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Genome-Wide Identification of Acinetobacter baumannii Genes
Necessary for Persistence in the Lung

Nengding Wang,2 Egon A. Ozer,P Mark J. Mandel,? Alan R. Hauser2®

Departments of Microbiology-Immunology? and Medicine,” Northwestern University Feinberg School of Medicine, Chicago, lllinois, USA

ABSTRACT Acinetobacter baumannii is a Gram-negative bacterium that causes diseases such as pneumonia, bacteremia, and soft
tissue infections in hospitalized patients. Relatively little is known about how A. baumannii causes these infections. Thus, we
used insertion sequencing (INSeq), a combination of transposon mutagenesis and massively parallel next-generation sequenc-
ing, to identify novel virulence factors of A. baumannii. To this end, we generated a random transposon mutant library contain-
ing 150,000 unique insertions in A. baumannii strain ATCC 17978. The INSeq analysis identified 453 genes required for growth
in rich medium. The library was then used in a murine pneumonia model, and the relative levels of abundance of mutants before
and after selection in the mouse were compared. When genes required for growth in rich medium were removed from the analy-
sis, 157 genes were identified as necessary for persistence in the mouse lung. Several of these encode known virulence factors of
A. baumannii, such as OmpA and ZnuB, which validated our approach. A large number of the genes identified were predicted to
be involved in amino acid and nucleotide metabolism and transport. Other genes were predicted to encode an integration host
factor, a transmembrane lipoprotein, and proteins involved in stress response and efflux pumps. Very few genes, when dis-
rupted, resulted in an increase in A. baumannii numbers during host infection. The INSeq approach identified a number of
novel virulence determinants of A. baumannii, which are candidate targets for therapeutic interventions.

IMPORTANCE A. baumannii has emerged as a frequent cause of serious infections in hospitals and community settings. Due to
increasing antibiotic resistance, alternative approaches, such as antivirulence strategies, are desperately needed to fight A. bau-
mannii infections. Thorough knowledge of A. baumannii pathogenicity is essential for such approaches but is currently lacking.
With the increasingly widespread use of massively parallel sequencing, a class of techniques known as transposon insertion se-
quencing has been developed to perform comprehensive virulence screens of bacterial genomes in vivo. We have applied one of
these approaches (INSeq) to uncover novel virulence factors in A. baumannii. We identified several such factors, including those
predicted to encode amino acid and nucleotide metabolism proteins, an integration host factor protein, stress response factors,
and efflux pumps. These results greatly expand the number of A. baumannii virulence factors and uncover potential targets for

antivirulence treatments.
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cinetobacter baumannii is emerging as a particularly problem-

atic nosocomial pathogen due to the frequency of multidrug-
resistant (MDR) strains around the world and its high epidemic
potential. Apart from causing a wide range of diseases in hospital
settings, including pneumonia, bloodstream infections, soft tissue
infections, and meningitis, A. baumannii is a serious concern in
wounded military personnel and in community settings (1). Fac-
tors contributing to its success as a pathogen include its easy ac-
quisition of antibiotic resistance elements and ability to resist des-
iccation and common disinfectants (2). Despite its clinical
importance, however, relatively little is known about the molecu-
lar basis of A. baumannii pathogenicity. The few virulence deter-
minants uncovered in A. baumannii include factors involved in
metal acquisition and lipopolysaccharide (LPS) synthesis, as well
as membrane-associated proteins, such as outer membrane pro-
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tein A (OmpA) and two-component regulatory systems (3—9) (see
Table S2 in the supplemental material).

High-throughput screens are especially useful for identifying
novel genotype-phenotype relationships in understudied bacte-
ria. In recent years, transposon insertion sequencing methods
(e.g., insertion sequencing [INSeq], transposon sequencing [Tn-
seq], transposon-directed insertion site sequencing [TraDIS], and
high-throughput insertion tracking sequencing [HITS]) have
emerged as powerful tools to comprehensively screen for gene
functions across an entire bacterial genome (10). Using these tech-
niques with animal models of infection, researchers have uncov-
ered novel virulence factors in Haemophilus influenzae, Yersinia
pseudotuberculosis, and Pseudomonas aeruginosa (11-13).

We have applied INSeq, one specific method of transposon
insertion sequencing, to A. baumannii in a murine lung infection
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model to identify novel virulence factors important in pneumonia
(14). The results not only confirmed several well-established vir-
ulence factors of A. baumannii but also uncovered potential novel
factors involved in the pathogenicity of this bacterium. Overall,
157 genes were found to be important for effective infection of the
host. These high-throughput screen hits can serve as a basis for
future research, thus shedding light on the mechanisms employed
by A. baumannii to cause pneumonia.

RESULTS AND DISCUSSION

Generation of a transposon insertion library in A. baumannii.
We first generated an A. baumannii transposon insertion library
appropriate for the INSeq analysis (14). A transposon vector was
modified for use in A. baumannii and designated pJNW684. A
library of 150,000 transposon mutants was generated using this
vector. Southern blot analysis of a subset of 20 mutants demon-
strated that the insertions were random and that each mutant
contained a single insertion (see Fig. S1 in the supplemental ma-
terial).

Adaptation of a mouse model of pneumonia. Mouse pulmo-
nary infection is an accepted model for the study of A. baumannii
pathogenesis (1). We optimized this model for use with the INSeq
approach to uncover virulence factors. C57BL/6 mice were in-
fected with 4 X 108 to 8 X 10® CFU of A. baumannii by nasal
aspiration, and bacterial burdens were monitored over time. Bac-
terial CFU increased over the first 24 h but then diverged, as some
mice began to clear the infection while others did not (see Fig. 52
in the supplemental material). To further validate this model, we
evaluated a mutant with a deletion in the zinc transporter gene
znuB (AznuB mutant) (3). The AznuB mutant persisted less well
than the parental strain (data not shown), in agreement with pre-
viously published results (3). Together, these findings indicate
that the murine pneumonia model is capable of identifying
A. baumannii mutants with defects in virulence.

Before carrying out the INSeq selection, we examined whether
a bottleneck occurred at this inoculum, which would result in
stochastic loss of mutants during selection. We constructed a
marked deletion in A1S_0269, a gene predicted to play a role in
type I secretion (15) and hereinafter referred to as gspN, for “gen-
eral secretion pathway protein N.” The mutant did not demon-
strate a virulence defect in survival or competition assays with
parental A. baumannii in the mouse model of pneumonia (see
Fig. S3 in the supplemental material). We therefore concluded
that the AgspN mutant could be used as a fully virulent but marked
A. baumannii strain to assess bottlenecks in the mouse model. The
AgspN mutant was spiked at various ratios into pools of the pa-
rental A. baumannii strain for infection. After 24 h, the bacterial
burdens in the mouse lungs were determined. Even when inocu-
lated at a ratio of 1:170,000, the marked AgspN mutant could be
recovered from the mouse lungs in appropriate numbers (Fig. 1).
These results indicated that the entire 150,000-member trans-
poson mutant library could be inoculated into a single mouse
without undergoing a bottleneck effect.

Performance of INSeq on A. baumannii. To carry out the in
vivo selection for INSeq, the entire mutant library was first grown
in Luria-Bertani (LB) medium. The resulting bacterial culture was
split into two halves. One half was designated the input pool of
bacteria, and the other half was used to inoculate mice intrana-
sally. After 24 h, lungs from three infected mice were dissected and
homogenized to yield the output pool of bacteria. Genomic DNA
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FIG1 Recovery of AgspN mutant from spiked pools of parental A. baumannii
bacteria following inoculation into mouse lungs. Competitive indices were
determined with the following formula: CI = (mutant output/parental out-
put)/(mutant input/parental input). Each symbol represents an individual
mouse, and bars indicate median values.

was extracted from both the input and output pools and processed
to capture and amplify transposon insertion site junctions. The
amplified DNA was then analyzed by Illumina sequencing. Eight
samples were sequenced in all, including three technical replicates
of the input pool, three biological replicates of the output pool
(i.e., samples from three separate mice), and an additional two
technical replicates of one of the output pool biological replicates
(i.e., samples from one mouse were processed separately three
times).

In total, 174 million sequencing reads were obtained from the
eight samples, of which 75% contained the appropriate barcodes.
An average of 95% of the barcoded reads in each pool contained
the transposon insertion sequence, resulting in 108 million reads,
of which 51% aligned to an average of 198,000 TA site flanking
sequences in the ATCC 17978 genome. Evaluating the input
pools, there were ~61,500 unique insertions within genes in the
mutant bank after growth in LB medium. On average, there were
18 insertions per gene and 91 reads per insertion in each pool.
Analysis using the ESSENTIALS software (16) indicated that the
compositions of the input pool technical replicates and the output
pool biological and technical replicates were highly similar (see
Fig. S4 in the supplemental material). The reproducibility of these
results supports their validity.

A. baumannii genes required for growth in LB medium.
Analysis of the input pool was performed to identify genes that are
essential or that substantially affect growth in LB medium. (For
simplicity, the word “gene” will be used throughout this discus-
sion to refer to the genetic unit containing the transposon inser-
tion, but it is recognized that polar effects may cause loss of ex-
pression of downstream genes within an operon that could
account for observed phenotypes.) The number of actual reads for
each insertion site in a given gene was compared to the number of
expected reads to determine whether the gene was necessary for
growth in LB medium. A density plot (log,-transformed fold
change in reads versus number of genes) was generated from these
data and its local minimum determined to identify the population
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of genes for which insertion severely impaired growth in LB me-
dium (see Fig. S5A in the supplemental material). A total of 453
genes (13.1% of the total A. baumannii genes) met this criterion
(Fig. S6 and Table S1, tab A). This number likely includes genes
required for growth, genes necessary for a normal rate of growth,
and genes that lie upstream from such genes and therefore exert
polar effects on their expression. Another 64 genes could not be
evaluated because either the gene is very small or transposon in-
sertion sites could not be unambiguously assigned to a specific
gene (Table S1, tab A, NA). Many of these, however, were tRNA or
rRNA genes and were also likely required for growth in LB me-
dium. Our value for the number of genes required for growth in
medium compares well to that obtained by de Berardinis and col-
leagues for the closely related species Acinetobacter baylyi. They
found 499 genes to be essential by experimentally testing single-
gene-deletion mutants for growth in minimal medium (17). In
contrast, Kaur and colleagues previously identified only 200
A. baumannii genes as essential (18). However, their analysis used
in silico rather than experimental methods, which may account for
the identification of a relatively small number of genes. Therefore,
our value is a reasonable estimate of the number of genes required
for growth in LB medium.

A. baumannii genes required for persistence during pneu-
monia. Next, genes that affected the persistence of A. baumannii
in the lungs during pneumonia were identified. For the purposes
of this paper, persistence of A. baumannii in mouse lungs is de-
fined as the presence of a high bacterial load at 24 h postinfection.
All genes necessary for growth in LB medium were first removed
from the analysis. For each gene, the number of reads in the out-
put pool was compared to the number of reads in the input pool.
In contrast to the analysis of growth in LB medium, the density
plot generated for the output pool followed a normal distribution,
suggesting that there was not a distinct population of A. bauman-
nii genes dedicated exclusively to lung pathogenesis (see Fig. S5B
in the supplemental material). Transposon-containing genes that
were underrepresented or overrepresented in the output pool by
at least 2-fold (log, < —1 or log, > 1) with an adjusted P value of
<0.05 were considered to impact A. baumannii persistence in
vivo. The INSeq screen uncovered 157 genes (4.5% of predicted
A. baumannii genes) that were required for persistence in the lung
(Fig. S6 and Table S1, tab B). In contrast, only eight genes were
identified that, when disrupted, resulted in significant increases in
the corresponding numbers of mutants in the lungs (Fig. S6 and
Table S1, tab C). The majority (77.2% of predicted A. baumannii
genes) were not associated with significant changes in the num-
bers of the corresponding mutants in the output pool compared to
their numbers in the input pool (Table S1, tab D); the complete
data set can be found in Table S1, tab E. Thus, INSeq identified
some A. baumannii genes that were associated with increased vir-
ulence during pneumonia and others that were associated with
decreased virulence.

Functional categorization of genes identified by INSeq. We
functionally categorized genes essential for growth in rich me-
dium, as well as genes that positively and negatively impacted
persistence in vivo, based on the Clusters of Orthologous Groups
(COQG) classifications (19). Genes from all three groups were
broadly distributed among the COG categories (Fig. 2). As ex-
pected, the majority of A. baumannii genes required for growth in
LB medium were in the “translation, ribosomal structure, and
biogenesis” category. Genes from this group also commonly fell
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into the categories of “coenzyme transport and metabolism,” “en-
ergy production and conversion,” and “cell wall/membrane/enve-
lope biogenesis.” Many genes important for persistence were in
the “amino acid transport and metabolism” and “nucleotide
transport and metabolism” categories. Surprisingly few virulence
genes were found in categories such as “extracellular structures,”
“cell motility,” and “defense mechanisms.” These findings suggest
that the metabolic attributes of A. baumannii play a major role in
its ability to cause pneumonia.

Identification of known A. baumannii virulence genes. Grat-
ifyingly, INSeq identified several factors previously shown to be
important for A. baumannii pathogenesis in vivo (see Table S2 in
the supplemental material). For example, disruption of IpsB
caused a 15-fold drop in persistence, underscoring the importance
of LPS in A. baumannii pathogenesis. Both OmpA and the two-
component regulatory protein GacA have been shown to contrib-
ute to multiple aspects of A. baumannii infections, perhaps ex-
plaining the relatively large (6-fold) decrease in persistence
observed with insertions in either gene. The identification of these
known virulence factors validated our screen and indicated that
several of these factors are relevant in more than one model of
infection.

Biofilm formation. Our screen identified bfmR and bfmsS,
which encode the response regulator and sensor kinase, respec-
tively, for the two-component regulatory system BfmRS that is
essential for biofilm formation and normal cellular morphology
(20). Mutants with insertions in bfmR and bfmS were decreased by
40-fold and 2-fold, respectively, in the output pool. Our findings
demonstrate that the BfmRS two-component regulatory system
also plays an important role in the in vivo pathogenicity of A. bau-
mannii.

LPS and capsule formation. As with most pathogenic Gram-
negative bacteria, LPS and capsule are important aspects of viru-
lence in A. baumannii (6, 7, 21). In addition to IpsB, our INSeq
screen identified IpsC (A1S_2900), a previously unstudied gene
likely involved in LPS core biosynthesis, as important in virulence.
IpsC is predicted to encode a glycosyltransferase similar to LpsB.
Mutants with insertions in UDP-glucose 4-epimerase
(A1S_0065), which is predicted to play a role in capsule biosyn-
thesis, also showed a significant decrease in persistence in the IN-
Seq screen (—18.6-fold) (22).

Amino acid and nucleotide metabolism. Disruption of genes
involved in amino acid metabolism and transport resulted in de-
creased bacterial persistence in the mouse pneumonia model. This
is perhaps not surprising since the host utilizes amino acid deple-
tion as a defense mechanism against pathogens (23, 24). In re-
sponse, amino acid biosynthesis genes are induced in these bacte-
ria (25). Tryptophan restriction in the mammalian host is
mediated by the tryptophan-catabolizing enzyme indoleamine
2,3-dioxygenase (IDO), which in turn is induced by the gamma
interferon (IFN-vy) response to Francisella tularensis and Chla-
mydia trachomatis infections (23, 24). On the other hand, trypto-
phan synthesis genes have been shown to be required for virulence
in C. trachomatis infection of HeLa cells (25) and in F. tularensis
infection of lungs (23). We found that insertions in seven genes
involved in tryptophan biosynthesis (A1S_0274, A1S_0688,
A1S_2355, A1S_2359, A1S_2360, A1S_2875, and A1S_2876) re-
sulted in about 4- to 5-fold decreased persistence during pneumo-
nia. Thus, it is possible that A. baumannii encounters a similar
defense mechanism and mounts an appropriate counterresponse
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FIG 2 Functional categorization of A. baumannii genes identified by INSeq. Each protein sequence was BLAST searched against the COG database, and a COG
identification number was assigned to a gene if the best BlastP hit exhibited at least 30% protein sequence similarity over at least 50% of the sequence.

in the lungs during pneumonia. Unlike F. tularensis and C. tracho-
matis, A. baumannii is thought to be an extracellular pathogen,
although recent reports indicate that it can invade the intracellular
compartment (26).

Insertions in genes involved in the synthesis of methionine
(A1S_0471, A1S_0737, A1S_0778, A1S_1683, A1S_2122, and
A1S_2324) and arginine (A1S_0259, A1S_0610, A1S_1980,
A1S_2686, A1S_2687, and A1S_3129) caused significantly de-
creased persistence, ranging from 2- to 6-fold, in the mouse pneu-
monia model of A. baumannii. Methionine and arginine biosyn-
thetic genes were induced in Saccharomyces cerevisiae and Candida
albicans in response to exposure to neutrophils, suggesting that
the neutrophil phagosome may be scarce in these amino acids
(27). A set of six genes (A1S_0346, A1S_0686, A1S_0688,
A1S_3235,A1S_3238, A1S_3245) involved in histidine biosynthe-
sis was also shown to be important for virulence in our screen.
Previous proteomic analyses showed that histidine metabolism
plays an important role in biofilm formation, which may contrib-
ute to the pathogenic potential of A. baumannii (1, 28). These
results suggest that the acquisition of amino acids is critical for the
persistence of A. baumannii in the pulmonary environment.

Ten genes involved in purine metabolism (A1S_2189,
A1S8_2251, A1S_2606, A1S_2585, A1S_2605, AI1S_2963,
A1S_2964, A1S_3425, A1S_2187, and A1S_2188) were identified
as important for the persistence of A. baumannii in the murine
pneumonia model. These genes were purF, -D, -N, -L, -M, -K, -E,
-C, -P, and -O. When they were disrupted, the mutants showed
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decreases in persistence of between 2- and 12-fold. Typically in
bacteria, 11 genes are required for the de novo synthesis of purines.
The 11th gene, purB, was not included in our pathogenesis anal-
ysis because it was required for growth in LB medium, similar to
purB in Escherichia coli (29). Purine biosynthesis genes are critical
for optimal pathogenicity in a number of bacteria, including Ba-
cillus anthracis and Streptococcus pneumoniae (30, 31). Again, this
likely reflects the scarcity of nutrients, such as nucleotides, in the
host environment, thus requiring the bacteria to synthesize these
molecules de novo (32).

Stress response. During an infection, phagocytes produce re-
active oxygen species (ROS) through the enzymatic activity of
NADPH oxidase as a defense mechanism against bacterial patho-
gens. A. baumannii is no exception, as NADPH oxidase-deficient
mice are more susceptible to A. baumannii acute respiratory in-
fections (33). In response to such oxidative stress, many bacterial
species utilize protective glutaredoxins (34). A. baumannii har-
bors a glutaredoxin (A1S_0529) in which insertions caused signif-
icant depletion (2-fold) of the resulting mutants in vivo.

Under stress conditions like those inside an infected host, bac-
teria require specific proteases that can degrade misfolded pro-
teins and short-lived regulatory proteins in order to survive and
propagate efficiently. In E. coli, as well as many other species of
bacteria, such proteolysis is carried out by energy-dependent pro-
teases like Lon and members of the Clp family (e.g., CIpAP and
ClpXP). Insertions in two genes in an operon that encodes Lon
proteases (A1S_1031 and A1S_1030) and one gene that encodes
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the proteolytic subunit of a Clp protease in A. baumannii
(A1S_0476) resulted in significant attenuation of persistence in
vivo, by 3-fold, 2-fold, and 7-fold, respectively. Consistent with a
role for these factors in A. baumannii pathogenesis is the require-
ment of their homologs for optimal pathogenicity in a number of
bacteria, such as Yersinia pestis, Salmonella enterica, and Staphylo-
coccus aureus (35-37). Both Lon and Clp proteases regulate the
expression of the Y. pestis type III secretion system through the
controlled proteolysis of a transcriptional repressor, while in S. en-
terica, the Lon protease regulates the expression of invasion genes
encoded on SPI1 (35, 36). In S. aureus, ClpXP regulates host he-
moglobin binding and heme-iron extraction, thus playing an im-
portant role in virulence during a mouse systemic infection (37).
These findings demonstrate that Lon and Clp proteases regulate
specific virulence factors, in addition to functioning as universal
stress response regulators. Since A. baumannii strain ATCC 17978
expresses a cluster of heme acquisition genes, it is possible that the
Clp proteases control virulence through iron acquisition during
host infection (38).

Efflux pumps. A. baumannii produces a large number of efflux
pumps, including members of the resistance nodulation division
(RND) family, the ATP-binding cassette (ABC) superfamily, and
the major facilitator superfamily (MFS) (39). Insertions in genes
associated with multiple ABC transporters (A1S_2375, A1S_2378,
and A1S_3221) resulted in decreased persistence in the murine
pneumonia model. Specifically, one of the ABC transporter genes
uncovered by the INSeq screen (A1S_3221) encodes a protein
homologous to ChvD, an ABC transporter ATP-binding protein
in Agrobacterium tumefaciens that regulates virulence gene expres-
sion (40).

Insertions in a four-gene operon (A1S_3103-A1S_3100) an-
notated as encoding toluene tolerance efflux transporters resulted
in highly decreased persistence in the INSeq screen, ranging from
7- to 19-fold. The need for an environmental bacterium like
A. baumannii to tolerate toxic organic solvents is understandable,
but the implications for such systems in mammalian infections are
less clear (1). Toluene tolerance is required for the production of
outer membrane vesicles (OMVs) in Pseudomonas putida, and
these OMVs contain virulence-associated molecules like LPS (41).
Thus, one possibility is that toluene tolerance genes provide a
similar function in A. baumannii and allow for the production of
OMVs, which are efficient vehicles for known virulence factors
like OmpA (42). Alternatively, these genes may perform as-yet-
unrecognized virulence functions, such as export of antimicrobial
peptides or virulence factors.

Miscellaneous A. baumannii virulence factors uncovered by
INSeq. Our INSeq screen identified several other genes that may
play interesting roles in virulence. For example, mutants with in-
sertions in A1S_0622, a gene predicted to encode a Vac]-like
transmembrane lipoprotein precursor, were attenuated 15-fold in
the mouse pneumonia model. Vac]J is important for virulence in
Burkholderia pseudomallei and H. influenzae and, more specifi-
cally, for intercellular spread during infections caused by Shigella
flexneri (11, 43, 44). Integration host factor (IHF) is a DNA-
bending protein composed of two subunits, alpha and beta, that is
involved in the regulation of virulence gene expression in patho-
gens such as Brucella abortus and Vibrio cholerae (45, 46). Inser-
tions in the gene that encodes the alpha subunit of IHF, ihfa
(A1S_0603), led to a significant decrease (4-fold) in the read fre-
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FIG 3 Competitive fitness of representative A. baumannii mutants in the
INSeq assay versus individual competition assays. Data show the competitive
indices of mutants containing transposon insertions in A1S_0995, dotB, znuB,
IpsB, or A1S_0065 in the context of the INSeq screen (LJ) compared to those of
the corresponding targeted deletion mutants in individual 1:1 competition
assays with the parental strain (H). The data for the 1:1 competition assays
were collected over multiple experiments, with each symbol representing an
individual mouse.

quency in the INSeq screen, suggesting a role for IHF in A. bau-
mannii pathogenesis.

Genes for which insertion led to enrichment in the murine
pneumonia model. The INSeq approach also identified eight
genes that, when disrupted, provided a competitive advantage in
the lung. This is a relatively small number compared to the results
of other studies. For example, Skurnik and colleagues identified 89
genes that, when disrupted, resulted in an increase in the gastro-
intestinal colonization of P. aeruginosa (47). Four of the genes we
identified encode hypothetical proteins, and the associated inser-
tion mutants only showed modest increases in persistence in the
lung (2- to 3-fold). The paucity of such genes suggests that evolu-
tionary pressures have maintained virulence genes but selected
against genes that decrease pathogenicity in the A. baumannii ge-
nome.

Validation of INSeq results through targeted deletions and
competition assays. To validate the INSeq results, we examined
five specific mutants with a range of observed virulence levels.
These mutants were used in competition assays with the parental
A. baumannii strain in the murine pneumonia model to deter-
mine whether the INSeq results could be replicated. We chose
mutants with disruptions in genes associated with a modest in-
crease in recovery (A1S_0995, +2-fold), unchanged recovery
(dotB), a modest decrease in recovery (znuB, —2-fold), and large
decreases in recovery (IpsB, decreased —15.0-fold, and A1S_0065,
—18.6-fold) in the INSeq screen. Overall, the competitive indices
of the targeted deletion mutants in individual 1:1 competition
assays followed the same trends as the corresponding mutants in
the context of the INSeq experiments (Fig. 3). These findings val-
idate the INSeq results.

We have successfully utilized a high-throughput transposon
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insertion sequencing technique, INSeq, to find novel virulence
factors involved in A. baumannii mouse pneumonia pathogenesis.
While we were able to confirm previously characterized virulence
factors in this bacterium, many new virulence factors were found
as well. We uncovered 157 genes necessary for persistence in the
mouse lung and eight genes that, when disrupted, actually lent a
fitness advantage to A. baumannii in the lungs. The discovery of
these genotype-phenotype relationships will potentially pave the
way to further characterization of the pathogenic mechanisms of
A. baumannii and the development of novel therapeutics targeting
virulence factors for this highly antibiotic-resistant bacterium.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A. baumannii ATCC 17978 was
a generous gift from Paul Dunman (48). E. coli S17.1 Apir [hsdR recA pro
RP4-2 (Tc:Mu Km::Tn?) (Apir)] and E. coli 3914 [F~ RP4-2-Tc:Mu
AdapA::(erm-pir) gyrA462 zei-298:Tn10 (ErmR KanR TetR)] were used
in matings to introduce cloning or transposon vectors into A. baumannii
(49). The AznuB and AlpsB mutants were a generous gift from Eric Skaar
(3).

LB medium was used to culture E. coli and A. baumannii. Vogel-
Bonner medium (VBM) agar was used to select for A. baumannii follow-
ing matings (50). When appropriate, the medium was supplemented with
ampicillin (100 ug/ml) or kanamycin (25 to 50 ug/ml).

Generation of A. baumannii transposon mutant library. To generate
the transposon library in A. baumannii, we modified the vector pMarVF1
(J. E. Brooks, M. C. Gyllborg, D. C. Cronin, L. E. H. Markey, A. L. Good-
man, and M. J. Mandel, unpublished data). Specifically, the antibiotic
resistance cassette was changed to a kanamycin resistance cassette by am-
plifying this fragment from the pCR-Blunt II-TOPO vector (Invitrogen)
with pJNWkan_for and pJNWkan_rev primers (all primers are listed in
Table S3 in the supplemental material). Likewise, the promoter used to
drive the expression of the transposase gene in pMarVF1was replaced with
the 07° (A1S_2706) promoter from A. baumannii by amplifying the frag-
ment from genomic DNA with rpoD_for and rpoD_rev primers. After
appropriate endonuclease restriction digestion, both fragments were li-
gated into previously digested pMarVF1, resulting in pJNW684. Note that
all genomic DNA used in this work was extracted using the DNeasy ap-
proach according to the manufacturer’s instructions (Qiagen).

E. coli 33914, which is a diaminopimelic acid (DAP) auxotroph, was
transformed with pJNW684 to create the donor strain. We then generated
the A. baumannii transposon mutant library through filter mating of
E. coli B3914(pJNW684) with A. baumannii (J. F. Brooks et al., unpub-
lished data). Exconjugants were selected on kanamycin-supplemented LB
agar plates. A total of 150,000 exconjugants were collected by scraping
colonies from mating plates. Colonies were pooled and frozen in 50%
glycerol at —80°C.

Murine model of pneumonia. A. baumannii was grown in 5 ml of
medium overnight at 37°C with shaking, diluted into fresh medium, and
regrown for 2 to 3 h to achieve the exponential phase of growth. For INSeq
selection, an aliquot of the A. baumannii transposon mutant pool was
defrosted on ice and grown in 25 ml of medium at 37°C with shaking for
1.25 h. Bacterial cultures were subsequently diluted to an optical density at
600 nm (ODg,) of ~1.7 (4 X 108 to 8 X 108 CFU/ml). In the INSeq
experiments, a portion of the bacterial culture was saved for genomic
DNA extraction (input pool), and the rest was used to inoculate mice.
One milliliter of the culture for each mouse infection was collected by
centrifugation and resuspended in 50 ul of phosphate-buffered saline
(PBS). C57BL/6 female mice (8 to 12 weeks old) were anesthetized with
intraperitoneal injections of a mixture of ketamine (100 mg/ml) and xy-
lazine (20 mg/ml) and then infected with 4 X 10% to 8 X 10% CFU of
A. baumannii intranasally. For the INSeq experiments, lungs were asepti-
cally removed and homogenized in 5 ml of PBS at 24 h postinfection
(output pool). For competition experiments, mice were inoculated with
equal mixtures of parental and mutant A. baumannii cells (ratios were
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confirmed by plating on LB agar with or without kanamycin). Lung ho-
mogenates from mice were plated on LB agar with or without kanamycin.
Competitive indices (CI) were calculated using the following formula: CI
= (mutant output/parental output)/(mutant input/parental input) (51).

Animals were purchased from Harlan Laboratories and housed in the
containment ward of the Center for Comparative Medicine at Northwest-
ern University. All experiments were approved by and performed in ac-
cordance with the guidelines of the Northwestern University Animal Care
and Use Committee.

Preparation of DNA for high-throughput sequencing. Transposon
insertion junctions were amplified from genomic DNA extracted from
input and output pools according to the previously published protocol
(52). Samples were single-end sequenced using the Illumina HiSeq 2500
platform at the Tufts University Genomics Core Facility.

Sequencing data analysis. The INSeq data analysis was performed
using the online software ESSENTIALS (http://bamics2.cmbi.ru.nl/
websoftware/essentials) (16, 52) and the A. baumannii ATCC 17978 ge-
nome sequence (GenBank accession number CP000521). Further details
are presented in Text S1 in the supplemental material. Raw sequencing reads
are available at http://dhcp-165-124-221-156.mimnet.northwestern.edu/
~hauserlab/inseq/index.html.

Construction of A. baumannii marked-deletion mutants. A. bau-
mannii mutants with a marked deletion in the dotB, gspN, A1S_0065, or
A1S_0995 gene were generated using the gene replacement method of
Schweizer and Hoang (53). Briefly, PCR primers were designed to amplify
300- to 700-bp fragments of the 5" and 3’ ends of each gene, along with
adjacent sequences. The kanamycin resistance cassette was amplified from
the pCR-Blunt II-TOPO vector (Invitrogen). Restriction endonuclease
sites were included in each of the primer sequences. The appropriate DNA
fragments were then either digested and ligated sequentially into previ-
ously digested pEX100T (a generous gift from Herbert Schweizer) or
pieced together by splicing by overlap extension (SOEing) PCR, digested,
and ligated into digested pEX100T (53). After the cloning vectors were
confirmed by sequencing, they were transformed into E. coli S17-1 Apir
and introduced into A. baumannii via filter mating (54). Selection for
vector integration into A. baumannii was achieved by growth on VBM
agar supplemented with kanamycin (50 pg/ml). Kanamycin-resistant col-
onies were then grown in LB liquid for 3 h and plated on LB agar supple-
mented with sucrose (10% wt/vol) to induce a second recombination
event that left behind only the deleted allele of the gene containing the
kanamycin resistance cassette. The presence of each of the appropriate
deleted alleles within mutants was confirmed by PCR amplification of the
allele and subsequent sequencing.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.01163-14/-/DCSupplemental.

Text S1, DOCX file, 0.1 MB.

Figure S1, EPS file, 3.0 MB.

Figure S2, EPS file, 0.5 MB.

Figure S3, EPS file, 1.2 MB.

Figure S4, EPS file, 0.7 MB.

Figure S5, EPS file, 1.5 MB.

Figure S6, EPS file, 1.4 MB.

Table S1, XLS file, 0.7 MB.

Table S2, DOCX file, 0.1 MB.

Table S3, DOCX file, 0.1 MB.
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