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Abstract. In recent years, Acinetobacter baumannii has emerged as a major threat to human health.
Yet studies to uncover the molecular mechanisms used by A. baumannii to mediate human
infections have only recently begun. For example, the methods used by A. baumannii to resist
antibacterial treatment are not fully understood. Using a candidate approach, we sought to identify
proteins found in the 4. baumannii cell envelope that are important for resistance to antimicrobial
compounds. We screened selected mutants in genes needed for assembly of the bacterial cell
envelope, biofilm formation, or capsule production for sensitivity to different antibiotics and
detergents. Compared to wild-type, these mutants displayed an increased sensitivity to bacitracin
yet not to vancomycin, both antibiotics that target the cell wall. Only the ompA and Int mutants had
significantly increased sensitivity to the DNA gyrase inhibitor novobiocin. Similarly, there was also
a spectrum of sensitivity to bile salts, with ompA and Int mutants being most sensitive while pgaA,
pgaB, and capA mutants showed a modest growth defect. While we do not fully understand the
specificity of these sensitivity profiles, our findings suggest a potential use for these antimicrobial
compounds in genetic selections for mutants that disrupt cell envelope biogenesis. This approach
could potentially inform future efforts to combat multi-drug resistant Acinetobacter infections.

Introduction asymmetric bilayer is highly restricted (May
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extracellular polysaccharide capsules that pro-
vide another layer of protection (Woodward and
Naismith, 2016). These capsules are often
among the most important virulence factors
produced by bacterial pathogens like Neisseria
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propagation of infection. Formation of biofilms
is another strategy deployed by microbes to
enable colonization, with a notable example
being how Pseudomonas aeruginosa infects
lungs of cystic fibrosis patients (Rybtke et al.,
2015). Studies have shown that the emerging
human pathogen Acinetobacter baumannii is
capable of deploying all of these countermea-
sures to successfully infect humans (Iwashkiw
et al., 2012; Kwon et al.,, 2017; Smani et al.,
2014; Wang-Lin et al., 2017). Coupled with an
affinity for acquiring drug resistance determi-
nants horizontally, A. baumannii represents an
urgent threat to human health (Andersson et al.,
2017; Maciel et al., 2017; Shin and Park, 2017).
Faced with the dangers posed by A. bau-
mannii, there has recently been an increase in
studies devoted to understanding 4. baumannii
pathogenesis. An important tool to aid these
efforts is the availability of an ordered transpo-
son mutant library in a clinical isolate of A.
baumannii (Gallagher et al., 2015). Ordered
mutant libraries have the potential to rapidly
facilitate genetic analysis of non-model organ-
isms like A. baumannii. Comprehensive genetic
analyses are critically important to gain insight
into the molecular mechanisms used by A
baumannii to cause human infections and to
resist antibiotic treatment. An important require-
ment for genetic analysis in bacteria is the
ability to design selections and screen for
particular mutants. Measuring the relative
sensitivity to chemicals like antibiotics and
detergents is a convenient way to hunt for
mutants in the laboratory. Such chemical
genetic approaches have been important for
understanding basic bacterial physiology and
have been applied to drug discovery efforts
(Anders et al., 2014; French et al., 2016; Jones
et al, 2017; Silver, 2011). We reasoned that
disrupting factors important for cell envelope
biogenesis are likely to display robust pheno-
types when exposed to antibiotics and deter-
gents and thus facilitate subsequent analyses.
To initiate our studies, we scanned the A.
baumannii mutant library for known and
predicted virulence factors involved in biogen-
esis of the bacterial cell envelope. We identified
factors implicated in forming biofilms (pgad
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Table 1. Strains used in this study (source: Gallagher et
al., 2015)

Strain Genotype
ABS5075 wild-type
pgad peaAl09::T26
pgaB pgaB172::T26
capA capA172::T26
ompA ompA157::T26
Int Int153:T26

The T26 cassette confers resistance to tetracycline.

and pgaB; Itoh et al., 2005; Wang et al., 2004),
producing capsules (capA4; George et al., 2015;
Olivares-Illana et al., 2008), and acylating
membrane lipoproteins (/nf, Buddelmeijer and
Young, 2010; Robichon et al., 2005). We also
selected ompA, a known A. baumannii virulence
factor important for motility and antibiotic
resistance (Kwon et al., 2017; Smani et al.,
2014). With these mutants in hand, we subject-
ed them to treatment with different anti-bacterial
compounds. Compared to wild-type, both the
ompA and Int mutants displayed aberrant colony
morphologies and sensitivity to three different
compounds. In contrast, the remaining mutants
had more modest phenotypes, showing signif-
icant sensitivity to only two compounds. Taken
together, our findings show that formation of the
bacterial cell envelope is critical for 4. bau-
mannii to survive treatment with antibacterial
compounds. In addition, our results will enable
future genetic screens to dissect the molecular
mechanisms by which 4. baumannii causes
disease.

Materials and Methods

Bacterial strains and growth conditions

All A. baumannii strains used in this study
are listed in Table 1, and were obtained from the
University of Washington A. baumannii Mutant
Collection (Gallagher et al., 2015). All strains
were grown in LB broth or on LB agar plates
(Lennox; Fisher Scientific) at 30°C prior to
antibiotic/detergent susceptibility testing as
described below.
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Kirby-Bauer antibiotic sensitivity assays

Bacterial strains were tested for antibiotic
sensitivity using disc diffusion assays. Over-
night cultures of each strain were used to
inoculate the entire surface of Mueller Hinton
(BD) agar plates using sterile swabs. After
allowing the plates time to dry, sterile paper
discs impregnated with various antibiotics (BD
BBL) were placed on the agar surface. Plates
were incubated overnight at 30°C. The next day,
zones of growth inhibition were measured. All
antibiotics were tested in triplicate. The antibi-
otics used (and their dosages per disc) were
bacitracin (10 pg), erythromycin (15 pg),
novobiocin (30 pg), and vancomycin (30 pg).
Mean values from triplicate trials were then
analyzed by Student’s r-test for statistical
significance.

Detergent sensitivity assays

To test for detergent sensitivity, overnight
cultures of each bacterial strain were grown in
LB at 30°C. The next day, a loopful of each
strain was streaked for single colonies on
MacConkey agar plates (BD, contains 1.5 g/L
bile salts). For comparison, each strain was also
streaked onto an LB agar plate. All plates were
incubated overight at 30°C and growth was
assessed the next day.

Results

Acinetobacter baumannii AB5075 encodes
genes with predicted roles in cell envelope
biogenesis

The advent of high density mutagenesis and
deep sequencing technologies have delivered an
abundance of information about the microbial
world. These data sets have allowed prediction
of gene function of non-model organisms using
data from well-studied organisms like Esche-
richia coli. Using the E. coli genes as the query,
the A. baumannii strain AB5075 genome was
searched for genes involved in building and
maintaining components of a typical Gram-
negative bacterial cell envelope. As expected,
there were homologs to most of the key cell
envelope biogenesis machinery. Among these
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were homologs of genes required for synthesiz-
ing and assembling LPS, outer membrane
proteins (OMPs), lipoproteins, capsules, and
biofilms. One exception was the absence of an
obvious bamC homolog. This is not surprising
as bamC is among the least well-conserved
members of the OMP assembly machine known
as the Bam complex (Ricci and Silhavy, 2012).
As many of these factors are essential for
growth, constructing loss-of-function mutations
in such genes would be impossible. Thus, we
focused our studies on the non-essential genes
where mutants were already available. Several
genes were chosen for subsequent study includ-
ing pgad and pgaB (biofilm adhesins), capA
(capsule biosynthesis), ompA4 (major porin), and
Int (lipoprotein maturation).

Mutations that disrupt the bacterial cell
envelope display a spectrum of sensitivity to
antimicrobial compounds

In order to develop a chemical genetic
framework to study 4. baumannii mutants, each
mutant was challenged with different detergents
and antibiotics. First, a baseline for normal
growth was established under standard labora-
tory conditions. When grown on LB agar plates,
the pgad, pgaB, and capA mutants demonstrat-
ed robust growth, similar to what we observed
with wild-type A. baumannii (Fig. 1). These
mutant strains all grow as densely wild-type in
the heavy streaks and yield isolated colonies of
similar sizes. However, both the ompA and Int
mutants exhibited growth defects as exhibited
by altered colony morphology. Colonies of the
ompA mutant appeared extremely mucoid. This
type of colony morphology is often associated
with induction of a cellular stress response
(Sikdar et al., 2013). The single colonies of the
Int mutant are much smaller than wild-type,
indicating that this mutant has a growth defect.
In Gram-negative bacteria like E. coli, Int is
essential for growth. However, a recent report
demonstrated that in some Gram-negative
bacteria, mutants that lack Int are viable
(LoVullo et al., 2015). Given that several
bacterial lipoproteins are essential for growth,
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wild-type

Figure 1.
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Growth of wild-type and mutant 4. baumannii strains on LB agar plates. Broth cultures of the indicated strains

were grown overnight in LB at 30°C. The next day, a loopful of each culture was streaked for single colonies onto LB agar
plates. Plates were incubated overnight at 30°C prior to imaging.

it is not surprising that Int is also important for
robust growth.

With a baseline established, growth of each
strain was observed on MacConkey agar plates.
MacConkey agar is traditionally used to select
for and differentiate among Gram-negative
enteric bacteria. MacConkey agar contains bile
salts, which act as a detergent and can solubilize
membranes. Normally, Gram-negative bacteria
with an intact cell envelope grow quite well on
MacConkey agar. However, mutants with
defective cell envelopes often display severe
growth defects associated with increased mem-
brane permeability (Ruiz et al., 2006). As
shown in Figure 2, wild-type A. baumannii
was able to grow well on MacConkey agar.
However, the pgad, pgaB, capA mutants did not
grow as well, only showing the most robust
growth in the heaviest part of the streak plate. In
particular, growth of the pgad mutant is thin in
the heavy streak and actually yields single
colonies. Robust growth was not observed for
either the ompA or Int mutants. In fact, both
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mutants showed poor growth even in the
heaviest streak. The observed difference in
growth on MacConkey is consistent with each
mutation compromising structural integrity of
the cell envelope.

Next, antibiotic disc sensitivity assays were
performed using the Kirby-Bauer technique. A.
baumannii AB5075 is a multi-drug resistant
clinical isolate that encodes resistance elements
for beta-lactams and aminoglycosides, among
other antibiotics (Gallagher et al,, 2015). To
separate defects in the cell envelope from these
resistance elements, we tested our collection of
mutants for sensitivity to bacitracin, vancomy-
cin, erythromycin, and novobiocin. Bacitracin
and vancomycin are particularly useful for
probing cell envelope integrity, as they are both
large antibiotics that are generally excluded by
the outer membrane when it is fully intact.
Compared to wild-type A. baumannii, all
mutants tested were significantly more sensitive
to bacitracin (Fig. 3A). In particular, the ompA
and /nf mutants exhibited the greatest level of
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Figure 2. Growth of wild-type and mutant 4. baumannii strains on MacConkey agar plates. Broth cultures of the
indicated strains were grown overnight in LB at 30°C. The next day, a loopful of each culture was streaked for single colonies
onto MacConkey agar plates. Plates were incubated overnight at 30°C prior to imaging.

sensitivity. Interestingly, a different trend was
observed with vancomycin. All strains tested
were equally sensitive to vancomycin (Fig. 3B).
Since both bacitracin and vancomycin inhibit
cell wall synthesis, albeit in different ways, each
strain was challenged with two additional
classes of antibiotics. When challenged with
erythromycin, which binds to the 50S ribosomal
subunit and inhibits translation, all strains
exhibited the same degree of sensitivity (Fig.
3C). However, both the ompA and /nt mutants
showed significant sensitivity when challenged
with novobiocin, which inhibits DNA replica-
tion upon binding to DNA gyrase (Fig. 3D). In
contrast, the pgad, pgaB, and capA mutants
were no more sensitive to novobiocin than wild-
type A. baumannii.

Discussion

To effectively kill a bacterial cell, antibacte-
rial agents must penetrate a variety of defensive
measures. In Gram-negative bacteria, the cell
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envelope is among the most powerful barriers
preventing successful antimicrobial chemother-
apy (May and Silhavy, 2017, Okuda et al.,
2016; Silhavy et al., 2010). In order to develop
new antibiotics, a thorough understanding of
bacterial cell physiology is essential. Using a
genetic approach, we sought to identify factors
important for 4. baumannii to resist exposure to
antibacterial compounds. Over the course of our
studies, we observed a spectrum of phenotypes
associated with various cell envelope mutants.
Some mutants like ompAd and Int had growth
defects even in the absence of significant
chemical challenge. Not surprisingly, these
two mutants were also the most susceptible to
the broadest variety of antimicrobial com-
pounds. Both mutants were strongly inhibited
by the bile salts found in MacConkey agar,
failing to grow even in the heaviest part of a
streak plate. When challenged with antibiotics,
both mutants also showed the greatest sensitiv-
ity. Bacitracin and novobiocin were both
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Figure 3. Antibiotic sensitivity profiles of 4. baumannii mutants. The indicated strains were seeded onto Mueller Hinton
agar plates and then discs with bacitracin (A), vancomycin (B), erythromycin (C), or novobiocin (D) were placed on the agar
surface. After overnight incubation at 30°C, zones of growth inhibition around each disc were measured. The data represent the
mean of triplicate trials from a representative experiment, and the error bars represent the standard deviation. Significance was

calculated using Student’s rtest; * p < 0.05, ** p < 0.01.

effective at inhibiting growth of both the ompA
and /nt mutants.

Of all the genes we studied, ompA has been
the most well characterized in A. baumannii.
OmpA has been shown to be the major non-
specific porin found in the A. baumannii outer
membrane (Sugawara and Nikaido, 2012). Like
all OMPs, OmpA forms a beta-barrel with a
central pore, though the small pore size (~2 nm)
makes OmpA relatively impermeable to toxic
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compounds like antibiotics and detergents.
Interestingly, mutants lacking ompA4 show
increased membrane permeability as observed
here and in other reports (Kwon et al., 2017;
Sugawara and Nikaido, 2012). While increased
permeability to antibiotics has been noted
before, there has been no clear description of
the molecular underpinnings behind this phe-
notype. Given the broad sensitivity of ompA
mutants to a wide variety of antibiotics and
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detergents, it is possible that the absence of this
major OMP somehow destabilizes the outer
membrane of A. baumannii. Structural studies
of the A. baumannii outer membrane are
underway and will likely shed light on this
possibility (Koning et al., 2013).

To our knowledge, this is the first report of
the phenotypes associated with an /nf mutant in
any species or strain of Acinetobacter. Given the
essential nature of /nf in most Gram-negative
bacteria, and the fitness costs associated with
losing I/nt in those organisms where it is
possible, we were not surprised to observe the
growth defects associated with the /nf mutant.
Like all typical Gram-negative bacteria, A.
baumannii encodes numerous lipoproteins that
are predicted to be essential for growth. It is
already established that the third and final
acylation step accomplished by Lnt is required
for efficient lipoprotein trafficking via the Lol
system (Narita and Tokuda, 2017). Without this
acyl tail, sorting of di-acylated lipoproteins is
dramatically reduced (Robichon et al., 2005).
Thus, all functions performed by lipoproteins,
including OMP and LPS assembly, will be
compromised in turn. Such generalized disrup-
tion of the cell envelope explains the broad
sensitivity phenotypes exhibited by the Int
mutant in our studies. We are currently using
the /nt mutant as a tool to investigate how
lipoproteins are sorted in Acinetobacter species.
Interestingly, bacteria that can tolerate loss of Int
also contain an alteration in their lipoprotein
sorting (Lol) genes in which the loiC and lolE
genes are fused into a single gene called lolF
(Chahales and Thanassi, 2015; LoVullo et al.,
2015). A similar fusion event has occurred in 4.
baumannii, which likely explains the ability to
disrupt /nt. More experiments are needed to
understand how these changes influence how
lipoproteins are sorted in A. baumannii, and will
likely inform studies of lipoprotein trafficking in
Gram-negative bacteria more broadly.

A more complicated story emerges when
looking at the pgad, pgaB, and capA mutants.
In contrast to ompA and Int, these other mutants
displayed more modest sensitivity phenotypes.
On the continuum between wild-type and
ompA/int, the pgad, pgaB, and capA mutants
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fell somewhere in between. For example, on
MacConkey plates these three mutants were
able to grow, though not quite as robustly as
wild-type. When challenged with antibiotics,
these three mutants grew just as well as wild-
type when exposed to erythromycin, novobio-
cin, and vancomycin. However, bacitracin was
effective at inhibiting growth of pgad, pgaB,
and capA. This suggests a level of specificity
unique to bacitracin that we do not fully
understand. Both bacitracin and vancomycin
are large cyclic peptides that inhibit cell wall
synthesis. Their mechanism of action is slightly
different however. Bacitracin interferes with
bactoprenol, the carrier molecule that transports
peptidoglycan subunits to the periplasm for
incorporation into the growing peptidoglycan
cell wall (Stone and Strominger, 1971). Vanco-
mycin binds to the peptides that extend from N-
acetylmuramic acid residues, thus blocking
crosslinking of adjacent peptidoglycan chains
(Watanakunakorn, 1984). This difference in
mechanism of action does not provide an
obvious explanation for the selective sensitivi-
ties we observed. Since cell wall formation
occurs in the periplasm, presumably both
antibiotics must reach the same subcellular
compartment in order to function. While we
do not have any evidence suggesting vancomy-
cin is selectively excluded by the A. baumannii
cell envelope, this remains a formal possibility.
Taken together, our findings identified four
genes with important roles in conferring resis-
tance to antibacterial compounds: pgad, pgaB,
capA, and Int. By challenging these mutants
with a variety of antibacterial compounds, we
have identified molecules that will be useful in
ongoing selections and screens for mutants,
which will be used to illuminate how the A.
baumannii cell envelope is assembled. Further-
more, this provides the opportunity to investi-
gate differential effects of antibiotics working in
similar pathways. Pursuing these studies will
yield a clearer understanding of how bacteria
like A. baumannii survive attack by antibacterial
compounds.
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