
HYR domain (PFAM accession no. PF02494).
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FIG. 4. The publicly available Acinetobacter genomes A. baumannii 17978 (NCBI accession no. NC_009085.1) and A. baylyi ADPI1 (NCBI
accession no. NC_005966.1) contain regions homologous to the bap locus in A. baumannii 307-0294. The rulers indicate the size (4. baumannii
307-0294) and genomic coordinates (4. baumannii 17978 and A. baylyi ADP1) of the fragments. The percent nucleotide identity is shown for the
regions delimited by dashed lines. Predicted open reading frames in A. baumannii 307-0294 are annotated with the identifier of the homologous
open reading frame in A. baumannii 17978 (prefix A1S_, except for AS1_3829), and those in A. baylyi ADP1 are annotated with the gene symbol
when available and the serially numbered identifiers (prefix ACIAD) otherwise. Note that the rulers for the two A. baumannii 17978 fragments
are not continuous and not even in the same direction: the fragments in the assembled genome are in opposition relative to the arrangement in
A. baumannii 307-0294 and A. baylyi ADP1 and are separated by over 30 kb of intervening genomic DNA that is not similar to bap.

Each of the peptides identified by nanoLC-MS/MS (Table 3)
is found within the translated predicted bap open reading
frame. As mentioned above, BLASTP analysis of the predicted
amino acid sequence against the nonredundant protein data-
base at the NCBI demonstrates regions of sequence similarity
to the Baps from several staphylococcal species, including S.
hyicus Bap (accession no. AAY28520.1), S. aureus Bap (acces-
sion no. AAK38834.2), and S. epidermidis Bap (accession no.
AAY28519.1).

A. baumannii bap1302::EZ-Tn5 was selected from the nine
available bap-insertional mutants because it contains a trans-
poson insertion closest to the predicted bap start codon, pre-
venting translation of the 95% of the gene that is 3’ to the
insertion site. Whole-cell lysates of wild-type A. baumannii
307-0294 and bap1302::EZ-Tn5 were analyzed by SDS-PAGE
(Fig. 1A), demonstrating that the wild type contained a high-
molecular-weight band (Fig. 1C, lane 1) that was missing in the
mutant (lane 2). In addition, Western blot analysis confirmed
that whole-cell lysate and outer membrane proteins of 4. bau-
mannii bap1302::EZ-Tn5 lost reactivity to MAb 6E3 (Fig. 1B,
lanes 2 and 4).

Characterization of bap transcription by RT-PCR. A. bau-
mannii bap1302::EZ-Tn5 was further analyzed to determine
whether the transposon insertion resulted in downstream polar
effects. We performed RT-PCR to determine whether bap and
A1S_2695 were cotranscribed (see Fig. 4 for the genetic ar-
rangement of the bap locus in A. baumannii 307-0294). Oligo-
nucleotide primers (Table 1) were designed to amplify regions
of bap up- and downstream of the transposon insertion site;
primers were also designed for an internal region of A1S_2695
and for a region spanning the intergenic region linking bap to
A1S_2695. The results in Fig. 5 demonstrate that bap and

A1S_2695 are not cotranscribed: therefore, disruption of bap

does not appear to exert polar effects on neighboring genes.
Structural features of Bap. Bap is composed primarily of

multiple copies of seven repeat units (designated A to G; see

307-0294 DNA

A B

No nucleic acid template

307-0294 RNA

bap1302::EZ-Tn5 RNA

FIG. 5. RT-PCR and agarose gel electrophoresis demonstrates
that bap and A1S_2695 are not cotranscribed and that transcription of
A1S 2695 is not disrupted in A. baumannii bap1302::EZ-Tn5.
(A) Each primer set amplifies a product from chromosomal DNA
template. Pr1160-1330 (lane 3), however, fails to amplify a product
from RNA template (C), indicating that bap and A1S_2695 are not
present on the same fragment of RNA. The samples in lane 5 included
RNA template but were not subject to the RT step, as a control for
DNA contamination, and hence were not applicable to the reaction
sets containing either chromosomal DNA (A) or no nucleic acid tem-
plate (B). Primers (Table 1) were designed to target the indicated
regions: lane 1, 5" bap; lane 2, 3" bap; lane 3, 3" bap-A1S_2695; lane 4,
A1S_2695; and lane 5, 3" bap (no template control).
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FIG. 6. CLSM images of biofilms formed by A. baumannii 307-0294 (A) and bap1302::EZ-Tn5 (B) clearly demonstrate the decreased thickness
achieved by the mutant after 48 h in static culture. Biofilms were grown in 35 mm glass-bottom petri dishes for 48 h and stained with the
LIVE/DEAD BacLight bacterial viability kit, which stains live cells green with SYTO-9 and dead cells red with propidium iodide. The images show
the average intensity projections through the confocal image stack, with the maximum intensity x-z and y-z projections shown along the bottom and

side of each image. Images were produced in Imagel.

Fig. 3A); there are 5 copies of repeat module A (54 to 99%
amino acid sequence identity between copies), 22 copies of
module B (72 to 100%), 21 copies of module C (73 to 100%),
28 copies of module D (78 to 100%), 2 copies of module E
(62%), 2 copies of module F (67%), and 3 copies of module G
(36 to 51%). For the majority of the sequence (amino acids 188
to 7499, out of 8,621), the repeat modules are directly in
tandem, with no additional amino acids between consecutive
repeats.

Analysis of the primary structure reveals the absence of Cys
and an abundance of Thr (1,389 residues; 16% of the total),
Ala (1,176 residues; 14% of the total), and Val (1,109 residues;
13% of the total). In addition, Bap has a remarkably low
isoelectric point (pl), estimated to be 2.9, placing it among the
most acidic bacterial proteins thus far described. The low pl
may explain why the presence of SDS during electrophoresis
has no apparent effect (data not shown), since very acidic
proteins do not bind SDS under standard SDS-PAGE con-
ditions (18), and is a reflection of an 11:1 imbalance in the
number of acidic and basic amino acids: there are 1,168
acidic (984 Asp + 184 Glu) and 105 basic residues (60 His +
34 Lys + 11 Arg). Since trypsin cleaves exclusively after Lys
and Arg (33), the paucity of these amino acids explains why
only a few peptides were sequenced after tryptic digestion of
Bap (Table 3).

BLASTP analysis of the “D” repeat region, which in aggre-
gate contains 35% of the total amino acids, identifies similar-
ities to a putative outer membrane adhesin from Shewanella sp.
strain ANA-3 (accession number YP_868031), whereas the
similarity to the staphylococcal Baps is limited to the “A-C” re-
peats, which contain 48% of the total amino acids. CLUSTAL
alignment of repeat units A to D from Bap, ,..manni: @0d C from
Bapg uuens (Fig. 3B) indicated that sequence similarities are
limited to small stretches of amino acids (particularly in posi-
tions 2 to 6 [consensus DTTAP] and 95 to 103 [consensus
VTATDAAGN]), which are separated from each other by
longer stretches with more divergent sequence.

Comparison of the bap locus in 4. baumannii 307-0294 with
homologous loci in other Acinetobacter species. There are two
publicly available Acinetobacter genomes: A. baylyi ADP1 and

A. baumannii 17978, and we have identified regions homolo-
gous to the A. baumannii 307-0294 bap locus in each (Fig. 4).
A. baumannii 307-0294 bap is flanked by nhaP (A1S_2723)
upstream, and a putative glucosyltransferase (A1S_2695)
downstream, with all three genes in the same orientation. A.
baylyi ADP1 contains a single contiguous genomic region with
a 5-kb putative hemagglutinin in place of the 26-kb bap open
reading frame. The published genome for A. baumannii 17978
(40), surprisingly, does not contain a single homologous locus
but rather two loci separated by 30 kb of unrelated sequence
and oriented in opposition relative to the organization in A.
baylyi ADP1 and A. baumannii 307-0294. The nonrepetitive 5’
and 3’ ends of bap are annotated as two distinct putative open
reading frames in A. baumannii 17978, and the internal repeats
are not found in the assembled genome. A. baumannii 17978
and A. baylyi ADP1 are not reactive to MAb 6E3 (data not
shown).

Disruption of bap diminishes biovolume and biofilm thickness.
Biofilms formed by A. baumannii 307-0294 and bap1302::EZ-Tn5
after 48 h of static culture in FAB-citrate supplemented with
0.05% (wt/vol) Casamino Acids were stained with a LIVE/
DEAD stain and imaged by CLSM (Fig. 6). Upon examination
of these confocal micrographs, the biofilm formed by wild-type
bacteria was noticeably thicker than that formed by mutant
bacteria. In order to more carefully analyze this difference, we
designed an experiment that allowed us to quantify the dynam-
ics of biofilm development over time.

Static cultures of GFP-expressing A. baumannii 307-0294
and bapl1302::EZ-Tn5 were imaged every hour for 14 h to
visualize and quantify biofilm development on glass coverslips.
The resultant image stacks were analyzed by using the ISA-3D
software program (2) and, of the 20 calculated parameters, 2
followed significantly different trends over time for the mutant
compared to wild-type biofilms: mean biofilm thickness and
total biovolume (Fig. 7). Specifically, biofilms formed by wild-
type and mutant bacteria are distinguishable after 6 h, when
the mutant reaches a biofilm thickness plateau that is less than
half that ultimately achieved by wild-type bacteria. The mutant
also steadily loses biovolume for the remainder of the experi-
ment, in contrast to the stable biovolume maintained by wild-
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FIG. 7. Comparison of biovolume (A) and mean biofilm thickness (B) achieved by A. baumannii 307-0294 (M) and A. baumannii
bap1302::EZ-Tn5 (A) during static culture. The data points are the means * the standard deviations for two separate high-power fields of view,
representing a total slide surface area of 10° pum? per sample. The best-fit nonlinear regression curve is shown as a thin trend line with 95%
confidence bands. Because the biofilms formed by wild-type and mutant bacteria cannot be described with the same curve (P < 0.0001), we
conclude that the biofilms differ significantly with respect to biovolume and mean biofilm thickness development over time.

type bacteria. It is important to note that these differences are
specific to biofilm formation, since these strains are indistin-
guishable by growth curve analysis in shaking broth cultures in
the same FAB-citrate media used in the static culture biofilm
experiments (data not shown).

Semiquantitative analysis of biofilms grown on polystyrene
pins in 96-well plates is consistent with the results obtained
from the confocal experiments: the biofilm formed by the
bap1302::EZ-Tn5 retains less crystal violet stain, indicative of
less accumulated biovolume, compared to the wild type (data
not shown).

DISCUSSION

A. baumannii is an opportunistic pathogen that is particu-
larly successful at colonizing and persisting in the hospital
environment, able to resist desiccation (19, 20, 53) and sur-
vive on inanimate surfaces for months (22). It is among the
most common causes of device-related nosocomial infection
(13, 43, 52), which result when the organism is able to resist
physical and chemical disinfection, often by forming a bio-
film (7, 27, 34). We chose to study biofilm formation by A.
baumannii in order to understand how this pathogen per-
sists in the hospital environment to cause outbreaks world-
wide (51).

Baps were first characterized in S. aureus (11) and have since
been identified in a number of other gram-positive and gram—
negative pathogenic bacteria (reviewed in references 24 and
25). They are defined by shared structural and functional char-
acteristics and are essentially high-molecular-weight, repetitive
surface proteins involved in biofilm formation (24). The pro-
totypical Bap from S. aureus is involved in the primary attach-
ment step of biofilm formation, as well as in promoting inter-
cellular adhesion and biofilm maturation (11); other Baps are
involved in the various stages of biofilm formation and in
adhesion to eukaryotic host cells (25).

We have identified a protein produced by A. baumannii
307-0294 that satisfies all of the criteria to be included in the
Bap family: it is high molecular weight, with a predicted mo-
lecular mass of 854 kDa; it is repetitive, composed of multiple
copies of seven repeat modules (A to G); it is exposed on the

surface; and it is involved in biofilm formation and develop-
ment.

There are several conceptual, sequential stages in bacterial
biofilm formation (reviewed in reference 41): (i) reversible
primary attachment of individual cells to a surface, (ii) pro-
gression to irreversible attachment mediated by extracellular
polysaccharide, (iii) early development of biofilm architecture,
(iv) maturation of biofilm architecture, and (v) dispersal of
single cells from the biofilm. Bap, puumanni: d0€Ss NOt appear to
be involved in the primary attachment of cells to glass or
polystyrene, in contrast to Bapg .., (11). Our data suggest
that Bap, puumanni: @ppears to be involved in maintaining the
mature biofilm architecture (steps 3 and 4), since biofilms
formed by the mutant are neither as thick nor as voluminous as
those formed by the wild type. There are at least three poten-
tial Bap-mediated interactions to explore in future studies: (i)
Bap, puwmanni: May mediate direct intercellular adhesion from
one bacterium to a surface receptor on a neighboring bacte-
rium, (ii) this may be an example of autoadhesion between Bap
molecules on adjacent bacteria, or (iii) cells may be linked
indirectly via shared interactions with some extracellular bio-
film matrix component. While these are all logical hypotheses,
further studies are needed in order to carefully determine the
actual function of Bap, pu.manni-

Bap is a remarkable protein: it contains 8,621 amino acids,
making it one of the largest bacterial proteins yet described; it
has a predicted pI of 2.9, making it one of the most acidic
bacterial proteins; and it is composed of tandemly arranged
repeat modules. The protein is divided almost equally in two
parts: the first contains modules A to C, alternating one after
the other; the second contains 28 direct tandem repeats of
module D. Each repeat unit A-D appears to be related to the
HYR domain (4) (PFAM accession no. PF02494) based on the
conserved amino acids DTTAP and VTATDAAGN (Fig. 3),
although the HYR seed alignment contains two conserved
cysteines that are conspicuously absent from Bap. HYR was
first identified in eukaryotic proteins involved in cellular adhe-
sion and is found in a number of large repetitive prokaryotic
proteins as well, including several adhesins (4). Three-dimen-
sional structure prediction using the PHYRE server (http:
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/www.sbg.bio.ic.ac.uk/phyre/) suggests that each module A-D
folds into a seven-stranded B-sandwich similar to proteins
within the immunoglobulin-like fold superfamily (PFAM
accession no. CL0159, which includes the HYR domain as a
family member). This suggests Bap adopts a “beaded-filament”
tertiary structure and that each module might redundantly
contribute to the overall function. Other bacterial proteins that
adopt a tertiary structure similar to that predicted for Bap
include invasin from Yersinia pseudotuberculosis and intimin,
FimH, and PapG from enteropathogenic E. coli (32). The
latter two proteins are actually individual subunits that
resemble an isolated repeat unit of Bap and are assembled into
filamentous pili that recapitulate in quaternary structure what
Bap is predicted to accomplish in tertiary structure. The
pattern of sequence similarity to Bapg ..., (Fig. 3B), with
short stretches of highly conserved residues separated by
longer regions of divergence, suggests that the conserved
regions might function to maintain a common structural motif,
while the divergent regions might confer unique functionality
to the respective proteins. In this light, it is interesting that
Bap pawmanni: cOntains four distinct modules (A to D), each
based on the same HYR motif, whereas Bapg e, SEEMS tO
contain multiple copies of only a single repeat type.

Using a previously reported typing scheme (15), A. bauman-
nii 307-0294 is a sequence type ST15 (data not shown). ST15 is
phylogenetically linked with European hospital clone I (15,
35), which is associated with epidemic behavior and multidrug
resistance (31, 35, 47). Although at least 39 sequence types of
A. baumannii were distinguished among the military outbreak
strains (15), four of them (ST11, ST14, ST16, and ST10) ac-
counted for over half of the isolates, suggesting either that the
outbreak was clonal in nature or that particular sequence types
of A. baumannii are more likely to cause human infection. It is
intriguing that MAb 6E3 recognizes 14 of 15 (93%) of the
representatives from these four sequence types compared to
17 of 61 (28%) of the representatives from the other 35
sequence types (Table 2), although the significance of this
observation is not clear. For example, we do not know
whether the strains that failed to react to MADb 6E3 did not
express a Bap homologue, or whether they expressed a vari-
ant that simply lacked the recognized epitope. For these
reasons, and because we do not have access to disease se-
verity information for the patients involved in the military
outbreak, we are unfortunately unable to comment on the
contribution of Bap to disease severity. Nevertheless, MAb
6E3 will be a useful tool for future studies designed to
answer such questions.

In conclusion, we have identified a novel A. baumannii pro-
tein, Bap, expressed on the surface of these bacteria that is
involved in biofilm formation in static culture. Bap has a pre-
dicted structure similar to bacterial adhesins within the immu-
noglobulin-like fold superfamily and may function as an inter-
cellular adhesin in such a way that supports the mature biofilm
structure. Although more studies are needed to test this hy-
pothesis, a better understanding of the contribution of this Bap
to A. baumannii biofilm formation and maturation may help to
explain why Acinetobacter remains a common cause of noso-
comially acquired device-related infection.
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The recent emergence of multidrug resistance (MDR) in Acinetobacter baumannii has raised concern in
health care settings worldwide. In order to understand the repertoire of resistance determinants and their
organization and origins, we compared the genome sequences of three MDR and three drug-susceptible 4.
baumannii isolates. The entire MDR phenotype can be explained by the acquisition of discrete resistance
determinants distributed throughout the genome. A comparison of closely related MDR and drug-susceptible
isolates suggests that drug efflux may be a less significant contributor to resistance to certain classes of
antibiotics than inactivation enzymes are. A resistance island with a variable composition of resistance
determinants interspersed with transposons, integrons, and other mobile genetic elements is a significant but
not universal contributor to the MDR phenotype. Four hundred seventy-five genes are shared among all six
clinical isolates but absent from the related environmental species Acinetobacter baylyi ADP1. These genes are
enriched for transcription factors and transporters and suggest physiological features of A. baumannii that are
related to adaptation for growth in association with humans.

Among gram-negative pathogens that are reported as “multi-
drug resistant” (MDR), Acinetobacter baumannii is rapidly be-
coming a focus of significant attention (1, 10, 35, 56). A. bauman-
nii, a pleomorphic, gram-negative coccobacillus, is currently
recognized by the Infectious Diseases Society of America as one
of the most important pathogens threatening our health care
delivery system (48). Global surveillance programs conducted
over the last decade show an unparalleled increase in resistance
rates among clinical Acinetobacter isolates (26). Acinetobacter spp.
are now the third leading cause of respiratory tract infections
among patients in intensive care units, and A. baumannii is re-
sponsible for up to 10% of hospital-acquired infections (26).
These nosocomial infections are typically found in immunocom-
promised patients and are associated with an increased length of
stay and excess morbidity (13, 25, 38, 47). In intensive care units,
up to 30% of A. baumannii clinical isolates are resistant to at least
three classes of antibiotics (26).

A significant nosocomial outbreak of MDR A. baumannii in
the United States occurred in the period 2003-2005 in a mil-
itary treatment facility caring for injured service personnel and
civilians (Walter Reed Army Medical Center [WRAMC]) (19,
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40). Molecular typing of isolates from this outbreak revealed
eight major clone types, and about 60% of the isolates were
related to three pan-European types (5, 52), suggesting multi-
ple independent origins (40). Examination of specific resis-
tance determinants in the WRAMC isolates demonstrated
considerable variability in the composition of resistance genes
within each clone type and similar patterns across certain di-
vergent clone types. Thus, genetic relatedness was a poor pre-
dictor of the MDR phenotype. This led to the hypothesis that
there exist multiple independent genetic mechanisms leading
to MDR in A. baumannii. A large cluster of antibiotic resis-
tance genes and mobile genetic elements is present as an 86-kb
“resistance island” (RI) in the A. baumannii AYE genome
(15). The RI is not present in the genomes of the drug-suscep-
tible A. baumannii isolates ATCC 17978 (43) and SDF (51),
suggesting that it is an important contributor to the MDR
phenotype.

In an effort to understand the significance of the RI and the
integration of genetic factors that permit A. baumannii to suc-
cessfully infect patients in multiple clinical settings, we under-
took a whole-genome sequence analysis of six clinical isolates
in comparison to a nonhuman A. baumannii isolate (SDF) and
an environmental Acinetobacter strain, Acinetobacter baylyi
ADP1. We compared three MDR isolates to three drug-sus-
ceptible isolates in order to explore common features of their
evolution and the diversity of mechanisms by which resistance
is demonstrated. Our goals were (i) to determine the reper-
toire and phylogeny of resistance determinants among recent
clinical isolates, (ii) to see how these “successful” clinical iso-
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TABLE 1. Selected genetic and phenotypic properties of A. baumannii genomes

Beta-lactamase gene(s)

Plasmid- Resistance gene(s)

Genome No. of Source Size of

carried beta-

Genome  Accession no. size (bp) genes (reference) RI (kb) Class A Class C Class D lactamase Tetra- Chloram-  Trimetho-  gyrd/parC
) ) ” gene cycline  phenicol prim-sulfa QRDR*
AB0057 ABJMO01000001 4,050,513 3,853 WRAMC 42 + 18 blatgy.; Two copies  blagxa.go, tetA  cat Two copies of RR
of ampC blagxanz sull, dhfrX
AB307- CP001172 3,760,981 3,458 Buffalo, NY ampC blagx a9 dhfrX RS
0294
AYE CU459141 3,936,291 3,607 France (51) 86 blaygg, ampC blapxa-c9: tetA  cat, cmlA  Four copies RR
blagxa-1o of sull,
dhfrX, dhfrl
AB900  ABXK00000000 3,913,289 WRAMC ampC blagx.s- dhfrX SS
like
ATCC  CP000521 3,976,747 3,791 ATCC (43) ampC blagxa.si sull, dhfrX SS
17978
ACICU  CP000863 3,904,116 3,667 Rome, Italy 17 ampC blagxaes ~ TWo copies of sull, dhfrX RS
(20) . blagxaao blagxass
SDF CU468230 3,421,954 2913 Louse in blagxa.7s dhfrX SS
France
(1)
ADP1  CR543861 3,598,621 3,325 Soil (3) ampC dhfrX

“ RR, resistance-associated Ser83Leu mutation found in gyr4 and Ser80lle mutation found in parC; SS, susceptibility-associated alleles in both gyr4 and parC; RS,

resistance-associated mutation found only in gyr4.

" R, resistant. Numbers in bold indicate resistance, and numbers in italics indicate intermediate susceptibility. Resistance data were published previously for AYE

(15, 36), SDF (14, 24), and ACICU (20).

lates differ from pathogenic and nonpathogenic strains/species
already examined, (iii) to assess the function and purpose of
the RI, and (iv) to evaluate the importance and impact of
insertion sequences (IS) in the evolution of the resistance
phenotype. Our results show that the RI is variable in compo-
sition and is only one contributor to the MDR phenotype.
Based on closely matched MDR and drug-susceptible isolates,
it appears that the MDR phenotype is largely due to the ac-
quisition of a series of genes encoding drug-inactivating en-
zymes that are located on mobile genetic elements. Moreover,
we identified a series of genes that may define the ability of A.
baumannii to live in association with the human host and
describe extensive diversity in genes that contribute to the
lipopolysaccharide barrier.

MATERIALS AND METHODS

A. baumannii isolates. The origins and certain genetic and phenotypic prop-
erties of the A. baumannii isolates studied here are presented in Table 1. 4.
baumannii ATCC 17978 was obtained from a case of fatal meningitis in 1951. Its
antibiotic susceptibility profile has not previously been reported. A. baumannii
ACICU was isolated from the cerebrospinal fluid of a patient in an intensive care
unit in Rome, Italy, in 2005 (20). A. baumannii AYE was cultured from a patient
with pneumonia and a urinary tract infection in France in 2001 (36). A. bauman-
nii SDF was recovered from a human body louse (24). A. baumannii isolate
AB307-0294 was obtained from the blood of a patient hospitalized in Buffalo,
NY, in 1994. A. baumannii strain AB900 is a perineal isolate obtained in 2003
from an active duty military patient at WRAMC. A. baumannii AB0057 is an
MDR bloodstream isolate collected in 2004 from a patient at WRAMC (19).

Resistance profiles. Resistance profiles reported for AYE, SDF, and ACICU
are given in Table 1. Profiles for AB0057, AB307-0294, AB900, and ATCC 17978
were determined using Vitek2 and interpreted by Clinical Laboratory Standards
Institute standards (7); these are also given in Table 1. Results for AB0057 are
consistent with those reported previously (19).

Genome sequencing and annotation. AB307-0294 and AB900 were sequenced
by pyrosequencing, and AB0057 was sequenced by a combination of pyrosequencing
and traditional Sanger shotgun sequencing. Finished genome sequences with no
gaps were completed for AB307-0294 and AB0057. Genome annotation was per-
formed at The Institute for Genomic Research (TIGR) and later at the J. C. Venter
Institute, Rockville, MD, and the Institute for Genome Sciences, Baltimore, MD,
using the TIGR Annotation Engine (www.jcvi.org/ems/research/projects/annotation
_service/overview/) followed by manual curation. Details of the sequencing, assem-
bly, gap filling, and annotation methods are given in the supplemental material.

PCR. PCR was performed using the primers listed in Table S1 in the supple-
mental material and as described by Hujer et al. (19).

Nucleotide sequence accession numbers. The genome sequences of AB0057,
AB307-0294, and AB900 have been deposited in the DDBJ/EMBL/GenBank
databases under the accession numbers CP001182-3, CP001172, and
ABXKO00000000, respectively.

RESULTS

Genomes. We have completed the genome sequences of
three recent clinical isolates, the MDR isolate AB0057 and two
drug-susceptible isolates, AB307-0294 and AB900 (Table 1).
Within the past year, genome sequences of four A. baumannii
isolates have been published (20, 43, 51). Two of these, AYE
and ACICU, are MDR, while ATCC 17978 is susceptible to
many standard antibiotics. SDF was isolated from a human
body louse, and its status as a human pathogen has not been
determined.

Despite acquisition from geographically diverse regions,
AYE, AB0057, and AB307-0294 are remarkably similar at the
DNA level, averaging over 99.9% nucleotide sequence identity
in orthologous regions (Fig. 1). The other isolates are each
~98% identical to one another. Interestingly, the >50-year-old
isolate (ATCC 17978) and the louse isolate (SDF) are not
more divergent than any of the other isolates at the sequence
identity level (Fig. 1A). The relationship of isolates to one
another based on shared gene content differs from the rela-
tionships inferred based on analysis of conserved genes, re-
flecting a considerable contribution of lateral gene transfer in
the evolution of A. baumannii (Fig. 1B). SDF has a much
smaller genome than the other A. baumannii isolates, presum-
ably as a result of extensive IS-mediated deletion events (51).
The extent of divergence in gene content in SDF and its ques-
tionable role as a human pathogen have prompted us to focus
most of our analysis on comparisons among the six human
clinical isolates.

Comparison between ADP1 and 4. baumannii isolates. Based
on reciprocal best BLAST matches, there are 2,688 genes
shared among the six clinical isolates; these define the core
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TABLE 1—Continued

Resistance gene(s) MIC?
AME gene Ampi- Ampicillin- Piperacillin-  Cef-  Ceftri- Cef-  Mero- Imi- Tige- Aztreo- Genta- Ami- Tobra-  Trimethoprim- Cipro-
8 cillin sulbactam  tazobactam azolin axone epime penem penem cycline nam micin  kacin mycin  sulfamethoxazole floxacin
aphAl, aacCl, =32 =32 =128 =64 =64 =64 =16 =16 4 =64 =16 =2 =1 160 =4
aadAl
=32 =2 =4 =64 16 8 =0.25 =1 =0.5 =32 2 =2 =1 =20 2
aphAl, aadB, R 8 512 1 1 =512 R R R R R
two copies
of aadAl,
aacCl
16 =2 =4 =64 16 2 =0.25 =1 =0.5 =32 =1 =2 =1 =20 =0.25
16 =2 =4 =64 16 2 =0.25 =1 =0.5 =64 =1 =2 =1 160 =0.25
aac3 R R R R R R R R R R
ND ND

genome of A. baumannii. These core genes encode basic func-
tions involved in DNA replication, transcription, and transla-
tion, as well as many metabolic pathways (Fig. 2). Eighty-
two percent of the core genes have orthologs in the
environmental organism A4. baylyi ADP1 (3, 53). For com-
parison, only 75% of the core genes are present in the louse
isolate A. baumannii SDF.

The average percent identity between presumed orthologs in
the A. baumannii isolates and ADP1 is 71%, but the range of
identities among reciprocal best BLAST matches is 21% to
100%. This variation indicates a wide range of selective pres-
sures acting on different genes since the split of these two

(A) _aBoos7
AB307-0294
AYE
SDF
ATCC17978
AB900
ACICU
0.01
B) ——  spF
AB900
ATCC17978
ACICU
AB0057
AYE
AB307-0294

10%

FIG. 1. Phylograms of A. baumannii isolates. The relationships of
A. baumannii isolates were inferred based on the similarity of shared
sequences that have most likely been retained in each genome from a
common ancestor (A) and based on the extent of unique gene content
in each isolate (B). (A) A maximum likelihood tree was constructed
using dnaml from the PHYLIP package, based on the concatenated
DNA sequences of 1,942 ORFs that were reciprocal best matches in
each genome. Bar, 0.01 substitution per nucleotide. (B) A tree based
on the shared content of accessory genes was constructed as described
previously (44). Bar, 10% difference in gene content.

Acinetobacter lineages. An important feature of the ADP1 ge-
nome is a series of islands carrying genes related to the catab-
olism of a diverse array of complex organic compounds. Inter-
estingly, three of the four catabolic islands are largely intact in
the A. baumannii isolates, although they are rearranged so they
are distributed over a larger genomic region rather than
grouped into an archipelago as in ADP1 (3). The cluster that
is missing carries the ssu, sox, ats, and nth genes, encoding
products that metabolize alkanesulfonates, dibenzothiophene,
sulfuric esters, and nitriles. Genes that encode proteins in-
volved in catabolism of betaine, vanillate, urea, benzoate, cat-
echol, protocatechuate, quinate, and several other complex
organic compounds are retained in the A. baumannii isolates.

Adaptation to the human host. A. baylyi ADP1 is a naturally
transformable soil isolate. We hypothesize that genes found in
the A. baumannii isolates but not in ADP1 may contribute to
features of growth in association with a human host. We found
475 genes that are shared by all six A. baumannii clinical
isolates and that are missing from the ADP1 genome (pan-A.
baumannii accessory genes [see Table S2 in the supplemental
material]). Hence, we propose that these genes may play an
important role in human adaptation. Reinforcing the signifi-
cance of these genes for growth in association with humans,
279 (59%) have been lost in the SDF strain, which was isolated
from a human body louse.

Gene annotations for each genome were classified using
gene ontology (GO) terms to group related genes by molecular
function, biological role, and cellular compartment (2). The
pan-A. baumannii accessory genes are enriched in the catego-
ries of transport activity and transcription factor activity com-
pared with core genes shared with ADP1 (Fig. 2). In contrast,
GO categories for metabolism and cellular processes were
overrepresented among core genes compared with pan-A4. bau-
mannii accessory genes. Remarkably, 59 of the pan-A. bau-
mannii accessory genes are predicted to be transcription fac-
tors based on sequence similarity. This suggests a more
extensive regulatory program in A. baumannii than in ADP1.
Transporter genes comprise 22% of the pan-A. baumannii
accessory genes, compared to 10% of all genes. Transport
systems are identifiable for urea, taurine, oligopeptides, and

6002 ‘€T 19qWAAON U0 OV44Nd LV AN AINN 3LVLS Je 6o wse gl woiy papeojumoq


http://jb.asm.org

8056 ADAMS ET AL.

J. BACTERIOL.

70 XX A D b A dlb: db ¢ bl R ¢
»n 60
2
850
« 40
o
-
2 30
[]
© 20
(<)
o 10 -
0
8 7 2 2 2§ 48 & & zzz2zz 5
2 5 8 ¢ 2 § S ® B 2 2 2 ¥ & 2 5
E & o © E N © N 3 S © © £ © O by
g o s = = = = 8 8§ 8 § 8 8 5
co2 2§ 28 28 ¢ L= O o 5 2
5 = S £ 2 5 & & = g 2 =T 3 & €
ER) S S o - 3 = 8 S & 2 3 5
EE 2 8 @9 = 5 £ 5 3 £ 9 a o
o © E 8 c g - DO 2 2 @ o 2 (O]
° & g g2 2 § 2 § ¢ E & o
E D o & 2 e 29 5 < & = b4
S o o o £ =& L S g
& 3 2 3 & 2
E 8 8 15} E
g : :
Cellular . . - .
Component Biological Process Molecular Function

B A. baumannii Core EAcinetobacter Core [pan-baumannii accessory genes

N=2,688 N=2,204

N=475

FIG. 2. GO categories of core and A. baumannii-specific genes. GO categories were inferred for AB0057 genes by using the JCVI Annotation
Engine. The percentage of genes in each GO category was determined for core A. baumannii genes (those present in all six clinical isolates),
Acinetobacter core genes (4. baumannii core genes that are also present in ADP1), and pan-A. baumannii accessory genes (core genes absent from
ADP1), using WEGO (58). Percentages indicate the fractions of gene groups annotated with each GO category. Stars indicate GO categories that
are significantly underrepresented (open) or overrepresented (filled) among pan-A. baumannii accessory genes compared to core genes (P < 0.05).

histidine. The presence of additional transport systems for
amino acids and other nitrogen-containing compounds pre-
sumably reflects their greater availability in humans than in
soil. Several amino acid utilization enzymes were also found,
including arginine N-succinyltransferase and histidine decar-
boxylase.

Two hundred sixty-one of the 475 pan-A. baumannii accessory
genes (55%) are present in clusters of at least four adjacent genes.
As noted above, not all clusters should be presumed to be present
due to lateral transfer into the A. baumannii ancestor. Although
by definition none have orthologs in ADP1, 40% have orthologs
in Pseudomonas aeruginosa PAO1 and may have been lost in the
ADP1 lineage.

Two clusters are worthy of further note. One is a cluster of
genes responsible for the biosynthesis of a homoserine lactone
that is involved in quorum sensing (AB57_0151 to ABS7_
0161). The Abal protein (AB57_0151) has been shown to be a
homoserine lactone synthase which is involved in quorum sens-
ing and is required for biofilm formation (33). The second
cluster (AB57_2565 to AB57_2574) is a chaperone/usher pilus
assembly gene cluster that has also been shown to be involved
in adherence to mammalian cells and in biofilm formation
(50).

Variation among A. baumannii isolates. As shown for Hae-
mophilus influenzae, P. aeruginosa, Streptococcus pneumoniae,
and other bacterial pathogens, there is considerable variation
in the DNA content of each isolate (18, 29, 41, 42). The
accessory genome of A. baumannii comprises 2,649 annotated
genes that are present in one to five of the six isolates. This
number will surely grow as additional isolates are character-
ized. The number of unique genes ranges from 80 (AB307-
0294) to 528 (ATCC 17978).

Genomic regions of unique content (islands) have been
noted in each of the reported A. baumannii genomes, but the

availability of seven complete genomes enables a much more
rigorous evaluation of the contents and distribution of these
islands. A variety of terms have been applied to clustered
groups of genes in A. baumannii, including (putative) alien
islands, pathogenicity islands (PAIs), and RIs (11, 15, 23, 39,
43). Based on the gene content, the latter term seems appro-
priate for a subset of islands with a clear concentration of
genes associated with resistance to several classes of antibiot-
ics. However, the function of most islands is not proven, so we
prefer the simple term genomic islands.

In AB0057, 60% of lineage-specific genes are within clusters of
at least 10 genes located adjacent to one another. Some genomic
islands are likely the result of lateral gene transfer, such as pro-
phage insertions, which in general are the largest genomic islands
in each isolate. The RI described below is comprised largely of
genes that were likely acquired by lateral transfer. It is also clear
that not all genomic islands were derived by lateral gene transfer,
however. Some likely represent regions of an ancestral Pseudo-
monadales genome that have been lost in ADP1, for example, a
leucine metabolism cluster at AB57_1597 to AB57_1604 that has
orthologs in both P. aeruginosa and another closely related organ-
ism, Psychrobacter cryohalolentis (AB0057 numbers are given, but
this cluster is shared by all of the A. baumannii isolates except for
SDF).

Each genome contains a considerable number of unique
genes, as 46% of accessory genes are isolate specific. A dispro-
portionate number of these are hypothetical and are likely
cryptic prophage regions. Of the 1,228 total genes that are
annotated for only one of the six clinical isolates, 412 fall within
prophage regions and 487 others are annotated as encoding
hypothetical proteins (73% in the two categories combined).
The phage regions are not orthologous, suggesting recent in-
sertion and/or rapid loss and a large pool of potential bacte-
riophage genomes. One prophage was found in both AB0057
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and ACICU, albeit at different chromosome locations in the
two genomes (AB57_1230 to AB57_1300 and ACICU_02150
to ACICU_02228). The significance of these two independent
insertion events in the context of the natural history of these
isolates is unclear.

The excess of hypothetical proteins in the accessory genome
could be due to several causes. First, incorrectly annotated
(wrong frame, strand, or region) open reading frames (ORFs)
that do not code for bona fide proteins will not match ORFs
from the other isolates. Second, incomplete or inaccurate an-
notation can result in the unintended omission of identification
of a set of orthologous proteins. Finally, frameshift errors in
the DNA sequence can result in unpaired orthologs. The first
two groups of hypothetical proteins are difficult to quantify.
The number of frameshifted annotations was examined by
comparison of the predicted protein set from each isolate to
the genomes of the other isolates, using TBLASTN. Instances
where the alignment was apportioned across two different
frames were counted. The number of potentially frameshifted
annotations varied from 21 in AYE to 162 in ATCC 17978 (see
Table S3 in the supplemental material).

A. baumannii is thought of as a cousin of another human
pathogen, P. aeruginosa, and 65% of the core genes have or-
thologs in P. aeruginosa PAO1. The accessory genome of P.
aeruginosa has been shown to be inserted into limited locations
around the genome, defined as regions of genome plasticity
(29). In contrast, there does not seem to be a similar prefer-
ence for strain-specific insertion locations in A. baumannii,
with the exception of the location of the RI.

RIs of variable composition. An interesting feature of many
drug-resistant genomes is the presence of a genomic island or
RI containing a collection of genes encoding proteins related
to antibiotic inactivation and efflux. RIs can be plasmid carried
(20, 22) or located on the bacterial chromosome (15), and
antibiotic resistance genes are usually interspersed with mobile
genetic elements (11).

Comparison of the sequence and structure of the genomic
island in each A. baumannii isolate revealed a series of inser-
tion/deletion events at this locus (Fig. 3A). The 86-kb island in
AYE (AbaR1) is the largest, with 90 annotated genes, includ-
ing genes related to the inactivation of B-lactams, aminoglyco-
sides, chloramphenicol, rifampin, and tetracycline. These re-
sistance determinants are intermixed with a complex set of
partial and complete integrons and transposons (15). The
49-kb AB0057 RI (AbaR3) is largely a subset of AbaRl1. It
contains eight genes associated with antibiotic resistance.
Unique sequences in AbaR3 include a bla gy, gene that is
associated with a Tn3 transposon and a small cluster of genes,
including two that encode a DNA topoisomerase and a single-
strand binding protein that are most similar to proteins from a
broad-host-range plasmid (49). The ACICU RI contains the
distal portion of the AYE/AB0057 RI, into which an ISAbal-
flanked blagx a0 gene has been inserted (AbaR2). In ATCC
17978, only the initial and terminal segments are present, and
these do not contain resistance determinants. An unrelated
37.7-kb insertion is present at the location of the RI in AB900.
The AB900 island appears to have been transferred laterally
based on the source of the best protein database matches. It
contains a copper resistance operon and a high concentration
of hypothetical proteins. ADP1 and AB307-0294 preserve the

GENOMICS OF A. BAUMANNII DRUG RESISTANCE 8057

ancestral gene order across the location of the RI insertion.
Given the close relationship between AYE and AB307-0294, it
is likely that the larger AYE RI is more like an original inser-
tion, with AB0057 and ACICU derived by series of subsequent
deletion, insertion, and rearrangement events. Another inter-
pretation, however, is that the RI represents a series of inde-
pendent insertion events; this view is supported by the fact that
ACICU and AYE/AB0057 are representatives of divergent
European clone types II and I, respectively.

Supporting the notion that the RI may be mobile, a second
copy of the resistance island is present in the AB0057 genome
(AbaR4). AbaR4 is the location of a 4.9-kb ISAbal-flanked
gene cassette including blax 4_»3, reinforcing the idea that the
environment is permissive for resistance gene accumulation.
The other five clinical isolates do not have a second copy of
sequences related to the RI, and only two other closely related
isolates amplified sequences related to AbaR4 by PCR
(Fig. 3B).

A distinguishing feature of AbaR1 and AbaR3 in the MDR
isolates AYE and AB0057 is the presence of a pair of ISPpul2
IS elements that flank the resistance gene portion of the island
(Fig. 3A, fragments D to J). In the second AB0057 island
(AbaR4), the uspA gene, encoding a universal stress protein, is
present intact, while this gene is interrupted at the correspond-
ing position in the main RI (AbaR3) by the ISPpul2-flanked
insertion. The average G+C content of ORFs between the
ISPpul2 elements is 57%, compared to 39% for segments A to
C and K of the RI and the rest of the genome, suggesting a
recent acquisition of the ISPpul2-flanked cassette by lateral
transfer. Many of the predicted proteins in segments E to I are
nearly identical to segments of a broadly distributed integron
(45). In addition, as noted above, AbaR3 in AB0057 contains
genes for a plasmid-derived DNA topoisomerase that may
contribute to RI mobility. Only one ISPpul2 element is
present in ACICU, perhaps reflecting deletion of one element
along with a significant fraction of the 5’ end of the island,
including the 5'-flanking sequence.

How much of the MDR phenotype can be explained by the
RI? The RI is a dramatic feature of the MDR isolates AB0057
and AYE. A significant concentration of genes involved in
antibiotic resistance is also present in an orthologous location
in ACICU. It is tempting to speculate that the MDR pheno-
type is correlated with the presence of some variant of the RI.
To test this hypothesis, we attempted to amplify segments of
the RI from several drug-susceptible and MDR isolates (Fig.
3B). The basic structure of the RI, as found in AB0057 and
AYE, appears to be restricted to closely related clones, as
defined by PCR-electrospray ionization mass spectrometry
(PCR/ESI-MS) typing (12). In other PCR/ESI-MS types, how-
ever, MDR isolates typically exhibit the presence of some of
the resistance genes but not other markers of the RI per se,
such as the ISPpul2 elements that flank the resistance gene
region. It is possible that these genes either are not associated
with an RI or are associated with islands with an alternate
structure and/or location. One example is the presence of aadB
in several isolates despite the absence of blay,gp,, Which is
adjacent to aadB in the AYE RI, indicating that this segment
of the RI is not widespread (Fig. 3C, RIN primers). The RI is
completely missing in AB307-0294 and a subset of other iso-
lates that are largely susceptible (Fig. 3C, RIH primers). An
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ATCC 17978
AYE (AbaR1)
AB0057-1 (AbaR3)
AB0057-2 (AbaRd4) (1s Joxazp{ 1s »
ACICU (AbaR2) T
<|s HOXA2(>-| IS>
(B) A transposon
B trkA, trxB
C arsenateresistance operon
D ISPpu12
E AYE-specific sequenceincluding strA, strB, dfrl, cmlA, arr-2, tetR, tetA,

aadA1,aadB, aac6, blagg_4, blagys.10

F ABO0057-specific sequence including topA, ssb

G including mercury resistance operon, tetR, tetA, cat

H Tn3including blazy

| including aphA1, aac3, aadDA1

J ISPpu12

K sulfate permease
(C) FigLabel A C D/J E F G H I | I

Primers RIC RIA RIG RIN RID RIE Hujer Hujer  Hujer  Hujer RIH RIK

PCR/ v =

ESI-MS Trans- bla- lsland 2ndisland 2 2 E 7 E 3 : T3
Isolate type posase Ars ISPpul2 aadB topA tetA TEM Int1__aadA1 _aacC1_Presencea P v v v X @
AB056 15 + + + - + - - + + + - - + O+ o+ 4+ + o+ o+
AB0057 15 + + - + + + + + + . o+ o+ 4+ P
AB058 15 + + + + + - + + o+ o+ o+ + +
AB059 15 + + + + + + + + + + - + o+ o+ o+ + + o+ o+
AB060 3 - + - + - + + + O+ o+ o+ .
AB061 3 - + - + + + + + O+ O+ o+ + o+ o+ o+
AB062 3 + - + + + + o+ o+ 4+ + o+ o+ o+
AB063 3 - + - + + - + + O+ o+ o+ + +
AB064 3 - + - + . + + +
AB065 3 - + - + . + + b+ + o+ 4+
ABO070 16 - - - + + + + - + + o+ o+ o+ +
AB074 39 - - - - + +
AB069 1 - + + + + + o+ o+ o+ +
ABO072 48 + .
AB068 9 + + + o+
ATCC17978* ND R . R . . . .
AYE* 15 + + + + - + - + + + + + o+ + 4+ +
AB307-0294* 46 - - - R - B . . . . . + .
AB900* 19 - - - - + +
SDF* ND - . R - .
ACICU* ND - - + - - - - + - + + + o+ + 4+ + + o+

FIG. 3. RI composition. (A) Modules that comprise components of the RI in sequenced A. baumannii genomes are designated by the letters
A toJ. A bold bar indicates that the region is present in an isolate. (B) Representative genes present in each module are listed. (C) The presence
of various RI components in additional A. baumannii isolates was tested by PCR. *, PCR results were inferred based on a BLAST search of each
genome with primer sequences; *, these primer pairs flank the island location, so successful PCR amplification (+) indicates that the island, an
insertion that is too long for PCR amplification, is absent. AB0057 was reported previously as AB057 (19). Abbreviations: AMP, ampicillin; CIP,
ciprofloxacin; CAZ, ceftazidime; FEP, cefepime; AMK, amikacin; TOB, tobramycin; SAM, ampicillin-sulbactam; MEM, meropenem; IPM,
imipenem. Hujer, data obtained from reference 19.

6002 ‘€T 19qWAAON U0 OV44Nd LV AN AINN 3LVLS Je 6o wse gl woiy papeojumoq


http://jb.asm.org

VoL. 190, 2008

insertion is present at this genomic location in a large majority
of isolates. The genes present may be quite different, though,
since completely unrelated sequences are present at this ge-
nome location in AB900 and SDF.

In the three MDR isolates, AB0057, AYE, and ACICU, a
significant fraction of genes responsible for antibiotic resis-
tance are located in mobile genetic elements, including the RIs
in each isolate and a plasmid in ACICU. In AB0057, a second
gene encoding ADC (bla sc.a0) 18 present, flanked by ISAbal
elements. The bla .40 gene was likely obtained by lateral
transfer because it contains a 15-bp insertion relative to most
other bla 5, genes as well as four amino acid substitutions and
several silent changes compared with the chromosomal copy.

The corollary issue, i.e., how many resistance genes are not
associated with mobile genetic elements, is equally compelling
because it may provide a sense of the innate resources in the
genome that are available to counter the antibiotic threat.
Resistance to fluoroquinolones is mediated by mutations in
grA and parC, which are not present on mobile elements.
Resistance to aminoglycosides and B-lactams may be mediated
by a combination of drug-inactivating enzymes, efflux pumps,
and changes in the bacterial outer membrane that reduce drug
uptake. Three multidrug efflux pumps, encoded by adeABC,
adelJK, and abeM, have been shown to contribute to drug
resistance in A. baumannii (9, 27, 32, 46).

The very close relationship of the drug-susceptible isolate
AB307-0294 with the MDR isolates AB0057 and AYE enables
another perspective on the acquisition of resistance determi-
nants. Virtually all of the AB307-0294 genome aligns with the
AB0057 and AYE genomes, and the average percent identity
between orthologs is >99.7%. The genes that are present in
AYE and ABO0057 but not in AB307-0294 are almost exclu-
sively related to the RIs or to prophage or IS element inser-
tions (see Table S4 in the supplemental material). Only ~3%
of the AB307-0294 genome is not represented in AB0057 or
AYE; this is virtually all in two prophage clusters. The signif-
icance of the genetic similarity among these three isolates rests
with the observation that AB307-0294 retains all of the trans-
port, metabolism, and regulatory capacities of the MDR iso-
lates and yet is drug susceptible.

The adeABC and adelJK genes encoding drug efflux pumps
are present and the encoded proteins are 100% identical in
sequence in all three isolates. The two-component regulatory
proteins AdeR and AdeS are also present in AB307-0294, with
only a single conservative amino acid substitution in each pro-
tein differing from the AB0057 sequence. In fact, the entire
adeRSABC and adellK gene regions together have only three
nucleotide differences in 12,436 bp between AB307-0294 and
AB0057 or AYE, suggesting that both their regulation and
function are similar among the three isolates. It has been
suggested that the AdelJK proteins contribute to intrinsic but
not acquired antibiotic resistance in A. baumannii (9), and
these proteins are also identical in AB307-0294, AB0057, and
AYE. Regulators of AdelJK expression have not been de-
scribed, and it is likely that additional proteins that control the
adeABC and adelJK operons remain to be found.

There are 15 genomic islands in ACICU annotated as being
involved in drug resistance (20). For most of these islands, the
designation is based on the presence of one or more genes
annotated as transporters of the DMT superfamily (21), and
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their substrates have not been verified experimentally. Most of
these genes are also present in the drug-susceptible isolates
AB307-0294, AB900, and ATCC 17978 and thus do not seem
to be indicative of antibiotic susceptibility status.

In addition to the RIs and prophage regions, there are two
additional clusters of genes in the MDR isolates AB0057 and
AYE that are absent from AB307-0294: these are a copper
resistance cluster and a cluster that includes a glycine/betaine
transport operon. Betaines serve as organic osmolytes for pro-
tection against osmotic stress, drought, high salinity, or high
temperature (57). At least some portion of the copper resis-
tance cluster is present in ATCC 17978 and AB900, and the
cluster is absent from ACICU, so these genes are unlikely to
contribute directly to antibiotic resistance. The role, if any, of
the cluster including the glycine/betaine transport genes in
resistance and/or pathogenicity remains to be determined.

IS elements represent another potential source of variability
between AB307-0294 and the MDR isolates. AB307-0294 does
not contain ISAbal elements, while AB0057 carries 9 copies
and AYE carries 21 copies. Four of the nine ISAbal elements
in AB0057 flank B-lactamase genes that appear to have been
transferred laterally into this isolate (bla o pc_ao and blaoxao3)-
These ISAbal elements are presumably involved in overex-
pression of the bla genes from outward-facing promoters in the
IS element (17). Two AB0057 ISAbal insertions are polymor-
phic and are thus unlikely to be related to drug resistance. One
ISAbal element appears to inactivate the uup gene, in which
mutations have been reported to increase the precise excision
of transposons (31). The final two insertions are in or adjacent
to hypothetical protein genes. None of the ISAbal insertion
locations are shared between AB0057 and AYE, suggesting
that any impact on expression of adjacent genes at the inser-
tion sites is not a primary feature of drug resistance.

Other features of antibiotic resistance. The RI carries genes
that encode resistance to chloramphenicol, an antibiotic that is
not commonly used in contemporary acute care settings in
developed countries. This suggests that the RI is not a recent
acquisition. Further work will be required to assess the genetic
stability of the RI.

All tested isolates of A. baumannii are resistant to aztreo-
nam, which specifically targets penicillin-binding protein 3
(PBP-3) (8). The basis for this resistance has yet to be deter-
mined but could be related to the considerable divergence of
PBP-3 in Acinetobacter. The AB0057 PBP-3 protein is only
40% identical to the orthologous proteins from the closest
non-Acinetobacter relative, Psychrobacter cryohalolentis KS, and
to P. aeruginosa PAOL1.

All isolates of A. baumannii displayed high-level resistance
to nitrofurantoin. Nitrofurantoin is a prodrug that is reduced
by the bacterial enzyme nitrofuran reductase to form highly
reactive intermediates that in turn produce DNA damage.
Although present in the close Acinetobacter relative Psy-
chrobacter sp. strain PRwf-1 and many other gammaproteobac-
teria, this enzyme is absent from ADP1 and all A. baumannii
isolates examined to date.

Plasmids were identified during genome sequencing of
AB0057 (1), ATCC17978 (2), AYE (4), SDF (3), and ACICU
(2), but only in ACICU is there a direct contribution to anti-
biotic resistance. Two copies of blagya.sg are present on a
plasmid in ACICU and are flanked by insertion sequences. No
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TABLE 2. Distribution of O-antigen genes with first primer set

PCR result with primer

Isolate” PCR/ESI-
MS type® AB57_ ABS7_  ABST.  ABS7T.  AB57.  ABS7.  AB57.  ABST.  ABS7.  ABS57_
0094 0095 0096 0097 0099 0100 0102 0103 0104 0105
ATCC 17978 ND - — - — - - — - - —
AB0076 15 + + + + + + + + + +
AB0077 15 + + + + + + + + + +
AB0078 15 + + + + + + + + + +
AB0079 15 + + + + + + + + + +
AB0080 15 + + + + + + + + + +
AB0057 15 + + + + + + + + + +
AB056 15 + + + + + + + + + +
ABO058 15 - — - — - - — - - —
ABO059 15 + + + + + + + + + +
AB070 16 - — - — - - — - - —
AB900 19 — - - - - — - - - -
AB307-0294 46 - — - — - - — - - —
AB066 46 — - - - - — - - - -
AB067 46 - — - — - - — - - —

“TIsolate and PCR/ESI-MS type information is from reference 19.

plasmids were found after accounting for all genome sequence
reads from AB900 and AB307-0294.

Evaluation of esv genes. Smith et al. identified 16 genes that,
when mutated, resulted in attenuation of the virulence of A.
baumannii ATCC 17978 in two invertebrate models of infec-
tion (43). They also identified 28 potential PAIs based on
analysis of base composition and gene content. Surprisingly,
only three of the attenuated virulence mutations mapped to
PAIs, and the two PAIs containing mutations are prophage
regions. Eleven of the 16 so-called esv genes (for ethanol-
stimulated virulence) have orthologs in the nonpathogenic or-
ganism Acinetobacter baylyi ADP1, and 4 of the remaining 5 are
absent from all five recent clinical isolates of A. baumannii
discussed here and from six additional tested isolates (data not
shown). This suggests that they are not ubiquitous contributors
to clinical infections. The one remaining esv gene (esvB;
A1S_1232) encodes an HxIR family helix-turn-helix transcrip-
tion factor of unknown specificity. esvB is also absent from the
SDF strain. Further work to determine the role of this gene in
pathogenicity of A. baumannii will be required, preferably with
a mammalian model system.

Diversity at the O-antigen biosynthetic cluster. The outer
surfaces of gram-negative bacteria are comprised of a lipopoly-
saccharide layer that serves as a barrier between the outer
membrane and the environment. Considerable intraspecies
variability has been observed in the composition of the O-
antigen side chains of the lipopolysaccharide, and this contrib-
utes to antigenic variability among isolates. For P. aeruginosa,
at least 11 highly divergent gene clusters encoding proteins
involved in O-antigen biosynthesis at a conserved genome lo-
cation have been reported (37). A similar arrangement is
found in A. baumannii. Among the seven isolates analyzed
here, there are six highly divergent sets of genes located at the
O-antigen cluster. In each genome, the cluster is located at an
orthologous position (between ACIAD0069 and ACIAD1016
in ADP1) and contains 17 to 30 genes. The sequences of
AB307-0294 and AYE are identical across this region. Testing
of the O-antigen gene content of other isolates by PCR showed
that a subset of PCR/ESI-MS type 15 isolates share the

ABO0057 gene set, while other isolates match the AB307-0294/
AYE gene set (Table 2). Among the closely related isolates
defined by PCR/ESI-MS type 15, the amplification pattern is
quite consistent across the gene cluster, and all type 15 isolates
match either the AB0057 or AYE/AB307-0294 pattern (Table
2). With more diverse isolates, it is less common to see ampli-
fication with both of the tested primer pairs for each O-antigen
cluster type, implying that the entire cluster is not always
present intact (Table 3). Nonetheless, 18 of 20 isolates in the
diverse set of isolates tested by PCR were able to amplify at
least one of the O-antigen cluster genes (Table 4). Thus, it
remains a possibility that a relatively small set of O-antigen
gene sets is present among A. baumannii isolates. Previous
characterization of the O-antigen diversity among isolates
from the A. baumannii-A. calcoaceticus complex by use of
monoclonal antibodies showed considerable variation in
reactivity, indicating multiple distinct lipopolysaccharide mod-
ifications, even among closely related isolates (34).

Two-component regulatory systems. Bacterial two-compo-
nent systems, consisting of a sensor histidine kinase and a re-
sponse regulator, enable changes in gene expression in response
to external stimuli (6, 16). Nineteen two-component systems were
identified in A. baumannii AB0057 (see Table S5 in the supple-
mental material). Most of these are also present in the other
clinical isolates. The downstream target genes for most of these
remain unknown, but some are likely to play important roles in
infection. The AdeRS pair regulates a multidrug efflux pump,
contributing to resistance to aminoglycosides, tetracycline, eryth-
romycin, chloramphenicol, trimethoprim, and fluoroquinolones
(27, 28). AdeRS proteins are not present in AB900, SDF, or
ADPI1.

Two two-component systems that are likely to be involved in
controlling resistance to heavy metals were found, including
cusSR (30) (AB57_0660-1) and a less-well-characterized pair
encoded by AB57_2550-1. The cusSR genes are absent from
AB307-0294 and ACICU, along with the likely target genes
involved in copper resistance. The cusSR genes are also miss-
ing from ADP1, while the likely target genes involved in cop-
per resistance are present. In ATCC 17978, the regulatory and

6002 ‘€T 19qWAAON U0 OV44Nd LV AN AINN 3LVLS Je 6o wse gl woiy papeojumoq


http://jb.asm.org

VoL. 190, 2008 GENOMICS OF A. BAUMANNII DRUG RESISTANCE 8061
TABLE 2—Continued
PCR result with primer”

ABS7_  AB57_  AB57_  AB57.  ABAYE ABAYE ABAYE ABAYE ABAYE ABAYE ABAYE ABAYE  ABAYE
0106 0107 0108 0109 3806 3807 3808 3809 3810 3811 3812 3813 3814
+ + + + - - - - - - - - -

+ + + + - - - - - - - - -

+ + + + - - - - - - - - -

+ + + + - - - - - - - - -

+ + + + - - - - - - - - -

+ + + + - - - - - - - - -

+ + + + - - - - - - - - -

- + - - + + + + + + + + +
+ + + + - - - - - - - - -

p— p— — p— p— — — — p— — — p— +
- + - - + + + + + + + + +

likely target genes are present adjacent to one another, but the DISCUSSION

gene cluster is located in a nonsyntenic position relative to
flanking genes in AB0057. The predicted CusS and CusR pro-
teins have their best (non-A. baumannii) matches to proteins
from several betaproteobacteria, suggesting that they are de-
rived from a lateral transfer event into an A. baumannii ances-
tor following the split from A. baylyi ADP1.

At least one component of 11 of the 19 two-component
systems that are present in the clinical isolates is absent from
SDF, suggesting a reduced capacity to respond to environmen-
tal changes in this organism.

MDR in A. baumannii has been defined operationally as
resistance to representatives of three or more of the following
classes of antibiotics: quinolones (e.g., ciprofloxacin), extended-
spectrum cephalosporins (e.g., ceftazidime and cefepime),
B-lactam—B-lactamase inhibitor combinations (e.g., piperacil-
lin-tazobactam), aminoglycosides (amikacin, gentamicin, and
tobramycin), and carbapenems (e.g., imipenem and mero-
penem) (19). A. baumannii uses several strategies to evade
antibiotics, including multiple detoxifying enzymes, efflux

TABLE 3. Distribution of O-antigen genes with second primer set

PCR result with primer”

Isolated PCR/ESI-

MS type® AB57.  AB57.  ABAYE ABAYE Al1S. AIS. ACICU_ ACICU_  ABSDF ABSDF

P 0094 0095 3806 3807 ABIOO_L  AB900_2 053 0057 000777 00080 0078 0066
ATCC 17978 - - - - - - + + - — + -
AB069 1 - - - - - - - - + + + +
AB063 3 - - - - - - - - + + - +
AB061 3 — - - - - - - - - — — +
AB068 9 - - - - - - - - - - - -
AB039 10 — - - - - - - - + + + -
AB033 10 - - - - - - - - + + + -
AB021 11 — - - - - - - - - — — +
AB024 11 - - - - - - - - - - - +
AB054 12 — - - - - - - - - — — -
AB002 14 - + + - - - - - - - -
AB009 14 — + + - - - - - + — -
ABO58 15 - + + + - - - - - - — -
AB0057 15 + + - - - - - - - — — -
AB070 16 - - + - + - + - - - - -
AB9Y00 19 - - - - + + - - - - - -
ABO051 24 + + - - + - - - - - + -
AB041 24 - - - - + — - - - - + -
AB074 39 - + + - + - - - - - - -
AB307-0294 46 - + + + - — - - - - - -
ABO066 46 - - - - - - - - - - - +
ABO71 47 + + - - - — - - + + - +
AB072 48 - - - - - - - + + - +

“Isolate and PCR/ESI-MS type information is from reference 19.

b Primer set prefixes indicate primers designed from O-antigen genes in the following isolates: AB57, AB0057; ABAYE, AYE; A1S, ATCC 17978; ABSDF, SDF;

ACICU, ACICU; and AB900, AB900.
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TABLE 4. O-antigen genes tested by PCR

ORF Description

AB57_00%4.........cccceuu. VI polysaccharide biosynthesis protein VipA/
TviB

AB57_0095.....ccoviene VI polysaccharide biosynthesis protein VipB/
TviC

AB57_0096 Polysaccharide biosynthesis protein

AB57_0097.. ...Conserved hypothetical protein

AB57_0099.. ...Glycosyltransferase, group 1

AB57_0100.. ...Hypothetical protein

AB57_0102.. ...Putative glycosyltransferase family 1

AB57_0103.. ...Glycosyltransferase, group 1

AB57_0104.. ...UDP-glucose 4-epimerase

AB57_0105 Polyprenol phosphate:N-acetyl-hexosamine

1-phosphate transferase
ABS57_0106.....ccuvereenee Acetyltransferase
AB57_0107.. ...Nucleotide sugar epimerase/dehydratase
AB57_0108.. ...UDP-glucose 4-epimerase
i ...Conserved hypothetical protein
ABAYE3806.. ...Putative perosamine synthetase (Weel/Per)
ABAYE3807.. ...Putative acetyltransferase (Weel)
ABAYE3808................ Putative UDP-galactose phosphate transferase

(WeeH)

Putative glycosyltransferase family 1

ABAYE3809

ABAYE3810 Conserved hypothetical protein; putative
polysaccharide polymerase

ABAYE3811 Putative polysaccharide polymerase

ABAYE3812.. ...Putative glycosyltransferase family 1

ABAYE3813.. ...Putative polysaccharide biosynthesis protein

ABAYE3814 Putative NAD-dependent
epimerase/dehydratase (WbpP)

ALS 0053 ..o MviM protein

A1S_0057.... ...Capsular polysaccharide synthesis enzyme

ABSDFO0066................. Putative UDP-glucose/GDP-mannose
dehydrogenase

ABSDFO0078.......ccocouue Putative UDP-galactose phosphate transferase
(WeeH)

ACICU_00077....couruue CMP-N-acetylneuraminic acid synthetase

ACICU_00080............. Sialic acid synthase

pumps, target site mutations, and gene regulatory changes.
AB307-0294 is largely drug susceptible yet highly similar to the
MDR strains AYE and AB0057. This prompted us to seek to
explain the resistance phenotype on the basis of genetic dif-
ferences between AB307-0294 and the MDR strains. Resis-
tance to each tested antibiotic (Table 1) could be accounted for
by the acquisition of a specific resistance determinant in AYE
and AB0057. AB307-0294 has orthologs of the transporters
and efflux pumps that are present in AYE and AB0057, but it
appears that these alone are not sufficient to confer resistance
to B-lactam and aminoglycoside antibiotics.

Among 74 isolates from WRAMC, resistance to the amino-
glycosides amikacin and tobramycin was always associated with
the presence of at least one aminoglycoside-modifying enzyme
(AME) (19). In addition, a recent study of A. baumannii iso-
lates in New York City showed that resistance to cefepime and
tigecycline could be ascribed to increased expression of Ad-
eABC in some isolates, while resistance to other cephalospo-
rins and aminoglycosides was mediated by antimicrobial drug-
inactivating enzymes and fluoroquinolone resistance was
always associated with gyrase gene mutations (4). It is possible
that upregulation of efflux pumps may be found to be sufficient
to confer resistance to certain classes of antibiotics in other
isolates. For example, one WRAMC isolate is ciprofloxacin

J. BACTERIOL.

resistant, despite carrying gyr4 and parC alleles associated with
drug susceptibility (54, 55), suggesting an alternative mecha-
nism of resistance. Taken together, the extensive similarities
between AB307-0294 and the MDR isolates imply that while
drug efflux may be a contributor to clinically relevant antibiotic
resistance, it is not the primary mechanism of MDR.

The RI is a dominant genomic feature in AYE and AB0057,
exhibiting a large concentration of laterally transferred genes
associated with antimicrobial resistance intermixed with a di-
verse set of transposon- and integron-related sequences that
have presumably facilitated the transfer of this region of the
genome into A. baumannii. The importance of the RI in con-
tributing to the MDR phenotype is considerable in these iso-
lates, with genes encoding resistance to cephalosporins, car-
bapenems, and aminoglycosides. In each of the MDR isolates,
however, additional loci contribute to drug resistance. IS-
flanked B-lactamase genes are found outside the RIs in
ABO0057 and ACICU, and cephalosporin resistance in AYE is
likely due to an ISAbal insertion adjacent to the bla,pc.o
gene. Furthermore, the RI found in AYE and AB0057, and to
a lesser extent, ACICU, does not appear to be present in all
MDR isolates based on PCR amplification of several genes
located throughout the RI. Thus, it is likely that alternative
genetic arrangements of resistance genes will be found as ad-
ditional isolates are sequenced.

Quinolone resistance is primarily mediated by mutations in
the housekeeping genes gyrA and parC, which are not RI as-
sociated. The bla genes (e.g., encoding TEM, OXA, VEB, and
CTX-M) are frequently found in locations outside the RI, even
in isolates that contain the RI. In ACICU, two copies of
blax a_sg are present on a plasmid, and in AB0057, blagx a3
is located on the second island copy, ISAbaR4. In the MDR
isolates analyzed to date, AMEs are associated with the RI. It
remains to be determined whether AMEs are associated with
RIs of novel structure in isolates that do not contain an RI
analogous to those described in AYE, AB0057, and ACICU.
In summary, evidence to support the notion that the RI is the
sole, or even primary, genetic basis for clinically relevant MDR
is still needed.

It is curious that the sequence of the >50-year-old isolate
ATCC 17978 is not more divergent than those of other isolates,
suggesting that although A. baumannii isolates differ by ~2%
at the sequence level, there may be considerable stability in
each clade. AYE and AB0057 were isolated more than a de-
cade after AB307-0294 yet have diverged <0.1% at the nucle-
otide level compared with the older isolate. SDF also differs
from the other A. baumannii isolates by ~2% at the DNA
level, although it has also undergone a considerable reduction
in gene number, presumably driven by the action of a large
number of IS elements (51). It was argued that SDF was
acquired by the louse directly from the bloodstream of an
infected human in the course of a blood meal, since the louse
gut is sterile (24). An alternative explanation is that SDF rep-
resents an A. baumannii lineage that is adapted for growth in
the louse rather than in humans. Additional epidemiological
surveys will be necessary to determine whether SDF-like A.
baumannii isolates can be found in humans.

Antimicrobial resistance in A. baumannii arises by a combi-
nation of genetic changes and selective pressure. The following
three classes of genetic alteration contribute to the acquisition
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of a resistance phenotype: lateral gene transfer, gene amplifi-
cation (by duplication and/or increased expression), and mu-
tation of genes or their promoters (resulting in loss of function,
enhancement of function, or gain of novel function). Each of
these mechanisms is represented in A. baumannii. Further
studies that address the balance among these strategies, the
genetic and genomic architectures that support them, the role
of mobile genetic elements, and the pace of genetic change will
be facilitated by the sequences presented here and those of
additional isolates that represent further examples of MDR
and susceptible isolates of clinical significance.
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Penicillin-Binding Protein 7/8 Contributes to the
Survival of Acinetobacter baumannii In Vitro and
In Vivo

Thomas A. Russo,'?345 Ulrike MacDonald,2* Janet M. Beanan,?* Ruth Olson,2* lan J. MacDonald,3*
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'Weterans Administration Western New York Healthcare System and ?The Witebsky Center for Microbial Pathogenesis, *Center of Excellence in

Bioinformatics and Life Sciences, and Departments of *“Medicine, *Microbiology, and 8Structural Biology, State University of New York—Buffalo,
and "Hauptman-Woodward Medical Research Institute, Buffalo, New York

Background. Acinetobacter baumannii is a bacterial pathogen of increasing medical importance. Little is known
about genes important for its survival in vivo.

Methods and results. Screening of random transposon mutants of the model pathogen AB307—0294 identified
the mutant AB307.27. AB307.27 contained its transposon insertion in pbpG, which encodes the putative low-
molecular-mass penicillin-binding protein 7/8 (PBP-7/8). AB307.27 was significantly killed in ascites (P < .001), but
its growth in Luria-Bertani broth was similar to that of its parent, AB307-0294 (P = .13). The survival of AB307.27
was significantly decreased in a rat soft-tissue infection model (P < .001) and a rat pneumonia model (P = .002),
compared with AB307-0294. AB307.27 was significantly killed in 90% human serum in vitro, compared with AB307—
0294 (P < .001). Electron microscopy demonstrated more coccobacillary forms of AB307.27, compared with
AB307-0294, suggesting a possible modulation in the peptidoglycan, which may affect susceptibility to host defense
factors.

Conclusions. These findings demonstrate that PBP-7/8 contributes to the pathogenesis of A. baumannii. PBP-7/8
either directly or indirectly contributes to the resistance of AB307—-0294 to complement-mediated bactericidal activ-
ity. An understanding of how PBP-7/8 contributes to serum resistance will lend insight into the role of this low-
molecular-mass PBP whose function is poorly understood.

Acinetobacter organisms are emerging pathogens of in-
creasing medical importance [1]. Historically, Acineto-
bacter organisms have been considered primarily as
health care—associated pathogens, accounting for 1%—
3% of hospital-acquired infections and 2%-10% of in-
fections in intensive care units [2-5]. Importantly, the
incidence of Acinetobacter infection is increasing world-
wide [3, 5, 6]. Favored sites of infection include the
respiratory tract, particularly in ventilated patients
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(Acinetobacter infections accounted for 6.9% of hospi-
tal-acquired pneumonias in 2003, based on National
Nosocomial Infections Surveillance system data), the
urinary tract, intravascular access devices, surgical sites,
and pressure or diabetic ulcers. Mortality rates associ-
ated with Acinetobacter infection range from 19% to
54% [6]. Interestingly, Acinetobacter baumannii has
been described as an uncommon cause of severe com-
munity-acquired pneumonia, usually in persons with a
comorbid condition (e.g., alcoholics), with the prepon-
derance of cases reported from warm and humid geo-
graphic locales [7, 8]. Furthermore, the importance of
Acinetobacter infections in war-related injuries is now
established [9-12]. Finally, Acinetobacter organisms
emerged as important pathogens in survivors of the
Asian tsunami in 2004 [13].

An increasing incidence of infections due to strains
with a high level of antibiotic resistance is making treat-
ment challenging [14—-16]. Particularly problematic are
panresistant strains; rates of infection due to such strains
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are greater outside of the United States. Safe, reliable therapeutic
agents with predictable activity against A. baumannii are pres-
ently nonexistent [17, 18].

The need for an increased understanding of Acinetobacter in-
fection pathogenesis, identification of virulence factors, and
identification and testing of vaccine candidates and new antimi-
crobial targets is more pressing than ever [17, 18]. To identify
genes important for growth and survival, we performed random
mutagenesis on A. baumannii strain AB307—0294, which our
research group has been studying as a model pathogen [19]. We
hypothesized that screening this mutant pool for diminished or
absent growth on plates made from human ascites would be an
efficient means to identify such factors. As a result of this screen,
the AB307-0294 mutant derivative AB307.27 was identified.
AB307.27 contains its transposon insertion in pbpG, which
encodes the putative low-molecular-mass penicillin-binding
protein 7/8 (PBP-7/8) in Acinetobacter organisms. PBP-7/8 is a
hydrolase/endopeptidase that hydrolyzes the D-ananyl-g-meso-
2,6-diaminopimelyl cross-bridge bond in high-molecular-mass
sacculi [20]. However, there was no discernible change in phe-
notype in an Escherichia coli PBP-7 mutant, as assessed by
growth in laboratory medium [21] and by fluorescence-
activated cell sorting [22]. PBP-8 is a OmpT-mediated degrada-
tion product of PBP-7, and PBP-7 and PBP-8 have been shown
in vitro to stabilize and enhance soluble lytic transglycosylase 70
[20, 23, 24]. PBP-7 is absent from gram-positive bacteria. The
precise role of PBP-7/8 in gram-negative bacteria is unclear. It
appears to be nonessential for normal cell elongation but has
been implicated as an accessory enzyme that modulates cell mor-
phology and in daughter cell separation [22, 25-27]. In this re-
port, we describe a novel phenotype for PBP-7/8 in A. bauman-
nii. This protein contributes to growth and survival of A.
baumannii in human ascites in vitro and in vivo in rat soft-tissue
infection and pneumonia models. These data lend new insight
into the role of the low-molecular mass penicillin-binding pro-
teins in clinically relevant environments.

MATERIALS AND METHODS

A. baumannii strain 307—0294
(blood isolate; sequence type 15 and clonal group 1 [28]) was

Bacterial strains and media.

isolated from a patient hospitalized at Erie County Medical Cen-
ter (Buffalo, NY) in 1994. AB307-0294 was grown in Luria-
Bertani medium, unless stated otherwise. The strain was main-
tained at —80°C in 50% Luria-Bertani broth and 50% glycerol.
Ascites plates consisted of 80% human ascites (pH 7.3; ascites
were not sterilized by filtration but were confirmed by culture as
sterile) and 20% water. Two-hundred milliliters of water and
15 g of Bacto agar were autoclaved and cooled to 45°C, 800 mL of
ascites and kanamycin (final concentration, 40 wg/mL) were
added, and plates were poured. For quantitative growth curves,
the following were used: 100% human ascites, Luria-Bertani me-

dium, and 100% human urine pooled from 4 healthy donors and
filter sterilized before use. Strains were grown overnight in Luria-
Bertani medium and diluted in the medium in which the growth
curve was being determined, with starting titers ranging from
1 X 10*to 1 X 10° cfu/mL in a final volume of 2 mL. Incuba-
tions were at 37°C in a shaking water bath (120 rpm/min). Ali-
quots were removed at 0, 3, 6, and 24 h, and 10-fold serial dilu-
tions in 1 X PBS were performed to determine the bacterial
concentration.

Transposon mutagenesis and screen for lack of growth on
ascites plates. Electrocompetent cells were generated by grow-
ing AB307-0294 in Mueller-Hinton broth to an A, of around
0.4. Fifteen milliliters of cells were washed once with 1 mL of
ice-cold sterile mqH,O, followed by 2 washes with 10% ice-cold,
sterile glycerol. After the last wash, cells were resuspended in 75
wL and either used immediately or stored at —80°C before use.
EZ-Tn5<kan-2>Tnp Transposome (60 ng in 3 uL [Epicentre
Biotechnologies]) was electroporated into 75 uL of electrocom-
petent AB307—-0294 (Bio-Rad Gene Pulser; 25 mF/2.5 kV/200
Ohm), using a 0.2-cm gap, in an ice-cold EP chamber (Bio-Rad
Laboratories). Immediately after electroporation, cells were re-
suspended in SOC medium (Invitrogen) and grown at 37°C for
1 h. Aliquots were then plated on Mueller-Hinton plates supple-
mented with kanamycin (40 ug/mL), and isolated colonies were
purified on the same medium. These AB307-0294 mutants
(presumably AB307-0294::Tn5<kan-2>) were subsequently
gridded onto ascites-kanamycin plates. AB307-0294 mutants
that were confirmed to have minimal or no growth on the
ascites-kanamycin plates were numbered consecutively and
stored at —80°C.

DNA sequencing and analysis. The location of the trans-
poson insertion in mutant derivatives of AB307—0294 was de-
termined by chromosomal sequencing. Chromosomal DNA was
prepared from the AB307-0294 mutants of interest by using a
Qiagen Genomic-tip 100/G purification column (Qiagen). Cy-
cle sequencing was performed off of the EZ-Tn5 <Kan-2>
Transposon (Epicentre Biotechnologies), using the BigDye Ter-
minator v3.1 cycle sequencing kit (Applied Biosystems) in ac-
cordance with the protocol for sequencing genomic DNA. The
KAN-2 FP-1 forward primer included in the transposon kit was
used. Cycle sequencing was performed on 10- or 20-uL reac-
tions with the following PCR protocol: step 1, 96°C for 2 min;
step 2, 96°C for 30 s, 50°C for 10 s, and 60°C for 4 min for 50
cycles; and step 3, 4°C, ramping 1°C/s. Cycle sequencing prod-
ucts were prepared for sequencing by use of the CleanSEQ
(Agencourt) reaction cleanup reagent in accordance with the
manufacturer’s instructions. Sanger sequencing was performed
with a 3130x] Genetic Analyzer DNA sequencer (Applied Bio-
systems). Sequence comparisons were performed via BLAST
analysis of the nonredundant GenBank database.

Cloning of pbpG and construction of a complemented de-
rivative of AB307.27 (PBP-7/8 negative). pbpG and 178 bases
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upstream and 150 bases downstream were cloned via PCR-
mediated amplification (forward primer: 5-GCTGACGAGCTC-
CAATGGAATGACAAAATTAGCAA-3'; reverse primer: 5'-CCT-
AGTACCGGTCAATGGACCAAGTAAAAGATTCG-3"). Primers
contained capped Sacl and Agel sites to facilitate ligation into the
vector pNLACI1 (tetracycline and ampicillin resistant). The
cloned pbpG was confirmed to be identical to that in strain
AB307-0294 by bidirectional DNA sequencing. The pNLACI::
pbpG construct was electroporated into AB307.27, generating
the complemented strain AB307.27/pNLAC1::pbpG. pNLACI
without insert was electroporated into AB307-0294 and
AB307.27, generating the control strains AB307/pNLAC1 and
AB307.27/pNLACI.

Structural analysis. A 3-dimensional homology model of
PBP-7/8 (PBP-78A) was created using the automated first ap-
proach mode in SWISS-MODEL [29-31]. The sequence of
AB307-0294 PBP-7/8 was entered in FASTA format and sub-
mitted to the SWISS-MODEL server (available at: http://
swissmodel.expasy.org/workspace/index.php?func=modelling
simplel &userid=USERID&token=TOKEN). A BLAST value
E-limit for choosing the best template was set to 0.00001. The
model PBP-7/8 was returned in Protein Data Bank format. The
PBP-7/8 model, the best template, and other templates with
identity scores of >25% were superimposed using the secondary
structure matching module in Coot [32]. A primary sequence
alignment for all templates was performed with ClustalW2
(available at: http://www.ebi.ac.uk/Tools/clustalw2/index
.html), using the default settings [33]. The superimposed struc-
tures were examined in 3 dimensions, using the graphical display
in Coot [34]. The sequence alignment was adjusted by hand to
correspond to the overlap of residues in 3-dimensional space.

Rat soft-tissue infection model. The rat pneumonia and
soft-tissue infection model animal studies were reviewed and
approved by the University at Buffalo and Veterans Administra-
tion Institutional Animal Care Committee. An established
Long-Evans rat soft-tissue infection model was used as reported
elsewhere [35].

Rat pneumonia model. An established Long-Evans rat
model for studying pulmonary damage was used as reported
elsewhere [36, 37].

Serum bactericidal assay. Complement-mediated bacteri-
cidal assays were performed as previously described [38].

Transmission electron microscopy (TEM). TEM was per-
formed as described elsewhere [39].

Statistical analyses. Data are presented as mean values
(£=SEM). P values of .05/n (where n is the number of compari-
sons) are considered statistically significant, based on use of
Bonferroni correction for multiple comparisons, and P values of
>.05/nbut <.05 are considered as representing a trend. To nor-
malize in vitro and in vivo data, log;-transformed values were
used. The area under each curve was calculated, and the areas

were compared using 2-tailed unpaired ¢ tests (Prism 4 for
MacIntosh [GraphPad Software]).

RESULTS

Identification of AB307-0294 PBP-7/8. To identify factors in
Acinetobacter organisms that are necessary for growth and survival
in human infection, we used an experimental approach that was a
modification of the method we previously used to identify virulence
factors in extraintestinal pathogenic E. coli [40, 41]. First, random
transposon mutagenesis was performed, and transposon mutants
were selected on plates with nutrient-rich laboratory medium (i.e.,
Mueller-Hinton agar). Next, mutants were gridded onto ascites
plates, which consisted of 80% human ascites (fluid that accumu-
lates in the peritoneal cavity in pathologic states) and agar. Ascites
plates are an ex vivo modified minimal medium and in essence are
roughly reflective of inflammatory extracellular fluid, a common
environment for extracellular bacterial pathogens such as Acineto-
bacter organisms. This screen resulted in the identification of
AB307.27. Quantitative growth curves confirmed that AB307.27
was significantly killed in ascites (P < .001), but its growth in
laboratory medium (i.e., Luria-Bertani broth) was similar to
growth of its parent AB307-0294 (P = .13) (figure 1A). Chro-
mosomal sequencing, priming off of the EZ-Tn5 <Kan-2>
transposon, was performed on DNA purified from AB307.27.
The transposon insertion within AB307.27 was in pbpG (be-
tween nucleotides 462 and 463), which encoded a putative
D-alanyl-D-alanine endopeptidase or PBP-7/8. The complete
sequence of AB307-0294 PBP-7/8 and its surrounding genes
was determined (Genbank accession number EU676123). The
open reading frame of pbpG contained 1023 nucleotides, which
encoded a protein of 340 amino acids with a predicted molecular
weight of 35,949 Da. Because the direction of transcription for a
putative threonine synthase, encoded by the open reading frame
3' to pbpG, was in the opposite direction, the transposon inser-
tion in pbpG should not have a polar effect. To confirm this,
quantitative growth curves were performed in ascites with the
constructs AB307—0294/pNLAC1 (a wild-type parent contain-
ing the cloning vector without an insert), AB307.27/pNLACI (a
PBP-7/8 mutant derivative of AB307—0294 containing the clon-
ing vector without an insert), and AB307.27/pNLAC1:pbpG (a
PBP-7/8 mutant derivative containing cloned pbpG). Growth of
the wild-type parent AB307—0294/pNLAC1 was similar to
growth of the complemented mutant AB307.27/pNLACI1:pbpG
(P = .17), confirming that inactivation of PBP-7/8 was respon-
sible for decreased growth in ascites. As expected, the non-
complemented strain AB307.27/pNLAC1 demonstrated a sig-
nificant decrease in survival in ascites, compared with AB307-
0294/pNLAC1 (P < .001) and AB307.27/pNLACIL::pbpG
(P <.001) (figure 1B).

In silico analysis of AB307-0294 PBP-7/8. The SWISS-
MODEL server created a model covering residues 92-332 of
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Figure 1. Growth/kill curve for Acinetobacter baumannii strains AB307—0294 (wild-type) and derivatives in Luria-Bertani medium and 100% human
ascites. A, Growth of AB307—-0294 and AB307.27 was assessed at 0, 3, 6, and 24 h in each medium. Growth of AB307—0294 (n = 4) and AB307.27
(n = 4) in Luria-Bertani medium was similar (P = .13, by a 2-tailed unpaired t test). In contrast, survival of AB307.27 (n = 6) was significantly
decreased in ascites, compared with AB307—0294 (n = 6) (*P < .001). B, Growth of AB307—0294/pNLAC1 (a wild-type parent containing a cloning
vector without an insert), AB307.27/pNLAC1 (a penicillin-binding protein [PBP]-7/8 mutant derivative of AB307—0294 containing a cloning vector without
an insert), and AB307.27/pNLAC1::pbp7/8 (a PBP-7/8 mutant derivative containing cloned pbp7/8) was assessed at 0, 3, 6, and 24 h in ascites. Growth
of AB307-0294/pNLAC1 (n = 4) and AB307.27/pNLAC1::pbp7/8 (n = 4) was similar (P = .17). In contrast, survival of AB307.27/pNLAC1 (n = 3) was
significantly decreased in ascites, compared with AB307—0294/pNLAC1 (*P < .001) and AB307.27/pNLAC1::pbp7/8 (*P < .001).

PBP-7/8, resulting in a final E-score of 3.56e-16. PBP-5 from E.
coli (Protein Data Bank code 1nj4) was chosen as the best tem-
plate (27% identity to PBP-7/8) [42]. Other homologous pro-
teins with crystal structures available and >25% identity with
PBP-7/8 were PBP-4 from Staphylococcus aureus (Protein Data
Bank code 1tvf) (Rajashankar et al., unpublished data), PBP-3
from Streptococcus pneumoniae (Protein Data Bank code 1xp4)
[43], and DD-transpeptidase from Streptomyces strain K15 (Pro-

tein Data Bank code 1skf) [44]. Surprisingly, even with the low
levels of sequence identity, the active site residue motifs SXXK,
SXN, and KTG were completely conserved (figure 2). The super-
position of all structures placed the active site residues within a
root mean square deviation of 1.5 A from their positions in each
structure. Although the sequences surrounding the active site
residues were varied, there was strict conservation of the second-
ary structural elements creating the active site scaffold (figure 2).

PBE78A 121---IJSITKL MTAVVT ADA--- (34) ——--RAEV LLFALMKE

PBESE 95---P4SLTKM MTSYVI GQA--- (41) —--VSQL IRGINLQ

PBP4SA 59 --- PASMTK] MTMYLT LEA--~- (39) —--IADL LOITVSN

PEP3SP 39-—-T4SITK] ITVYLV YEA--- (38) ——-VEEL LEATLVS

DDPEPS 33---TQGSTTK[ MTAKVV LAQ--- (36) —--VRQL LYGLMLPE GCPARY ALADKY —--- (99 ) ---GRIGYKTIG|SG--262
S8 HHHHHHHHHHHHHHH HHHHHHHHHTTTTHHHHHHHHH 558558858

Figure 2. Structural alignment of the AB307—0294 penicillin-binding protein 7/8 (PBP-7/8) model (PBP78A) with homologous PBP crystal structures.
The conserved active site residue motifs SXXK, SXN, and KTG are boxed. The secondary structural (SS) elements a-helix (H), B-strand (S), and turn
(T) that arrange the active site residues are conserved in each structure. Although PBP78A has low identity with PBPSE (27%), the secondary structural
elements serve to present the conserved active site residues in 3-dimensional space. Structures of other homologous proteins are PBP-5 from Escherichia
coli (PBPSE; Protein Data Bank [PDB] code 1nj4), PBP-4 from Staphylococcus aureus (PBPASA; PDB code 1tvf), PBP3 from Streptococcus pneumoniae
(PBP3SP; PDB code 1xp4), and DD-transpeptidase from Streptomyces strain K15 (DDPEPS; PDB code 1skf). Structures were superimposed using the SSM
superposition module of Coot [33].

516 « JID 2009:199 (15 February) * Russo etal.



Table 1. Homology of AB307-0294 PBP-7/8 with other homo-
logues/orthologues.

This table is available in its entirety in the
electronic edition of the Journal of Infectious
Diseases.

Next, the DNA/predicted protein homology of AB307-0294
PBP-7/8 was compared with various homologues/orthologues
(table 1, which appears only in the electronic edition of the Jour-
nal). Finally, a promoter prediction analysis was performed on
the 5' DNA sequence to the predicted transcriptional start site of
pbpG (BPROM [SoftBerry]; available at: http://www.softberry
.com/berry.phtml?topic=bprom&group=programs&subgroup
=gfindb). A putative promoter, whose transcription is predicted
to be directed by the o7 factor, was identified.

AB307.27 (PBP-7/8 negative) has an abnormal morphol-
ogy. The cell morphology of AB307.27 (PBP-7/8) was assessed
via TEM. When grown in logarithmic phase in Luria-Bertani
medium, more coccobacillary forms of AB307.27 (PBP-7/8 neg-

A B

ative) were observed, compared with its wild-type parent
AB307-0294; however, both coccobacillary and bacillary forms
were seen with each strain (figure 3). This finding suggests that
AB307.27 may possess an abnormal peptidoglycan and suggests
that, in Acinetobacter organisms, PBP-7/8 may play a more crit-
ical role in modulating cell morphology than has been described
for other species [22].

AB307.27 (PBP-7/8 negative) is killed in the rat soft-tissue
infection model. An in vivo validation of our in vitro findings
was needed to confirm that PBP-7/8 was a factor that contrib-
uted to Acinetobacter infection. Initially, we compared the
growth/survival of AB307—0294 (wild-type) and its isogenic de-
rivative AB307.27 (PBP-7/8 negative) in a rat model of soft-
tissue infection. A major advantage of this infection model is that
multiple samples can be obtained over time from each animal,
making it time- and cost-efficient for initial assessment of strains
in vivo. Furthermore, it is clinically relevant given that A. bau-
mannii has been increasingly recognized as a cause a variety of
soft-tissue infections [10, 12]. Compared with AB307—-0294,
AB307.27 demonstrated a significant decrease in survival in this

Figure 3. Transmission electron microscopy was performed on AB307-0294 (wild-type) and AB307.27 (penicillin-binding protein 7/8 negative) as
described elsewhere [39]. Cells were grown in Luria-Bertani medium in logarithmic phase. A and C, AB307—-0294 (10,000 and 20,000% original
magnification, respectively); B and D, AB307.27 (10,000 and 20,000 original magnification, respectively).
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Survival of Acinetobacter baumannii strain 307—0294 (wild-type [wt]) and its isogenic derivative AB307.27 (penicillin-binding protein 7/8

negative) in the rat soft-tissue infection model. Rats were prepared and challenged with AB307—0294 and AB307.27 as described elsewhere [35].
Bacterial titers were determined at 0, 3, 6, 24, and 48 h. Survival of AB307.27 (n = 4—6 for each time point) was significantly decreased in this model,
compared with AB307—-0294 (n = 5 for each time point) (*P < .001, by a 2-tailed unpaired t test).

model (P < .001) (figure 4). These data demonstrate that PBP-
7/8 is important for the survival of AB307-0294 in soft-tissue
infection.

AB307.27 (PBP-7/8 negative) is killed in the rat pneumonia
model. Next, we compared the growth and survival of AB307—
0294 (wild-type) and its isogenic derivative AB307.27 (PBP-7/8
negative) in a rat pneumonia model, another common type of
Acinetobacter infection. Compared with AB307-0294, AB307.27
demonstrated a significant decrease in survival in this model
(P =.002) (figure 5). These data demonstrate that PBP-7/8 is
important for the survival of AB307—0294 in pulmonary infec-
tion.

AB307.27 demonstrates an increase in susceptibility to
complement-mediated bactericidal activity. The innate re-
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Figure 5. Survival of Acinetobacter baumannii strain 307—0294 (wild-

type [wt]) and its isogenic derivative AB307.27 (penicillin-binding protein
7/8 negative) in the rat pneumonia model. Rats were challenged with
3.9 X 108 cfu of 307-0294 and 1.3 X 10° cfu of AB307.27 by intratra-
cheal instillation, and total lung bacterial titers were determined at 0, 6,
24, and 48 h. Survival of AB307.27 (n = 3) was significantly decreased
in this model, compared with AB307-0294 (n = 3) (*P < .002, by a
2-tailed unpaired t test).

sponse is instrumental in determining whether extracellular bac-
terial pathogens such as Acinetobacter organisms are successfully
cleared or establish an infection. The complement system is a
critical component of the host’s innate immune system.
Therefore, we assessed whether AB307.27 had increased sus-
ceptibility to complement-mediated bactericidal activity, com-
pared with its parent, AB307-0294. Compared with AB307—
0294, AB307.27 demonstrated a significant decrease in survival
in 90% human serum (P < .001) (figure 6). These data support
the concept that complement-mediated bactericidal activity in
vivo is at least one mechanism responsible for the clearance of
AB307.27 in the rat soft-tissue infection and pneumonia models.

Growth of AB307.27 (PBP-7/8 negative) in human urine is
similar to that of AB307-0294 (wild-type). The growth of
AB307-0294 and AB307.27 in human urine was assessed be-
cause the urinary tract is another site that Acinetobacter organ-
isms commonly infect. However, in urine, complement levels
are low and anticomplement activity may be present [45, 46].
The growth of AB307—0294 and AB307.27 was similar in human
urine (P = .07) (figure 7). These data demonstrate that PBP-7/8
is not important for the growth/survival of AB307-0294 in hu-
man urine.

DISCUSSION

To our knowledge, this is the first report to describe a role for
PBP-7/8 in the pathogenesis of infection. We demonstrated that
the PBP-7/8—deficient mutant AB307.27, an isogenic derivative
of the wild-type A. baumannii strain AB307—0294, was killed in
human ascites (figure 1). Next, we demonstrated that AB307.27
was also killed in vivo in rat soft-tissue infection and pneumonia
models (figures 4 and 5), both important types of Acinetobacter
infection. We then demonstrated that AB307.27 was killed in
90% human serum in vitro (figure 6). TEM demonstrated more
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Figure 6. Effect of 90% normal human serum on the viability of the

Acinetobacter baumannii strain AB307—0294 (wild-type [wt]) and its
isogenic derivative AB307.27 (penicillin-binding protein 7/8 negative).
Assays were performed as described elsewhere [38]. All strains were
also assessed in the presence of 90% heat-inactivated (at 56°C for 30
min) normal human serum, and their growth was similar; therefore these
data are not shown. Bacterial titers were determined at 0, 1, 2, and 3 h.
Survival of AB307.27 (n = 4) was significantly decreased, compared with
AB307-0294 (n = 4) (*P < .001, by a 2-tailed unpaired t test).

coccobacillary forms of AB307.27, compared with AB307-0294
(figure 3), suggesting a possible modulation in the peptidogly-
can, which may affect susceptibility to host defense factors. Fi-
nally, the growth of AB307.27 was similar to AB307-0294 in
human urine (figure 7), an environment in which complement
levels are low and anticomplement activity may be present [45,
46]. Taken together, these results demonstrate that PBP-7/8
contributes to the pathogenesis of A. baumannii in the rat soft-
tissue infection and pneumonia models. Furthermore, PBP-7/8
either directly or indirectly contributes to the resistance of
AB307-0294 to complement-mediated bactericidal activity.
PBPs and their role in peptidoglycan synthesis have been ex-
tensively reviewed [27, 47, 48]. In brief, bacterial peptidoglycan
consists of cross-linked N-acetylglucosamine and N—acetylmu-

109-

ramic acid glycan chains. It is a critical cell structure that pro-
vides the bacterium shape and is instrumental in resisting vari-
ous physical forces [27, 47, 49]. PBPs have been classified as
having a high or low molecular mass. High-molecular-mass
PBPs enable peptidoglycan polymerization and insertion into
the preexisiting cell wall [27, 47]. low-molecular-mass PBPs
contribute to cell separation and peptidoglycan remodeling [22,
27,49]. The low-molecular-mass PBPs have been less well stud-
ied than the high-molecular-mass class A and class B enzymes
[47, 48]. However, in limited studies involving E. coli, low-
molecular-mass PBPs, including PBP-7/8, have in general been
shown not to be essential when grown in Luria-Bertani medium
[21,22,25,26]. PBP-7/8 has been postulated to play a role in cell
wall remodeling [20, 50]. In contrast to AB307—0294, in Salmo-
nella organisms the expression of PBP-7 is under the direction of
the o factor and is induced in carbon-starved medium
(starvation-stress response), but a PBP-7—negative mutant was
equally virulent as its wild-type parent after oral gavage in a
BALB/c mouse sepsis model [50]. Therefore, the dramatic phe-
notype observed with AB307.27 both in human serum and asci-
tes in vitro and in rat pneumonia and soft-tissue infection mod-
els was novel and surprising. We have established that at least 1
mechanism for this phenotype is an increase in susceptibility to
complement-mediated bactericidal activity (figure 6). It remains
possible that PBP-7/8 directly or indirectly contributes to the
resistance of AB307—0294 to the bactericidal activity mediated
by professional phagocytes or antimicrobial peptides, but these
possibilities were not directly assessed in this report. The in-
crease in coccobacillary forms of AB307.27, compared with
AB307-0294, suggests that its peptidoglycan may be altered.
However, further quantitative definition of the probable abnor-
malities in the peptidoglycan in AB307.27 via flow cytometry
and/or biochemical methods are required to confirm that the
peptidoglycan is truly abnormal in AB307.27 (PBP-7/8 negative)

—o— AB307-0294(wt)

103+

1074
105+
105-
104

cfu/mL, mean £ SEM

———

—-e— AB307.27

10° T
0 10
Hours

Figure 7.

20 30

Growth/kill curve for Acinetobacter baumannii strain AB307—0294 (wild-type [wt]) and its isogenic derivative AB307.27 (penicillin-binding

protein 7/8 negative) in 100% human urine. Growth of AB307-0294 and AB307.27 was assessed at 0, 3, 6, and 24 h in 100% human urine. Growth
of AB307—0294 (n = 4) and AB307.27 (n = 3) in urine was similar (P = .07, by a 2-tailed unpaired t test).
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and, if so, to define the nature of the change. Furthermore,
whether this is a direct or an indirect result of the loss of PBP-7/8
is unresolved. A direct effect, resulting in an alteration in the
structure of peptidoglycan due to the loss of PBP-7/8, would
seem most likely. However, because PBP-7/8 is a hydrolase, one
might predict that overexpression, not a lack of expression,
would increase the susceptibility of the bacterium to com-
plement-mediated bactericidal activity. An indirect effect on
other PBP or glycolases (e.g., soluble lytic transglycosylase 70),
which in turn affects the peptidoglycan structure, or an indirect
effect independent of peptidoglycan remain possibilities. Future
studies that assess binding of various proteins in the comple-
ment system will generate new insights on the mechanism by
which PBP-7/8 contributes to complement resistance.

Selection for transposon mutant derivatives of AB307-0294
on laboratory medium and then screening for essentiality on
ascites plates were critical for the efficiency of our approach. This
simple innovation enabled us able to identify, in one step, genes
that are both essential and expressed in vivo. The strength of this
approach is that it is unbiased and highly efficient. We did not
select the targets but allowed the genetic screen, designed to
identify the phenotype of in vivo essentially, to dictate the
choices. Furthermore, although we did not identify genes that
are essential for growth in laboratory medium, we were able to
identify those that are essential for growth/survival in ascites but
not Mueller-Hinton medium, a more interesting mutant set.
Subsequent identification of the gene into which the transposon
inserted in mutants of interest by chromosomal sequencing and
an in vivo assessment in the soft-tissue infection model resulted
in a relatively efficient approach for identifying previously un-
recognized and unknown virulence factors, as well as potential
drug targets.

In summary, we have established that PBP-7/8 is critical for
the survival of A. baumannii strain AB307—0294 in the rat soft-
tissue infection and pneumonia models. Furthermore, PBP-7/8
either directly or indirectly contributes to the resistance of
AB307-0294 to complement-mediated bactericidal activity. An
understanding of how PBP-7/8 contributes to serum resistance
will lend insight into the role of this low-molecular-mass PBP
whose function is poorly understood.
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Acinetobacter baumannii is a bacterial pathogen of increasing medical importance. Little is known about its
mechanisms of pathogenesis, and safe reliable agents with predictable activity against A. baumannii are
presently nonexistent. The availability of relevant animal infection models will facilitate the study of Acineto-
bacter biology. In this report we tested the hypothesis that the rat pneumonia and soft-tissue infection models
that our laboratory had previously used for studies of extraintestinal pathogenic Escherichia coli were clinically
relevant for A. baumannii. Advantages of these models over previously described models were that the animals
were not rendered neutropenic and they did not receive porcine mucin with bacterial challenge. Using the A4.
baumannii model pathogen 307-0294 as the challenge pathogen, the pneumonia model demonstrated all of the
features of infection that are critical for a clinically relevant model: namely, bacterial growth/clearance, an
ensuing host inflammatory response, acute lung injury, and, following progressive bacterial proliferation,
death due to respiratory failure. We were also able to demonstrate growth of 307-0294 in the soft-tissue
infection model. Next we tested the hypothesis that the soft-tissue infection model could be used to discriminate
between the inherent differences in virulence of various A. baumannii clinical isolates. The ability of A.
baumannii to grow and/or be cleared in this model was dependent on the challenge strain. We also hypothesized
that complement is an important host factor in protecting against 4. baumannii infection in vivo. In support
of this hypothesis was the observation that the serum sensitivity of various 4. baumannii clinical isolates in
vitro roughly paralleled their growth/clearance in the soft-tissue infection model in vivo. Lastly we hypothesized
that the soft-tissue infection model would serve as an efficient screening mechanism for identifying gene
essentiality for drug discovery. Random mutants of 307-0294 were initially screened for lack of growth in
human ascites in vitro. Selected mutants were subsequently used for challenge in the soft-tissue infection model
to determine if the disrupted gene was essential for growth in vivo. Using this approach, we have been able to
successfully identify a number of genes essential for the growth of 307-0294 in vivo. In summary, these models
are clinically relevant and can be used to study the innate virulence of various Acinefobacter clinical isolates and
to assess potential virulence factors, vaccine candidates, and drug targets in vivo and can be used for
pharmacokinetic and chemotherapeutic investigations.

Acinetobacter species are highly prevalent in the environment
and have been cultured from moist skin in healthy humans, but
increased colonization of skin and respiratory and gastrointestinal
tracts occurs in individuals in long-term care and hospital facili-
ties. The overwhelming majority of infections described until re-
cently have been acquired mainly in hospitals, to a lesser degree
in long-term care facilities, and only rarely from the community.
Acinetobacter baumannii accounts for 1 to 3% of hospital-ac-
quired infections and 2 to 10% of infections in intensive care units
(14, 33, 49). Both sporadic and epidemic infections occur, usually
after the first week of hospitalization (3, 13, 14, 19, 51). Impor-
tantly, the incidence of Acinetobacter infection is increasing world-
wide (13, 16, 33). The respiratory tract, 