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ABSTRACT Acinetobacter baumannii is a nosocomial pathogen that exhibits sub-
stantial genomic plasticity. Here, the identification of two variants of A. baumannii
ATCC 17978 that differ based on the presence of a 44-kb accessory locus, named
AbaAL44 (A. baumannii accessory locus 44 kb), is described. Analyses of existing de-
posited data suggest that both variants are found in published studies of A. bau-
mannii ATCC 17978 and that American Type Culture Collection (ATCC)-derived labo-
ratory stocks comprise a mix of these two variants. Yet, each variant exhibits distinct
interactions with the host in vitro and in vivo. Infection with the variant that harbors
AbaAL44 (A. baumannii 17978 UN) results in decreased bacterial burdens and
increased neutrophilic lung inflammation in a mouse model of pneumonia, and
affects the production of interleukin 1 beta (IL-1b) and IL-10 by infected macro-
phages. AbaAL44 harbors putative pathogenesis genes, including those predicted to
encode a type I pilus cluster, a catalase, and a cardiolipin synthase. The accessory
catalase increases A. baumannii resistance to oxidative stress and neutrophil-medi-
ated killing in vitro. The accessory cardiolipin synthase plays a dichotomous role by
promoting bacterial uptake and increasing IL-1b production by macrophages, but
also by enhancing bacterial resistance to cell envelope stress. Collectively, these find-
ings highlight the phenotypic consequences of the genomic dynamism of A. bau-
mannii through the evolution of two variants of a common type strain with distinct
infection-related attributes.
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A cinetobacter baumannii is a Gram-negative, opportunistic pathogen that is a com-
mon cause of infections such as pneumonia, wound infections, and sepsis (1–3).

Infections with A. baumannii are often severe, and mortality rates associated with A.
baumannii pneumonia are as high as 60% (4, 5). Further complicating infections with
A. baumannii is the emergence of multidrug resistant (MDR) isolates. Isolates resistant
to aminoglycosides (6–8), carbapenems (9–12), and the last-resort antibiotic colistin
(13–17) have emerged as the causative agents of human disease over the last few dec-
ades. Panresistant strains of A. baumannii that are resistant to all clinically available
antimicrobials are also encountered at an increased frequency (18, 19). Because of this,
the Centers for Disease Control and Prevention have indicated carbapenem-resistant A.
baumannii as an urgent threat (20). Studies of antibiotic-resistant A. baumannii primar-
ily rely on clinical isolates (21, 22), whereas studies of bacterial pathogenesis and
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infection biology often rely on type strains. Type strains are descendants of the original
isolates that exhibit all of the relevant phenotypic and genotypic properties cited in
the original published taxonomic circumscriptions (23). Strains 17978, 19606, and
AB5075 are examples of type strains used to study A. baumannii pathogenesis. A. bau-
mannii 17978 was isolated in 1951 from an infant with meningitis and is susceptible to
most antibiotics (24), A. baumannii 19606 was isolated in 1948 from the urine of a
patient with a urinary tract infection (25), and A. baumannii AB5075 was isolated in
2008 from the tibia of a patient with osteomyelitis (26). These type strains have been
used to identify A. baumannii genes required for persistence in the lung and to study
A. baumannii virulence factors (26–33).

Strains of A. baumannii exhibit genomic plasticity through the incorporation and loss of
genetic material (2, 34), underscored by genomic analyses of A. baumannii that have
revealed an unusually large number of “singleton” genes that are unique to a given strain
of A. baumannii and do not occur in other strains (35). The majority of exogenous genetic
material incorporated by A. baumannii constitutes antibiotic resistance genes (36–38),
selected for in part by the use of antimicrobials in health care settings (39, 40). This suggests
that gene acquisition contributes to the emergence of MDR isolates of A. baumannii. Gene
loss also contributes to differential patterns of antimicrobial resistance among A. baumannii,
as a partial deletion of Tn1548 in A. baumannii ABUH315100 resulted in the deletion of the
armA amikacin resistance gene (21). A. baumannii genomic plasticity also facilitates changes
that affect virulence and interactions with its environment, including competing bacteria
and health care settings (36). For instance, disruption of the gtr6 gene by spontaneous
transposon (Tn) insertion eliminates a branch point in the capsular carbohydrate structure
of the clinical isolate HUMC1 and renders it hypervirulent in a mouse model of bacteremia
(41). Furthermore, several MDR strains of A. baumannii have acquired the plasmid pAB3
and related plasmids, which harbor multiple antibiotic resistance genes and encode
repressors of the A. baumannii type 6 secretion system (T6SS), which can be used to directly
kill competing bacteria (42, 43). Other clinical isolates of A. baumannii have lost genes
encoding the T6SS (38, 44). This suggests that subpopulations of A. baumannii that have
lost T6SS genes or harbor pAB3 have a competitive advantage in environments where anti-
biotics are present, such as health care facilities. In contrast, subpopulations of A. baumannii
that harbor T6SS genes and lack pAB3 are able to actively attack competing bacteria.

Here, the identification of two variants of A. baumannii ATCC 17978 is described.
These variants have been used interchangeably in pathogenesis studies but differ by
the presence of an accessory locus and have unique attributes when interacting with
host factors both in vitro and in vivo.

RESULTS
Two common variants of A. baumannii ATCC 17978 differ by the presence of an

accessory genetic locus and by multiple single-nucleotide polymorphisms. During
investigations into the genetic determinants of A. baumannii pathogenesis using a Tn5
transposon mutant library of A. baumannii 17978, conserved phenotypes were
observed among several transposon (Tn) mutants containing insertions into unrelated
genes. In a macrophage model of A. baumannii infection, murine bone marrow-derived
macrophages (BMDMs) produced differential quantities of the proinflammatory cyto-
kine IL-1b upon infection with multiple Tn mutants than when infected with wild-type
(WT) A. baumannii 17978 (see Fig. S1A in the supplemental material). In addition, phe-
notypic profiling of these mutants using scanning electron microscopy (SEM) revealed
the presence of pili on the surface of multiple Tn mutants but not on the WT strain
(Fig. S1B and C). As the Tn5 library had been constructed at a different institution, the
finding of conserved phenotypes among multiple Tn insertion mutants raised concern
that the parental A. baumannii 17978 variant used for library construction differed
from the A. baumannii 17978 variant used as a comparator for the BMDM infection and
SEM experiments. To test this hypothesis, the genome sequences of the parental vari-
ant used for library construction (A. baumannii 17978 UN) and of the variant used as
the comparator in the BMDM infection and SEM assays (A. baumannii 17978 VU) were
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determined by PacBio sequencing (45). Structural comparison of these genomes
revealed several differences, including differences in the size of the genomes, as well
as different locations of an IS701-like element within each genome (Table 1). Notably,
the genome of A. baumannii 17978 UN contained a 44-kb locus, encompassing multi-
ple accessory genes, that was not present in the genome of A. baumannii 17978 VU
(Table 1, Fig. 1A, and Table S2). This locus was named AbaAL44 (Acinetobacter bauman-
nii accessory locus 44 kb). The accessory genes present within AbaAL44 include puta-
tive biosynthesis genes, transcriptional regulators, and genes associated with replica-
tion, as well as several putative bacterial pathogenesis genes. AbaAL44 includes smf-1,
yadV, htrE, and mrkD, which together are predicted to encode a type I pilus or fimbriae;
a gene predicted to encode a catalase (KZA74_09300); and a gene predicted to encode
a cardiolipin synthase (clsC2) (Fig. 1A and Table S2). Additional genetic differences
between A. baumannii 17978 UN and 17978 VU variants including single-nucleotide
polymorphisms (SNPs), are shown in Table S3.

The identification of two variants of A. baumannii ATCC 17978 within a laboratory raised
the possibility that these two variants are present in other research laboratories. AbaAL44 is
present in the A. baumannii 17978 genome published by the American Type Culture
Collection (ATCC) in 2019 (https://genomes.atcc.org/genomes/e1d18ea4273549a0), but
absent in two other A. baumannii 17978 reference genomes available in the NCBI database
(accession numbers NZ_CP018664 and CP012004; see Table 1), indicating that both A. bau-
mannii 17978 VU and 17978 UN variants are represented among the published A. baumannii
genomes. Frozen stocks of A. baumannii ATCC 17978 obtained from ATCC in 2009 and a dif-
ferent stock obtained in 2021 were streaked for individual colonies, which were screened
using PCR for the presence of the accessory cardiolipin synthase gene (clsC2) included in
AbaAL44. The accessory gene clsC2 was present in 4 out of 6 colonies screened from the
2009 laboratory stock and in 35 out of 36 colonies screened from the 2021 laboratory stock,
demonstrating that these culture collection stocks included a mixed population of A. bau-
mannii 17978 variants VU and UN (Table 1 and Fig. 1B). To provide a high-quality reference
genome, we performed Nanopore long-read sequencing on A. baumannii 17978 UN, iso-
lated from an ATCC stock in 2021 (NCBI accession numbers CP079931, CP079932, CP079933,
and CP079934; see Table 1). Illumina sequencing of A. baumannii 17978 UN isolates from
2009 and 2021 laboratory stocks found no predicted mutations compared to this new
17978 UN reference genome. These data indicate that the A. baumannii 17978 UN and
17978 VU variants differ from one another at a genetic level and that at least two ATCC-
derived laboratory stocks of A. baumannii 17978 include these variants.

A. baumannii 17978 VU and 17978 UN variants exhibit differential pathogenicity
in a mouse model of pneumonia. A. baumannii 17978 has been used extensively in
studies of A. baumannii pathogenesis (30–32). To determine whether A. baumannii
17978 VU and 17978 UN variants exhibit differential fitness in vivo, both variants were
assessed in a murine model of pneumonia, and bacterial burdens in the lungs and
spleens of infected mice were compared at 24 and 36 h postinfection (h.p.i.). Mice

TABLE 1 Summary data for two variants of A. baumannii 17978a

Characteristic or descriptor

Variant of A. baumannii 17978

VU UN
Accession no. for NCBI reference genome(s), chromosome (source or reference) NZ_CP018664 (104); CP012004 (42) CP079931 (this study)
UIC lab stock composition (no. of colonies/total no. of colonies)b 1/36 35/36
VUMC lab stock composition (no. of colonies/total no. of colonies)c 2/6 4/6
No. of bases 4,066,914 4,100,908
No. of genes 3,910 3,938
Avg nucleotide identity (%) 99.99 99.99
AbaAL44 Absent Present
IS701-like ISAba11 family transposase upstream of pitA_2 Absent Present
ISAba18 downstream of ACX60_00585 Present Absent
aSingle-nucleotide polymorphisms are shown in Table S3 in the supplemental material.
bATCC 2021.
cATCC 2009.
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infected with A. baumannii 17978 UN had a statistically significant decrease in lung
bacterial burdens at both 24 and 36 h.p.i. compared to those of mice infected with A.
baumannii 17978 VU (Fig. 2A and B). At 24 h.p.i., mice infected with A. baumannii
17978 UN had lost significantly more weight (Fig. 2C), suggesting an increase in mor-
bidity relative to that of mice infected with A. baumannii 17978 VU. Histological exami-
nation of lungs from mice infected with A. baumannii 17978 UN revealed fewer visible
bacteria within the alveolar spaces, and mice infected with A. baumannii 17978 UN
exhibited reduced extrapulmonary dissemination to the spleen relative to that in mice
infected with A. baumannii 17978 VU (Fig. 2D and E). Combined, these data suggest
that A. baumannii 17978 UN exhibits decreased fitness in a murine model of pneumo-
nia compared to that of A. baumannii 17978 VU.

FIG 1 PacBio sequencing reveals structural differences between the genomes of Acinetobacter baumanii 17978
VU and 17978 UN variants. The genome sequences of A. baumanii 17978 VU and 17978 UN variants were
determined by PacBio and Nanopore sequencing and subsequently compared to the genome of the reference
strain, A. baumannii ATCC 17978-mff (RefSeq accession number NZ_CP012004.1). (A) Visual representation of
AbaAL44, encompassing multiple accessory genes present in the genome of A. baumannii 17978 UN, based on
analysis and inspection of a new A. baumannii 17978 UN reference genome (NCBI accession number
CP079931). The relative position (in terms of base pair number) within the assembled genome of A. baumannii
17978 UN is indicated above each row, and gene names are indicated below each gene. Locus tags refer to
CP079931. Arrows indicate the relative transcriptional direction of each gene. Genes indicated in red represent
putative pathogenesis genes. (B) Images of agarose gel electrophoresis indicating the differential presence of
the accessory clsC2 gene within individual colonies of A. baumannii 17978 laboratory stocks based on PCR
detection of clsC2. The VUMC laboratory stock (left) was obtained from ATCC in 2009, and the UIC laboratory
stock (right) was obtained from ATCC in 2021. Presence of accessory clsC2 indicates that an isolate belongs to
A. baumannii 17978 UN variant.
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Mice infected with A. baumannii 17978 UN lost more weight than mice infected
with A. baumannii 17978 VU (Fig. 2C), which could indicate inappetence or increased
metabolic demand due to increased inflammation. Neutrophilic inflammation is a char-
acteristic response to A. baumannii infection and is essential for host resistance to
infection (46–48). To determine if A. baumannii 17978 VU and 17978 UN variants
induce differential neutrophil recruitment, mice were challenged with either variant,
and the relative abundances of immune cell populations in both the lungs and blood
were determined. Relative to mice infected with A. baumannii 17978 VU, mice infected
with A. baumannii 17978 UN exhibited a decrease in the abundance of T cells, B cells,
and overall lymphocytes, and a statistically significant increase in the relative abun-
dance of neutrophils in the lungs (Fig. 3A to D). However, no significant differences in
the number or percentage of neutrophils or lymphocytes were detected in the blood
of mice infected with A. baumannii 17978 VU relative to those in mice infected with A.
baumannii 17978 UN (Fig. S2). These data demonstrate that A. baumannii 17978 UN
promotes a shift toward neutrophilic inflammation upon pneumonic infection of mice
relative to that in A. baumannii 17978 VU.

Neutrophil recruitment to the site of infection is dependent upon the production of
cytokines and chemokines. Interleukin 1 beta (IL-1b) is a potent proinflammatory cyto-
kine that promotes neutrophil recruitment and stimulates neutrophil survival (49–52),
whereas IL-10 is an anti-inflammatory cytokine that impedes neutrophil recruitment to
the site of infection (53, 54). To test the hypothesis that infection with A. baumannii
17978 UN potentiates neutrophilic lung inflammation by inducing differential cytokine
or chemokine production by host cells, murine bone marrow-derived macrophages
(BMDMs) were infected with A. baumannii 17978 VU or 17978 UN variants, and cyto-
kines and chemokines were quantified from cell culture supernatants. BMDMs infected
with A. baumannii 17978 UN produced significantly more IL-1b and less IL-10 com-
pared to that produced by BMDMs infected with A. baumannii 17978 VU (Fig. 3E and
F). In contrast, the production of the murine neutrophil chemokines KC and MIP-2 did
not differ between BMDMs infected with A. baumannii 17978 UN and 17978 VU var-
iants (Fig. 3G and H). No differences in serum or lung IL-1b levels were detected at 24
h.p.i. between mice infected with A. baumannii 17978 VU and 17978 UN variants (Fig.
S3). These data demonstrate that host responses to two common variants of A. bau-
mannii 17978 differ in terms of induced cytokine production by macrophages, as well
as in the degree of induced neutrophilic lung inflammation, bacterial persistence in
the lung, and dissemination to the spleen in a mouse model of pneumonia.

FIG 2 A. baumannii 17978 VU and 17978 UN variants exhibit differential virulence in a mouse model of
pneumonia. Mice were challenged intranasally with 3 � 108 CFU of mid-log-phase A. baumannii 17978 VU or
17978 UN variants. At 24 (A and C) or 36 (B and E) h.p.i., mice were euthanized, and organs were harvested. (A
and B) Bacterial burdens in the lungs of mice at 24 and 36 h.p.i., respectively. (C) Mean number of grams of
total body weight lost by infected mice at 24 h.p.i. (D) Representative hematoxylin and eosin-stained lung
sections of mice infected with A. baumannii 17978 VU (left) or A. baumannii 17978 UN (right) at 24 h.p.i. (E)
Bacterial burdens in the spleens of mice at 36 h.p.i. (A, B, C, and E) Circles represent individual animals,
columns depict the mean, and error bars show standard deviation of the mean. Means were compared using
an unpaired Welch’s t test. CFU/g, CFU per gram of organ homogenate. *, P , 0.05; **, P , 0.01. H&E,
hematoxylin and eosin.
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The AbaAL44 katX gene promotes bacterial resistance to hydrogen peroxide
stress and neutrophil-mediated killing. To interrogate the role of putative pathoge-
nesis genes contained within AbaAL44 in the differential pathogenicity of A. baumannii
17978 UN, the candidate accessory pilus assembly locus comprising smf-1, yadV, htrE,
and mrkD; the accessory catalase gene (KZA74_09300; katX); or the accessory cardio-
lipin synthase gene (clsC2) was replaced with a kanamycin resistance cassette to create
A. baumannii 17978 UN Dsmf-1_1-mrkD_1::kan (A. baumannii 17978 UN Dpilus), 17978
UN DKZA74_09300::kan (17978 UN DkatX), and 17978 UN DclsC2::kan (17978 UN
DclsC2) strains, respectively (55). Type I pili are bacterial surface appendages involved
in bacterial uptake by macrophages, biofilm formation, attachment to host cells, motil-
ity, and agglutination of red blood cells (56–59). However, the A. baumannii 17978 UN
Dpilus strain did not differ from A. baumannii 17978 UN in terms of bacterial uptake by
macrophage-like RAW 264.7 cells (Fig. S4A), biofilm formation (Fig. S4B), bacterial
attachment to A549 epithelial cells (Fig. S4C), bacterial surface-associated motility (Fig.
S4D), hemagglutination of human erythrocytes (Fig. S4E), or differential production of
cytokines by infected BMDMs (Fig. S4F and G). These data suggest that the type I pilus
locus does not contribute to the interactions with host cells under these in vitro
conditions.

Catalases are enzymes that catalyze the decomposition of hydrogen peroxide
(H2O2) to water and oxygen and thereby protect bacteria from reactive oxygen species
(ROS)-mediated oxidative stress and killing by innate immune cells (60–62). To test the

FIG 3 Mice infected with A. baumannii 17978 UN exhibit increased neutrophilic inflammation in comparison to
that of mice infected with A. baumannii 17978 VU. (A to D) Mice were challenged intranasally with 3 � 108

CFU of mid-log-phase A. baumannii 17978 VU or 17978 UN. At 24 h.p.i., mice were euthanized, lungs were
harvested, and immune cell recruitment to the lungs was quantified using flow cytometry analysis. (E to H)
Murine bone marrow-derived macrophages (BMDMs) were infected with mid-log-phase cultures of A. baumannii
17978 VU or 17978 UN at a multiplicity of infection (MOI) of 10 and incubated at 37°C. At 18 h.p.i., supernatants
of infected BMDMs were collected, and the concentrations of IL-1b (E), interleukin 10 (IL-10) (F), KC (G), or MIP-2
(H) in the supernatants of infected BMDMs were determined by enzyme-limited immunosorbent assay (ELISA).
(A to D) Circles represent individual animals, columns depict the mean, and error bars show standard deviation
of the mean. Means were compared using an unpaired Welch’s t test. (E to H) N = 3 or 4 biological replicates
per group per experiment. Experiments were repeated for a total of at least two times, with graphs depicting
representative data. (E to H) Columns depict the mean, and error bars show standard deviation of the mean.
Means were compared to the mean of the A. baumannii 17978 VU column using a one-way analysis of variance
(ANOVA) adjusted for multiple comparisons. *, P , 0.05; **, P , 0.01; ****, P , 0.0001; ns, not significant.
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hypothesis that the AbaAL44 accessory catalase present in A. baumannii 17978 UN
contributes to bacterial resistance to oxidative stress, the relative susceptibilities of A.
baumannii 17978 VU, 17978 UN, 17978 UN DkatX/empty vector (EV), and 17978 UN
DkatX in which the AbaAL44 katX gene was expressed in trans (A. baumannii 17978 UN
DkatX/pkatX) to hydrogen peroxide stress in vitro was determined. Thirty minutes after
incubation of 1 � 107 CFU/ml of bacteria in the presence of 1 mM hydrogen peroxide,
the density of viable A. baumannii 17978 UN bacteria remained virtually unchanged at
approximately 7 log10 CFU/ml. In contrast, the densities of viable A. baumannii 17978
VU and 17978 UN DkatX/EV bacteria were significantly reduced to approximately 5.5
log10 CFU/ml. Expression of the AbaAL44 katX in trans restored hydrogen peroxide
stress resistance in the A. baumannii 17978 UN DkatX/pkatX strain to levels approxi-
mating those in the parental strain (Fig. 4A). These data indicate that the katX present
in AbaAL44 enhances bacterial resistance to oxidative stress in vitro. Neutrophils are
innate immune effector cells that phagocytose and subsequently kill engulfed patho-
gens using an array of antimicrobial molecules, including ROS produced by the
enzyme NADP (NADPH) oxidase (63, 64). Based on this, we hypothesized that the katX
present in A. baumannii 17978 UN promotes bacterial resistance to neutrophil-medi-
ated killing. To test this, differentiated neutrophil-like HL-60 cells were incubated with
A. baumannii 17978 UN, 17978 VU, 17978 UN DkatX/EV, or 17978 UN DkatX/pkatX
strains and bacterial resistance to neutrophil-mediated extracellular and intracellular
killing was determined by measuring relative bacterial survival postincubation. After
incubation in the presence of differentiated neutrophil-like HL-60 cells, relative survival
of A. baumannii 17978 UN was significantly greater than that of both the 17978 VU
and 17978 UN DkatX/EV strains (Fig. 4B). Similar results were obtained with murine
bone marrow-derived neutrophils (Fig. S5). In trans expression of AbaAL44 katX

FIG 4 The AbaAL44 katX gene promotes bacterial resistance to hydrogen peroxide stress and
neutrophil-mediated killing. (A) Mid-log-phase A. baumannii 17978 VU, 17978 UN, 17978 UN DkatX/
EV, or 17978 UN DkatX/pkatX variants were incubated in LB medium supplemented with 1 mM
hydrogen peroxide at a starting inoculum of 1 � 107 CFU/ml. Following a 30-min incubation,
remaining viable bacteria were enumerated. (B) Differentiated neutrophil-like HL-60 cells were
incubated with mid-log-phase A. baumannii 17978 VU, 17978 UN, 17978 UN DkatX/EV, or 17978 UN
DkatX/pkatX variants at an MOI of 2. At 90 min postincubation, HL-60 cells were lysed, and
neutrophil-mediated killing of bacteria was assessed by determining the number of viable bacteria in
each well. Data are represented as bacterial survival relative to that for A. baumannii 17978 VU. In
both panels, N = 3 or 4 biological replicates per group per experiment. Experiments were repeated
for a total of at least two times, with graphs depicting average data. Columns depict the mean, and
error bars show standard deviation of the mean. All means were compared to all other means using
a one-way ANOVA adjusted for multiple comparisons. *, P , 0.05; ***, P , 0.001; ****, P , 0.0001; ns,
not significant.

Two Variants of A. baumannii 17978 Infection and Immunity

December 2021 Volume 89 Issue 12 e00454-21 iai.asm.org 7

https://iai.asm.org


restored survival of the A. baumannii 17978 UN DkatX/EV strain to the levels of the pa-
rental strain (Fig. 4B). Deletion of the AbaAL44 katX gene negatively affected the
growth of A. baumannii 17978 UN in vitro in both rich (lysogeny broth [LB]) and mini-
mal (Tris minimal succinate [TMS]) media, which was restored by expressing AbaAL44
katX in trans (Fig. 5). Taken together, these data suggest that the katX present in
AbaAL44 contributes to A. baumannii 17978 UN growth in vitro, as well as to bacterial
resistance to oxidative stress and neutrophil-mediated killing.

AbaAL44 clsC2 contributes to bacterial resistance to cell envelope stress and
affects bacterial interactions with host immune cells. Bacterial cardiolipin synthases
are enzymes that utilize phosphatidylglycerol (PG) and/or phosphatidylethanolamine
(PE) as substrates to catalyze the formation of cardiolipin (65, 66). Cardiolipin is one of
several anionic phospholipids that comprise the Gram-negative cell envelope, and, in
Escherichia coli, it has been demonstrated to localize to the cellular poles (67). Because
cardiolipin promotes bacterial resistance to envelope stressors such as high salinity
(68, 69), it was hypothesized that A. baumannii 17978 UN is more resistant to condi-
tions of high salinity than the A. baumannii 17978 UN DclsC2 strain. To test this, the
susceptibility to conditions of high salinity of A. baumannii 17978 VU, 17978 UN, 17978
UN DclsC2, and 17978 UN DclsC2 in which clsC2 has been reintroduced chromosomally
under its native promoter by mini-Tn7 integration (A. baumannii 17978 UN DclsC2/
clsC2) was determined by comparing bacterial survival after incubation in LB supple-
mented with 2.5 M NaCl. After 2 h of incubation in high salinity, bacterial survival of

FIG 5 AbaAL44 clsC2 and katX mutants generated in the A. baumannii 17978 UN background exhibit
growth defects in vitro. (A and B) Stationary-phase cultures of the indicated strains of A. baumannii
were normalized to a similar optical density at 600 nm (OD600) and inoculated into fresh rich medium
(LB) or minimal medium (Tris minimal succinate [TMS]). Growth was assayed by measuring OD600 over
time. Symbols depict the mean, and error bars show standard deviation of the mean. N = 3 or 4
biological replicates per group per experiment. Graphs depict representative data from two
independent experiments. For 8-, 10-, and 12-h time points, the means of A. baumannii 17978 UN
DclsC2, 17978 UN DclsC2/clsC2, 17978 UN DkatX/EV, 17978 UN DkatX/pkatX, and 17978 UN variants
were compared using a one-way ANOVA adjusted for multiple comparisons. (A) Differences between
A. baumannii 17978 UN and 17978 UN DclsC2, 17978 UN DclsC2/clsC2, or 17978 UN DkatX/EV variants:
P , 0.0001 for each comparison for each time point. Difference between A. baumannii 17978 UN and
17978 UN DkatX/pkatX variants: P , 0.05 for the10-h time point and P . 0.05 for 8- and 12-h time
points. (B) Differences between A. baumannii 17978 UN and 17978 UN DclsC2, 17978 UN DclsC2/clsC2,
or 17978 UN DkatX/pkatX variants: P . 0.05 for each comparison for each time point. Difference
between A. baumannii 17978 UN and 17978 UN DkatX/EV variants: P , 0.0001, P , 0.0001, or
P , 0.001 for 8-, 10-, and 12-h time points, respectively.
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the A. baumannii 17978 UN DclsC2 strain was significantly reduced by approximately
30% compared to the survival of 17978 UN. After incubation in high salinity, survival of
the A. baumannii 17978 UN DclsC2/clsC2 strain did not differ significantly from that of
17978 UN (Fig. 6A). Perturbations in bacterial membrane phospholipid homeostasis
involving cardiolipin have been demonstrated to increase bacterial susceptibility to
molecular detergents such as surfactants, which are found in high concentrations in

FIG 6 The AbaAL44 clsC2 gene contributes to bacterial resistance to cell envelope stress and affects
bacterial interactions with host immune cells. (A) Mid-log-phase A. baumannii 17978 VU, 17978 UN,
17978 UN DclsC2, or 17978 UN DclsC2/clsC2 variants were inoculated into LB medium supplemented
with 2.5 M NaCl at a starting inoculum of 1 � 107 CFU/ml, and incubated at 37°C for 2 h. After 2 h of
incubation, bacterial viability was determined for each strain, and bacterial survival was calculated as
the percentage of viable bacteria postincubation relative to the number of viable bacteria
preincubation. (B) Mid-log-phase A. baumannii 17978 VU, 17978 UN, 17978 UN DclsC2, or 17978 UN
DclsC2/clsC2 variants were inoculated into phosphate-buffered saline (PBS) supplemented with 0.1%
Triton X-100 at a starting inoculum of 1 � 1010 CFU/ml and incubated at 37°C for 6 h. After
incubation, bacterial viability was determined for each strain, and survival was calculated as described
above. (C and D) Macrophage-like RAW 264.7 cells were infected with mid-log-phase A. baumannii
17978 VU, 17978 UN, 17978 UN DclsC2, 17978 UN DclsC2/clsC2, 17978 VU/EV, or 17978 VU/pclsC2 at
an MOI of 15, and extracellular bacteria were killed with gentamicin at 30 min postinfection. Thirty
minutes after the addition of gentamicin, RAW cells were washed and lysed, and intracellular
bacterial burdens were determined. (E and F) Murine bone marrow-derived macrophages were
infected with mid-log-phase cultures of A. baumannii 17978 VU/EV or A. baumannii 17978 VU/pclsC2
at an MOI of 10 and incubated at 37°C. At 18 h.p.i., supernatants of infected BMDMs were collected,
and the concentrations of IL-1b (E) or IL-10 (F) in the supernatants of infected BMDMs were
determined by ELISA. (A to D) N = 3 or 4 biological replicates per group per experiment. Graphs
depict average results from at least three independent experiments. (E and F) N = 4 biological
replicates per group per experiment. Graphs depict representative data. In all panels, columns depict
the mean, and error bars show standard deviation of the mean. Means were compared to the mean
of A. baumannii 17978 UN (A) or to all other means (B to F) using Welch’s t test (D) or one-way
ANOVA adjusted for multiple comparisons (A, B, C, E and F). *, P , 0.05; **, P , 0.01; ****,
P , 0.0001; ns, not significant.
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the lungs and may be relevant to bacterial pneumonia pathogenesis (70). To deter-
mine if the AbaAL44 clsC2 present in A. baumannii 17978 UN promotes bacterial resist-
ance to detergents, the susceptibility of A. baumannii 17978 VU, 17978 UN, 17978 UN
DclsC2, and 17978 UN DclsC2/clsC2 variants to the detergent Triton X-100 was assessed.
After 6 h of incubation in 0.1% Triton X-100, bacterial survival of A. baumannii 17978
UN DclsC2 was significantly less than that of 17978 UN. Survival of A. baumannii 17978
UN DclsC2/clsC2 was significantly greater than that of 17978 UN DclsC2, and similar to
that of 17978 UN (Fig. 6B). Taken together, these data indicate that the accessory car-
diolipin synthase gene present in A. baumannii 17978 UN contributes to this strain’s re-
sistance to conditions of high salinity and detergent stress.

Previous work has demonstrated that cardiolipin promotes uptake of bacteria by pro-
fessional phagocytes such as macrophages through the scavenger receptor CD36 (71).
Therefore, it was hypothesized that the previously observed increase in intracellular bac-
terial burden in macrophage-like RAW cells infected with A. baumannii 17978 UN is
mediated by the AbaAL44 clsC2 (Fig. S4A). To test this, the relative intracellular bacterial
burdens of RAW cells infected with A. baumannii 17978 VU, 17978 UN, 17978 UN DclsC2,
or 17978 UN DclsC2/clsC2 variants were determined. The intracellular bacterial burden of
RAW cells infected with the A. baumannii 17978 UN DclsC2 variant was significantly
reduced by approximately 75% relative to the intracellular bacterial burden of RAW cells
infected with A. baumannii 17978 UN and was similar to the intracellular bacterial bur-
den of RAW cells infected with 17978 VU. There was a small but statistically significant
increase in the intracellular bacterial burden of RAW cells infected with the A. baumannii
17978 UN DclsC2/clsC2 variant relative to that of RAW cells infected with the 17978 UN
DclsC2 variant (Fig. 6C). Expression of clsC2 in trans in A. baumannii 17978 VU (A. bau-
mannii 17978 VU/pclsC2) also significantly increased the intracellular bacterial burden of
infected RAW cells compared to that of RAW cells infected with A. baumannii 17978 VU/
EV (Fig. 6D). These data suggest that the AbaAL44 clsC2 gene contributes to A. bauman-
nii 17978 UN phagocytosis by macrophages.

Chromosomal reintroduction of clsC2 in the A. baumannii 17978 UN DclsC2 variant
did not fully restore phagocytosis by infected RAW cells to the levels observed with A.
baumannii 17978 UN (Fig. 6C). The deletion of clsC2 negatively affected the growth of
A. baumannii 17978 UN in vitro in rich medium (LB), but not in minimal medium (TMS)
(Fig. 5). The growth defect of A. baumannii 17978 UN DclsC2 in rich medium was also
not restored by chromosomal reintegration of clsC2 under its native promoter (Fig. 5A).
Furthermore, the supernatants of RAW cells infected with the A. baumannii 17978 UN
DclsC2 or 17978 UN DclsC2/clsC2 variants contained small, punctate colonies (Fig. S6B).
These colonies were also present in lysates of RAW cells infected with A. baumannii
17978 UN DclsC2 or 17978 UN DclsC2/clsC2 variants that were collected prior to treat-
ment with gentamicin, but were absent from the starting inoculums (Fig. S6A and C).
Small, punctate colonies were not observed in any samples collected from RAW cells
infected with the A. baumannii 17978 UN parental strain (Fig. S6). These findings sug-
gest a reduction in the fitness of the A. baumannii 17978 UN DclsC2 strain that is not
restored by integration of clsC2 elsewhere on the chromosome and are indicative of
another genetic difference between the parental A. baumannii 17978 UN and the
DclsC2 derivative or polar effects of the inserted kanamycin cassette. As expression of
clsC2 in A. baumannii 17978 VU resulted in an increase in macrophage phagocytosis,
the differential growth phenotype between the 17978 UN and 17978 UN DclsC2 var-
iants was not pursued further.

Mitochondrial cardiolipin activates the NLRP3 inflammasome, resulting in the pro-
duction of IL-1b , and saturated cardiolipins increase IL-1b production through Toll-like
receptor 4 (TLR4) signaling (72, 73). This raised the hypothesis that the increase in IL-
1b production observed in macrophages infected with A. baumannii 17978 UN is due
to the presence of AbaAL44 clsC2. Given the reduced fitness of the DclsC2 mutant in
the A. baumannii 17978 UN background, this hypothesis was tested by expressing the
AbaAL44 clsC2 gene in trans in 17978 VU, which naturally lacks AbaAL44 and thus
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clsC2. BMDMs were infected with A. baumannii 17978 VU/EV or 17978/pclsC2, and the
concentrations of proinflammatory IL-1b and anti-inflammatory IL-10 in the superna-
tants of infected BMDMs were determined at 18 h.p.i. Relative to infection with A. bau-
mannii 17978 VU/EV, infection with 17978 VU/pclsC2 significantly increased the pro-
duction of IL-1b by infected BMDMs (Fig. 6E). These findings indicate that the
presence of AbaAL44 clsC2 increases proinflammatory IL-1b production by macro-
phages infected with A. baumannii 17978 UN. Infection with A. baumannii 17978 UN
decreases the production of IL-10 by infected macrophages relative to that after infec-
tion with 17978 VU (Fig. 3F). In contrast, expression of clsC2 in A. baumannii 17978 VU
significantly increased IL-10 production by infected macrophages (Fig. 6F). This finding
suggests that the decrease in IL-10 production observed in macrophages infected with
A. baumannii 17978 UN cannot be explained by the presence of clsC2 alone. Together,
these data indicate that AbaAL44 influences the interactions between A. baumannii
and the host.

DISCUSSION

The process by which A. baumannii acquires or loses resistance to antimicrobials
from gain or loss of genetic material is well characterized (21, 35). In contrast, less is
known about how such genomic plasticity affects A. baumannii pathogenicity. Here,
the discovery that two variants of A. baumannii ATCC 17978 differ based on the pres-
ence of the AbaAL44 accessory locus encompassing several pathogenesis genes is
described. Review of the 5,301 publicly available A. baumannii genome assemblies in
the NCBI database revealed that genetic elements similar to AbaAL44 are present in at
least 100 strains of A. baumannii. Of the 8 A. baumannii ATCC 17978 genome sequen-
ces published in NCBI, AbaAL44 is not present in any of them, but AbaAL44 is present
in the A. baumannii 17978 genome sequence published by the ATCC in 2019 (https://
genomes.atcc.org/genomes/e1d18ea4273549a0). However, if laboratories assemble
sequenced genomes of their A. baumannii 17978 laboratory stocks to a reference ge-
nome that does not include AbaAL44 (e.g., NCBI accession number NZ_CP018664), the
presence of AbaAL44 in these sequenced genomes would not be detected. When com-
bined with the data presented here, these findings suggest that the differential pres-
ence of AbaAL44 is a common structural genetic variant among A. baumannii strains
and that laboratories studying A. baumannii ATCC 17978 may be working with either
variant without awareness or may be working with cultures containing a mix of the
two variants. The differential presence of AbaAL44 among two variants of a type strain
is most likely due to loss of AbaAL44 by A. baumannii 17978 VU during the course of
laboratory propagation. Adaptive loss of genetic material has been previously
described for Acinetobacter spp. (74). Furthermore, genetic differences among lineages
of a given laboratory strain have previously been demonstrated for other species.
Continuous maintenance and propagation of Pseudomonas aeruginosa strain PAO1 in
laboratories throughout the world has led to substantial genotypic differences among
sublines of this strain (75), and two lineages of Clostridioides difficile R20291 differ
based on a small number of single-nucleotide genomic changes, which lead to distinct
phenotypic differences (76).

A. baumannii 17978 VU and 17978 UN variants exhibit differential fitness in a mouse
model of pneumonia, which is likely due in part to the differential presence of
AbaAL44. Putative pathogenesis genes present in AbaAL44, including the katX and
clsC2 genes, increase A. baumannii 17978 UN resistance to oxidative stress, neutrophil-
mediated killing, and surfactant stress. A. baumannii encounters hydrogen peroxide,
the substrate of catalase enzymes, and surfactant inside the mouse lung (77, 78), and
neutrophils are an essential component of the host immune response to infection with
this pathogen (46–48). As such, the presence of accessory katX and clsC2 genes may
confer some in vivo advantage to A. baumannii 17978 UN. A. baumannii 17978 UN also
potentiates neutrophilic lung inflammation in vivo and increases the production of
proinflammatory IL-1b by infected macrophages. This increase in inflammation and
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neutrophil recruitment to the site of infection may overwhelm any increased bacterial
resistance to neutrophil-mediated killing in A. baumannii 17978 UN, resulting in net
decreased bacterial survival inside the mouse lung. The effects of other genes con-
tained in AbaAL44 or polymorphisms elsewhere on the chromosome on A. baumannii
fitness have not been interrogated but may contribute to the net differences in patho-
genesis between these variants.

As IL-1b promotes the recruitment of neutrophils to the site of infection (49), the
increased production of proinflammatory IL-1b by macrophages infected with A. bau-
mannii 17978 UN is likely to play a role in the shift toward neutrophilic inflammation
observed in infected mice. Although differences in IL-1b concentration at 24 h.p.i.
between mice infected with A. baumannii 17978 VU and mice infected with A. bauman-
nii 17978 UN were not observed, such differences may occur earlier in the course of
infection, culminating in the differential abundance of neutrophils observed at 24 h.p.i.
Mitochondrial cardiolipin is a known activator of the NLRP3 inflammasome resulting in
the production of IL-1b , and saturated cardiolipins increase IL-1b production in a
TLR4-dependent manner (72, 73). In trans expression of clsC2 in A. baumannii 17978 VU
increased IL-1b production by infected macrophages, suggesting that the presence of
the AbaAL44 clsC2 gene in A. baumannii 17978 UN may increase cell envelope cardio-
lipin content, resulting in NLRP3 inflammasome activation and enhanced IL-1b pro-
duction by macrophages.

Infection with A. baumannii 17978 UN resulted in decreased IL-10 production by
infected macrophages relative to that produced during infection with A. baumannii
17978 VU. Mitochondrial cardiolipin inhibits IL-10 production by recruiting a repressor
complex to the IL-10 promoter. The reduction in anti-inflammatory IL-10 promotes per-
sistent inflammation in experimental bacterial pneumonia (79, 80). It is conceivable that
bacterial cardiolipin similarly inhibits IL-10 production and that modulation of bacterial
cardiolipin content through the AbaAL44 clsC2 gene is responsible for modulating mac-
rophage IL-10 production. However, macrophage infection with a strain of A. baumannii
17978 VU in which clsC2 was expressed in trans did not recapitulate this finding.
Paradoxically, macrophage infection with A. baumannii 17978 VU/pclsC2 increased IL-10
production. This suggests that the presence of clsC2 alone cannot explain the relative
decrease in IL-10 production observed in macrophages infected with A. baumannii
17978 UN. Regulation of IL-10 production by immune cells is complex, and multiple
factors affect its expression (81). Bacterial products such as cell wall components and
lipopolysaccharide (LPS) increase macrophage IL-10 production through TLR2- and
TLR4-mediated signaling, respectively (81, 82). In contrast, interferon gamma (IFN-g)
inhibits IL-10 production (81). IFN-g production by macrophages is induced by IL-18,
which, like IL-1b , is a product of NLRP3 inflammasome activation, and IL-1b production
is increased in macrophages infected with A. baumannii 17978 UN (83–85). Therefore,
any combination of these factors may account for the differences in IL-10 production
between macrophages infected with A. baumannii 17978 UN and macrophages infected
with 17978 VU/pclsC2. Other genes contained in AbaAL44 or other genetic differences
between the two A. baumannii 17978 variants may also account for the differential cyto-
kine production by macrophages infected with 17978 UN.

This study demonstrates that the AbaAL44 katX and clsC2 genes are advantageous to
A. baumannii 17978 UN survival in vitro. Specifically, the AbaAL44 katX gene present in A.
baumannii 17978 UN increases bacterial resistance to oxidative stress. In addition to the
AbaAL44 katX gene described in this study, two catalase genes—katE and katG—have pre-
viously been identified in A. baumannii (86). Increased transcription of katG as a conse-
quence of upstream insertion of ISAba1 has been demonstrated to increase A. baumannii
resistance to oxidative stress (87). Taken together, these findings highlight the importance
of catalases in A. baumannii pathogenesis and provide an example of how increasing bac-
terial catalase gene abundance can contribute to A. baumannii pathogenicity.

The findings presented here implicate a dichotomous role for the AbaAL44 clsC2
gene in A. baumannii 17978 UN. While this gene promotes the uptake of A. baumannii

Wijers et al. Infection and Immunity

December 2021 Volume 89 Issue 12 e00454-21 iai.asm.org 12

https://iai.asm.org


17978 UN by phagocytes, its presence also increases 17978 UN resistance to envelope
stressors, such as surfactants. These findings are consistent with previous reports dem-
onstrating that membranes with bacterial cardiolipin on their surfaces promote macro-
phage phagocytosis through the scavenger receptor CD36 (71) and that bacterial car-
diolipin promotes resistance to osmotic and surfactant stress (69, 70). Cardiolipin has
also been demonstrated to increase A. baumannii resistance to cationic antimicrobial
peptides, another type of envelope stressor, suggesting that increasing cell envelope
cardiolipin content is a relevant survival strategy for this pathogen (88). In addition to
the accessory clsC2 described in this study, both A. baumannii 17978 VU and 17978 UN
variants contain two additional cardiolipin synthase genes. To our knowledge, how-
ever, the role of these genes in A. baumannii biology and pathogenesis remains to be
fully elucidated. It has previously been reported that A. baumannii cell membranes
contain a variety of unique, coexisting cardiolipin species (89). In E. coli, different car-
diolipin synthase genes are active during distinct stages of bacterial growth (66). It is
possible that the three cardiolipin synthase genes present in A. baumannii may be
expressed during different growth phases and/or may be responsible for synthesizing
distinct species of cardiolipin. This notion is supported by recent findings demonstrat-
ing that individual enzymes of the same family are implicated in the production of ei-
ther cardiolipin or monolysocardiolipin, an intermediate species in the cardiolipin
remodeling pathway, in A. baumannii (88, 90). The in vitro growth defect and reduced
uptake by RAW cells observed in the A. baumannii 17978 UN DclsC2 variant could not
be restored to the levels of the parental strain by chromosomally reintroducing clsC2
under its native promoter. This may be due to unidentified genetic differences
between the DclsC2 mutant and the parental A. baumannii 17978 UN strain, or due to
polar effects of the DclsC2::kan deletion-insertion on nearby genes. However, expres-
sion of AbaAL44 clsC2 in the Ab 17978 VU strain increased phagocytosis and IL-1b pro-
duction by macrophages indicating that clsC2 impacts A. baumannii interactions with
the host.

Together, these findings indicate that two genotypically and phenotypically distinct
variants of the common type strain, A. baumannii ATCC 17978, exist and are indiscrim-
inately used in published studies of A. baumannii (91). As such, careful genotyping and
phenotyping of A. baumannii type strains by individual laboratories may be warranted.
Furthermore, this study demonstrates how A. baumannii genomic plasticity can affect
pathogenicity and interactions with the host.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. Bacterial strains and plasmids used in this study are listed

in Table S1 in the supplemental material. A. baumannii 17978 UN and 17978 VU variants were received
from ATCC in 2009 and in March 2021. Strains were maintained as frozen stocks in lysogeny broth (LB)
supplemented with 30% (vol/vol) glycerol at 280°C. Unless noted otherwise, bacteria were grown on LB
agar (LBA) at 37°C, and single, isolated colonies were resuspended in LB and incubated overnight at
37°C with constant agitation. Overnight cultures were diluted 1:100 in fresh LB and incubated for 3.5 h
at 37°C with constant agitation until the exponential phase. Exponential-phase cultures were washed
twice with cold phosphate-buffered saline (PBS) and diluted to 1 � 1010 CFU/ml in PBS. Bacterial cultures
were diluted further as appropriate for each experiment.

Genome sequencing and analyses. The genomes of A. baumannii strains 17978 VU and 17978 UN
variants were sequenced using PacBio sequencing by Genewiz (South Plainfield, NJ) (45). Pangenomes
were assembled and annotated as follows. The raw sequence reads of the strains of A. baumannii were
assembled using Flye version 2.4.2 with the genome size set to 3.86 Mb, choosing the option for plasmid
assembly and three polishing iterations. An Amazon Web Services (AWS) EC2 m5.2xlarge instance was
used for all of the assembly runs. Assembly statistics were compared and analyzed using Quast version
5.0.2 against the reference A. baumannii ATCC 17978-mff genome from NCBI (RefSeq accession number
NZ_CP012004.1). The assembled genomes were annotated using Prokka version 1.13.5. Pangenomes
were created from these annotated genomes using Roary version 3.12.0 with the options “-e -n -v.”
Average nucleotide identity (ANI) of the genomes of A. baumannii 17978 VU and 17978 UN variants was
determined using an online ANI calculator (http://enve-omics.ce.gatech.edu/ani/). The assembled
genomes of A. baumannii 17978 VU and 17978 UN variants are available in the NCBI database (accession
numbers CP079213 for A. baumannii 17978 VU and CP079212 for A. baumannii 17978 UN). Additionally,
A. baumannii 17978 UN received from ATCC in 2021 was sequenced using Nanopore long-read sequenc-
ing technology by the Microbial Genome Sequencing Center (MiGS; Pittsburgh, PA). This reference ge-
nome sequence was deposited in NCBI and annotated using the Prokaryotic Genome Annotation
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Pipeline (PGAP) (accession numbers as follows: chromosome, CP079931; pAB3, CP079932; pAB1,
CP079933; pAB2, CP079934).

To screen for other differences between the genomes of A. baumannii 17978 VU and 17978 UN var-
iants, such as SNPs, the genomes of both variants were sequenced as follows. DNA was isolated from A.
baumannii 17978 UN and 17978 VU variants using a Wizard genomic DNA purification kit (Promega) or a
DNeasy blood and tissue kit (Qiagen). DNA concentration was estimated with NanoDrop (Thermo).
Library preparation by Nextera Flex and sequencing by Illumina NovaSeq 2 � 150-bp reads were per-
formed at University of Illinois at Chicago Sequencing Core (UICSQC) or 2 � 100 bp reads at MiGS. The
resulting reads were mapped to the ATCC A. baumannii 17978 VU genome (NCBI accession numbers
NZ_CP012004, NZ_CP012005, CP000522.1, and CP000523.1) or to the A. baumannii 17978 UN genome
(accession numbers CP079931, CP079932, CP079933, and CP079934) using breseq version 0.35.5 with
default settings (92, 93).

To screen for the presence of AbaAL44 in Vanderbilt University Medical Center (VUMC) and University
of Illinois Chicago (UIC) laboratory A. baumannii 17978 stocks, individual colonies were screened for the
presence of the accessory clsC2 gene by standard PCR using primers specific to this gene (forward primer,
TCTTTCTGGCTGGTTGCTTACTCAGC; reverse primer, CCGCAGCTTTCTGATTGAGACAGGC). PCR products
were visualized on an agarose gel. The presence of a PCR product indicated the presence of clsC2, signify-
ing that that particular colony belonged to the A. baumannii 17978 UN variant. The absence of a PCR prod-
uct indicated the absence of clsC2, signifying that that particular colony belonged to the A. baumannii
17978 VU variant.

Construction of A. baumannii 17978 UN Dpilus, 17978 UN DkatX, and 17978 UN DclsC2 variants
and complemented strains. A. baumannii 17978 UN Dpilus, 17978 UN DkatX, and 17978 UN DclsC2 var-
iants were constructed by recombineering using the protocol by Tucker et al. (55). Briefly, primers were
designed that include approximately 125 bp of sequence upstream of the gene/locus to be deleted
fused to the kanamycin resistance (kanr) cassette forward primer, CCGGAATTGCCAGCTGGG, and 125 bp
of sequence downstream of the gene/locus to be deleted fused to the kanr cassette reverse primer,
TTCAGAAGAACTCGTCAAG (Integrated DNA Technologies). These primer pairs were used to amplify the
kanr cassette from pCR2.1 plasmid DNA (Invitrogen). After purification, approximately 10 mg of each
amplification product was electroporated into electrocompetent A. baumannii 17978 UN cells containing
the recombinase plasmid pAT02. Transformants were recovered at 37°C with shaking in LB containing
2 mM isopropyl-b-D-thiogalactopyranoside (IPTG) for 4 h to induce recombinase expression prior to plat-
ing onto LB agar containing kanamycin. Kanamycin-resistant colonies were purified by serial passage
and confirmed to have the appropriate deletion in the following two ways: first, by the difference in size
of PCR amplification products using primers that amplify the recombineered locus by binding the chro-
mosome outside the flanking sequences included in the recombineering primers, and second, by PCR
amplification using a primer that binds within the kanr cassette and a primer that binds the chromo-
some outside of the flanking sequence included in the recombineering primer.

For the A. baumannii 17978 UN DkatX variant, the genetic defect was restored by expressing the acces-
sory katX gene in trans as follows. katX was PCR amplified using a forward primer annealing to the region
upstream of katX (GTAATTGGATGAGGTGATGTATTAG) and a reverse primer annealing to the region down-
stream of katX (GGCCATCCTCATCAAATACTG). Forward and reverse primers contained a 20-nucleotide
sequence that overlapped the BamHI- or SalI-digested plasmid, respectively. Subsequently, the amplicon
was ligated into the BamHI and SalI restriction sites of the E. coli-A. baumannii shuttle vector pWH1266 under
its native promoter using NEBuilder HiFi DNA assembly (New England Biolabs, Ipswich, MA) to create
pWH1266(katX) (77). Appropriate plasmid constructs were electroporated into the A. baumannii 17978 UN
DkatX variant as described above.

For the A. baumannii 17978 UN DclsC2 variant the genetic defect was restored by reintegrating the
accessory clsC2 gene under its native promoter into a different part of the bacterial chromosome using
methods described elsewhere (94). Briefly, clsC2 was cloned into the pKNOCK-mTn7 plasmid to make
pKNOCK(clsC2) as described above, using a forward primer annealing to the region upstream of clsC2
(CGCATCTTATAACGACAAAGAGAAC) and a reverse primer annealing to the region downstream of clsC2
(GGGCGATAAAGCCACAGATAC). Next, the E. coli lpir116 strain was transformed with pKNOCK(clsC2),
and clsC2 was integrated into the A. baumannii 17978 UN DclsC2 variant by setting up a four-way mating
between E. coli lpir116/pKNOCK(clsC2), E. coli HB101/pRK2013, E. coli 100D/pTNS2, and the A. baumannii
17978 UN DclsC2 strain to make the A. baumannii 17978 UN DclsC2/clsC2 strain. Successful integration of
clsC2 into the correct spot on the A. baumannii 17978 UN DclsC2 chromosome was verified in the follow-
ing two ways: first, by PCR amplification using a forward primer that binds the A. baumannii chromo-
some near the target insertion site (GTCGTTTTCGCTGATGAAAATAG) and a reverse primer that binds
within the Tn7 element (CACAGCATAACTGGACTGATTTC), and second, by PCR amplification of the clsC2
gene inserted into the Tn7 element.

To express clsC2 in trans in A. baumannii 17978 VU, clsC2 was cloned into pWH1266 as described above,
using a forward primer annealing to the region upstream of clsC2 (AACCTTCTTAGATTATAACAAAATCAT
ACAGTTATTG) fused to a 20-nucleotide sequence overlapping with the BamHI-digested plasmid and a
reverse primer annealing to the region downstream of clsC2 (GCTCTCGAGAAAAAAGCAGAAG) fused to a 20-
nucleotide sequence overlapping with the SalI-digested plasmid to generate pWH1266(clsC2). This plasmid
construct (or the empty vector) was electroporated into A. baumannii 17978 VU as described above.

Murine infection models. All animal experiments were approved by the Vanderbilt University
Medical Center (VUMC) Institutional Care and Use Committee and conformed to policies and guidelines
established by VUMC, the Animal Welfare Act, the National Institutes of Health, and the American
Veterinary Medical Association. Wild-type, female, 8-week-old C57BL/6 mice were purchased from
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Jackson Laboratories. The murine model of A. baumannii pneumonia was performed as previously
described (95). Briefly, A. baumannii was back-diluted 1:100 from overnight culture and grown in LB for
3.5 h at 37°C with constant agitation, washed twice with cold PBS, and resuspended in PBS at an appro-
priate cell density for infection. Mice were infected intranasally with 3 � 108 CFU of A. baumannii in 30
ml PBS. At 24 or 36 h postinfection (h.p.i.), mice were euthanized and organs were harvested. Lungs and
spleens were homogenized, serially diluted in PBS, and plated onto LBA for bacterial enumeration. For
histological analyses, lungs were inflated with 1 ml of 10% formalin, fixed, embedded, and stained as
described previously (96). Mice were randomized to treatment groups using the GraphPad QuickCalcs
online randomization software (https://www.graphpad.com/quickcalcs/randomize1.cfm).

Histology. Paraffin-embedded mouse tissue sections were stained with hematoxylin and eosin by
the Vanderbilt University Medical Center Translational Pathology Shared Resource. Specimens were
examined and imaged by K. L. Boyd, who was blind to the treatment conditions. Images are representa-
tive of at least 2 independent experiments.

Bacterial growth assays. Overnight cultures of single, isolated colonies were generated as
described above. To prepare for growth assays, overnight cultures were standardized to a similar optical
density at 600 nm (OD600) and subsequently diluted 1:100 in 200 ml of rich medium (LB) or minimal me-
dium (Tris minimal succinate [TMS]) in 96-well flat-bottomed tissue culture plates (Costar; Corning).
Plates were incubated for 24 h at 37°C with shaking and growth was assayed by measuring OD600 at the
indicated times using a Synergy 2 multimode reader (BioTek).

Scanning electron microscopy analyses. Bacterial cells were analyzed by scanning electron micros-
copy as previously described, with some modifications (97). Briefly, bacteria were cultured in LB at 37°C
overnight. The following day, samples were fixed with 2.0% paraformaldehyde (Electron Microscopy
Sciences) and 2.5% glutaraldehyde (Electron Microscopy Sciences) in 0.05 M sodium cacodylate (Electron
Microscopy Sciences) buffer for 24 h. After primary fixation, samples were secondarily fixed in fresh 2.0%
paraformaldehyde and 2.5% glutaraldehyde in 0.05 M sodium cacodylate buffer on poly-L-lysine-coated
glass coverslips (Thermo Fisher) for 4 h. Samples were washed three times with 0.05 M sodium cacodylate
buffer before sequential dehydration with increasing concentrations of absolute ethanol. After ethanol
dehydration, samples were dried at the critical point using a critical point dryer machine (Tousimis),
mounted onto aluminum SEM sample stubs (Electron Microscopy Sciences), and sputter coated with 5 nm
of gold-palladium. Afterward, samples were painted with a thin strip of colloidal silver (Electron
Microscopy Sciences) at the edge to facilitate charge dissipation. Bacteria were imaged with an FEI Quanta
250 field-emission gun scanning electron microscope. Micrographs shown are representative of at least
four biological replicates. Pili were quantified as the fraction of cells expressing pili (no. of cells with pili/
total no. of cells in each image) and the number of pili per piliated cell. At least 12 representative images
of each strain were scored in a blind manner for each of four independent experiments.

Hemagglutination assay. Hemagglutination experiments were performed based on a protocol by
Greene et al. (98), with modifications. A. baumanii 17978 VU, 17978 UN, and 17978 UN Dpilus strains
were grown overnight on LBA or in LB, as indicated, for 48 h at 37°C without agitation. E. coli UTI 89
(positive control) and E. coli UTI89 DfimAH (negative control) strains were grown in LB for 24 h at 37°C
without agitation, diluted 1:1,000 in LB, and incubated for another 24 h at 37°C without agitation.
Bacteria were normalized to an OD600 of 1.0, after which 1 ml of each culture was pelleted and resus-
pended in 100 ml of PBS. Aliquots (25 ml) of bacteria were diluted serially in wells of a 96-well U-bot-
tomed plate containing 25 ml of PBS, after which an equal volume of a 1% suspension of washed human
erythrocytes (Innovative Research, Novi, MI) was added to each well. Wells were incubated overnight at
4°C without agitation, after which the hemagglutination titer (i.e., the maximum dilution at which bacte-
ria are able to agglutinate erythrocytes) was recorded for each strain.

Biofilm formation. Stationary-phase cultures of A. baumanii 17978 VU, 17978 UN, and 17978 UN
Dpilus strains were diluted 1:10 in LB in wells of a 96-well plate and incubated statically at 37°C for 24 to
48 h. After incubation, half of the wells were used for the determination of biomass by measuring OD600,
and the other half was used for the measurement of biofilm formation. Biofilm formation was deter-
mined as follows. Supernatants were aspirated from each well, cells were permeabilized with 100% etha-
nol (EtOH), and biofilms were stained with crystal violet solution (0.41% in 12% EtOH) for 20 min. After
staining, wells were washed vigorously with PBS, and biofilms were solubilized with 33% acetic acid, af-
ter which OD580 was measured for each well. Biofilm formation was recorded as the ratio of biofilm to
biomass (i.e., OD580/OD600) (99).

A549 epithelial cell adhesion assay. Immortalized human A549 epithelial cells were maintained as
frozen stocks in liquid nitrogen. Prior to infection experiments, A549 cells were maintained in Dulbecco’s
modified Eagle medium (DMEM; Gibco, Thermo Fisher Scientific) supplemented with 10% heat-inacti-
vated fetal bovine serum (FBS) and 1% penicillin-streptomycin (Pen-Strep). A549 cells were grown until
;75% confluence, after which they were split 1:3 in fresh medium. To prepare for infection experiments,
A549 cells were seeded onto wells of 12-well plates and grown until confluence. Next, medium was aspi-
rated from each well, and A549 cells were washed twice with prewarmed PBS. A549 cells were then
infected with mid-log-phase bacteria suspended in DMEM without antibiotics at a multiplicity of infec-
tion (MOI) of 100, after which wells were incubated at 37°C for 2 h. At 2 h.p.i., medium was aspirated
from each well, and nonadherent bacteria were removed by washing wells three times with PBS. A549
cells were then lysed by adding 1% Triton X-100 to each well and incubating plates at room temperature
(RT) for 10 min. After lysis, 800 ml of ice-cold PBS was added to each well, and the contents of each well
were pipetted up and down several times to suspend bacteria. The number of cell-associated bacteria
was then determined via serial dilution in PBS and plating onto LBA. Data are represented as the per-
centage of cell-associated bacteria relative to that for A. baumanii 17978 VU.
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Bacterial surface-associated motility assay. Stationary-phase cultures of A. baumanii 17978 VU,
17978 UN, and 17978 UN Dpilus strains were washed once in LB, resuspended in LB, and standardized to
a similar OD600 using LB as a diluent. Next, 1 ml of standardized bacterial cultures was inoculated on the
surface of motility agar plates at the center. Bacterial inoculums were allowed to dry, after which plates
were wrapped in parafilm and incubated overnight, upside down, single file at 37°C. After incubation,
the maximum motility radius was measured.

Hydrogen peroxide susceptibility assay. A. baumanii 17978 VU, 17978 UN, 17978 UN DkatX/EV,
and 17978 UN DkatX/pkatX strains were grown to the mid-exponential phase as previously described,
then inoculated into LB supplemented with 1 mM H2O2 at a starting inoculum of 1 � 107 CFU/ml.
Bacteria were then incubated at 37°C for 30 min with constant agitation, after which the remaining num-
ber of viable bacteria was determined via serial dilution in PBS and plating onto LBA.

Total neutrophil-mediated killing (extracellular and intracellular). Neutrophil-like HL-60 cells
were maintained in RPMI medium (25 mM HEPES buffer) supplemented with 10% heat-inactivated FBS
and 1% Pen-Strep. Prior to infection experiments, HL-60 cells were differentiated in media supple-
mented with 1.3% dimethyl sulfoxide (DMSO) for 6 days. On the day of infection, differentiated HL-60
cells were seeded at a density of 1.4 � 105 to 1.8 � 105 cells/well in wells of a 96-well plate, suspended
in RPMI supplemented with 0.5% heat-inactivated FBS, and incubated at 37°C for 30 min. Bacteria for
the infection were prepared as follows. A. baumanii 17978 VU, 17978 UN, 17978 UN DkatX/EV, and
17978 UN DkatX/pkatX strains were grown to the mid-log phase and washed and diluted in PBS as previ-
ously described. Prior to infection of neutrophils, bacteria were opsonized by resuspension in 20% nor-
mal human serum in RPMI and subsequent incubation at 37°C for 30 min with constant shaking at 50
rpm. Immediately following opsonization, bacteria were resuspended in RPMI supplemented with 0.5%
heat-inactivated FBS and diluted further to the appropriate cell density for infection. Next, bacteria were
added to each well at an MOI of 2, and the infection was synchronized by centrifuging the 96-well plate
at 200 � g for 9 min at 4°C. Inoculums were verified by serially diluting in PBS and plating on LBA. The
plate was then incubated for 90 min at 37°C, after which infected HL-60 cells were lysed by adding sapo-
nin to a final concentration of 0.1% to each well and incubating on ice for 15 min. Next, lysates were seri-
ally diluted in PBS and plated onto LBA for bacterial enumeration.

Murine neutrophils were isolated as follows. Murine hind limbs were dissected and bone marrow
was isolated as previously described (100). Briefly, bone marrow was isolated from the long bones of
C57BL/6 mouse hind limbs via centrifugation, washed, red blood cells were lysed, and the bone marrow
suspension was passed through a cell strainer prior to counting. Neutrophils were isolated using a
mouse neutrophil isolation kit (Miltenyi Biotec) according to the manufacturer’s protocol. Infection of
murine neutrophils was performed as described above with modifications. Purified neutrophils were
seeded at a density of 1.6 � 105 to 3.2 � 105 cells/well in wells of a 96-well plate pretreated with 100 ml
of 20% normal human serum, after which they were allowed to attach to well bottoms by incubating
plates at room temperature for 30 min. A. baumanii 17978 VU, 17978 UN, and 17978 UN DkatX strains
were opsonized by resuspension in 50% C57BL/6 mouse complement serum (Innovative Research, Novi,
MI) in RPMI medium supplemented with 10 mM HEPES buffer (RPMI/H). Immediately following opsoniza-
tion, bacteria were washed twice with RPMI/H and diluted in RPMI/H to the appropriate cell density for
infection. Bacteria were added to each well at an MOI of 1 and, following synchronization of the infec-
tion, the plate was incubated for 2 h at 37°C as described above. Neutrophils were lysed and viable bac-
teria were enumerated as described above.

Bacterial uptake by macrophages. Immortalized macrophage-like RAW 264.7 cells were maintained
as frozen stocks in liquid nitrogen. Prior to infection experiments, RAW cells were maintained in DMEM
supplemented with 10% heat-inactivated FBS and 1% Pen-Strep. RAW cells were grown until ;75% con-
fluence, after which they were split 1:10 to 1:20 in fresh medium. To prepare for infection experiments,
RAW cells were seeded onto wells of 12-well plates at a seeding density of 5 � 105 cells/well and activated
with 100 ng/ml of LPS, after which they were incubated overnight at 37°C. On the day of infection, mid-
log-phase cultures of A. baumannii were prepared as previously described, after which bacteria were resus-
pended in DMEM plus 10% FBS devoid of antibiotics at the appropriate bacterial density to reach a target
MOI of 15. Medium was then aspirated from all wells, RAW cells were washed once with prewarmed PBS,
and 1 ml of appropriate bacteria suspended in medium was added to each well. Inoculums were verified
by serially diluting in PBS and plating on LBA. Infected RAW cells were then incubated at 37°C for 30 min,
after which medium was aspirated and wells were washed twice with prewarmed PBS. Next, extracellular
bacteria were killed by adding 1 ml of medium supplemented with 200 mg/ml gentamicin to each well
and incubating at 37°C. Thirty minutes after the addition of gentamicin, medium was aspirated, cells were
washed once with PBS, and cells were lysed by adding 200 ml of 0.01% triton to each well. Each well was
scraped with a sterile cell scraper, after which the lysate was serially diluted in PBS and plated onto LBA for
the enumeration of intracellular bacterial burden.

Bacterial cell envelope stress assays. Bacterial susceptibility to osmotic stress was assayed as fol-
lows. A. baumannii 17978 VU, 17978 UN, 17978 UN DclsC2, and 17978 UN DclsC2/clsC2 strains were
grown to the mid-exponential phase as previously described and inoculated into LB supplemented with
2.5 M NaCl at a starting inoculum of 1 � 107 CFU/ml. Bacteria were then incubated at 37°C for 2 h with
constant agitation, after which bacterial viability was determined via serial dilution in PBS and plating
onto LBA. Bacterial survival was calculated as the percentage of viable bacteria postincubation relative
to the number of viable bacteria preincubation. Bacterial susceptibility to detergent stress was assayed
as follows. A. baumannii 17978 VU, 17978 UN, A17978 UN DclsC2, and 17978 UN DclsC2/clsC2 strains
were prepared as described above, and resuspended in PBS supplemented with 0.1% Triton X-100 at a
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starting inoculum of 1 � 1010 CFU/ml. Bacteria were then incubated at 37°C for 6 h with constant agita-
tion, after which bacterial viability and survival were determined and calculated as described above.

Detection of cytokines produced by infected macrophages. BMDMs were isolated and main-
tained as previously described (101). Briefly, bone marrow was isolated from the long bones of C57BL/6
mouse hind limbs via centrifugation and washed, red blood cells were lysed, and the bone marrow sus-
pension was passed through a cell strainer prior to counting. The bone marrow cell suspension was
plated at a density of 3 � 106 cells/ml in BMDM medium (RPMI medium supplemented with 10% FBS
and 20% L929 cell conditioned medium [LCCM]) and incubated at 37°C with 5% CO2. Every 48 h, me-
dium was aspirated and fresh BMDM medium was added to each plate. On day six, BMDMs were col-
lected and seeded onto 12-well plates at a density of 1 � 106 to 2.5 � 106 cells/well in BMDM medium
and incubated overnight at 37°C. On day 7, mid-log-phase cultures of A. baumannii were prepared as
previously described and diluted to the appropriate bacterial density in RPMI medium supplemented
with 10% FBS for a target MOI of 10. Medium was then aspirated from all wells, and BMDMs were
washed once with prewarmed PBS, after which bacteria suspended in 1 ml of medium were added. As a
negative control, BMDMs were infected with medium alone, and as a positive control, BMDMs were
treated with medium supplemented with 100 ng/ml of LPS or 100 ng/ml of LPS plus 2 mM ATP. Plates
were then incubated at 37°C and the supernatant was collected at 18 h.p.i. Cytokines and chemokines
(IL-1b , IL-10, KC, and MIP-2) in BMDM supernatants were quantified using an enzyme-limited immuno-
sorbent assay (ELISA) kit (R&D Systems) according to the manufacturer’s protocol for each.

Complete blood counts. Complete blood counts with five-part differential were performed on
EDTA-treated whole mouse blood by the Vanderbilt University Medical Center Translational Pathology
Shared Resource.

Immune cell recruitment. Flow cytometric analyses were performed with total erythrocyte-free lung
cells isolated at 24 h.p.i. from individual mice infected with A. baumannii 17978 VU or 17978 UN variants, as
indicated. Lungs were minced, digested with collagenase and DNase for 30 min, and passed through a 70-
mm cell strainer prior to erythrocyte lysis. Cells were stained with a myeloid panel that included antibodies
against CD45 (clone 104, fluorescein isothiocyanate [FITC]; eBioscience), CD103 (clone 2E7, PerCP-Cyanine5.5
[Cy5.5]; BioLegend), CD64 (clone X54-5/7.1, phycoerythrin [PE]; BioLegend), CD11c (clone HL-3, PE-Cy7; BD
Pharmingen), Siglec F (clone E50-2440, Horizon PE-CF594; BD Pharmingen), CD11b (clone M1/70, eFluor-450;
eBioscience), MHCII (clone M5/114.15.2, BV605; BD Pharmingen), CD24 (clone M1/69, allophycocyanin [APC];
eBioscience), Ly6C (clone AL-21, APC-Cy7; BD Pharmingen), and Ly6G (clone 1A8, Alexa Fluor 700; BD
Pharmingen). Analyses were carried out on the 5-laser LSR Fortessa instrument (BD Biosciences) at the
Vanderbilt Flow Cytometry Shared Resource, and analyses were performed using FlowJo software (Treestar,
Inc.). Myeloid populations were gated according to the strategy of Misharin and colleagues (102, 103).

Quantification and statistical analysis. Statistical analyses were performed using Prism version 6
(GraphPad Software, Inc.). Mean comparisons were performed using unpaired Welch’s t test or one-way anal-
ysis of variance (ANOVA) adjusted for multiple comparisons, as indicated. P values of less than 0.05 were con-
sidered statistically significant. Statistical details of the experiments can be found in the figure legends.

Data availability. The assembled genomes of A. baumannii 17978 VU and 17978 UN variants that
were sequenced using PacBio sequencing technology are available in the NCBI database under acces-
sion numbers CP079213.1 (VU variant) and CP079212.1 (UN variant). The newly deposited reference ge-
nome of the A. baumannii 17978 UN variant that was sequenced using Nanopore long-read sequencing
technology is available in the NCBI database under accession numbers CP079931 (chromosome),
CP079932 (pAB3), CP079933 (pAB1), and CP079934 (pAB2).
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