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1. Introduction

The overall purpose of this research effort is to determine the role iron acquisition and biofilm functions
expressed by Gram-negative pathogens play in the pathogenesis of severe infections in the Wounded Warrior
because of polytrauma and blast injuries. The information collected with these studies will be used to explore
the efficacy of different chemical and biological agents to block these potential virulence functions using
appropriate experimental infection models. These studies have the potential of providing not only new basic
information on the pathobiology of bacteria that cause serious infections, but also facilitating the development
of new and more effective therapeutics to treat severe Gram-negative infections in wounded military personnel.

2. Body

Targeting iron uptake functions

Siderophore-mediated iron acquisition functions as antibacterial targets

Work done throughout this project has shown that Acinetobacter baumannii, Pseudomonas aeruginosa,
Klebsiella pneumoniae and Escherichia coli military wound isolates are able to acquire essential iron under
limiting conditions when tested using laboratory conditions. The A. baumannii tested strains included 29
isolates selected from the Multidrug-Resistant Organism Repository and Surveillance Network (MRSN) strain
collection at the Walter Reed Army Institute of Research (WRAIR). These strains were selected because of
their isolation site, antibiotic resistance phenotypes and pulse field gel electrophoresis (PFGE) characteristics.
The clinical type strains ATCC 19606', ATCC 17978, and AYE, which we purchased from the American Type
Culture Collection (ATCC), as well as the strain ACICU, which was provided to us by Dr. Daniel V. Zurawski
from WRAIR, were included in these studies. These four strains, which are not MRSN isolates, were used as
controls since their iron acquisition and biofilm formation properties were reported previously (1-6).

Overall, biological assays, HPLC and chemical analyses of iron-chelated culture supernatants showed that the
iron uptake capacity of the A. baumannii MRSN isolates is mainly due to the production of catechol-derived
siderophores, some of which could be different from the acinetobactin siderophore initially described in the
ATCC 19606 strain (1), while others are potentially similar or identical to acinetobactin. Interestingly, all tested
strains were able to promote the growth an ATCC 19606' basD acinetobactin-deficient mutant when cultured
under iron-chelated conditions, independently of their capacity to produce proteins involved in acinetobactin
biosynthesis or active transport of ferric acinetobactin complexes. All these observations indicate that unrelated
A. baumannii isolates produce different iron chelators that can be used by other strains as xenosiderophores to
grow under iron limitation. This outcome implies that selecting a particular siderophore-mediated iron
acquisition system as an antibacterial target may not be effective in the case of infections caused by more than
one A. baumannii strain or polymicrobial infections caused by different siderophore-producing pathogens.
Furthermore, our preliminary flow-cytometry assays using polyclonal antibodies against surface proteins,
including the acinetobactin outer membrane receptor protein BauA, did not produce definite results showing
the interaction of polyclonal antibodies against surface exposed A. baumannii proteins, some of which could be
involved in iron acquisition.

The collection of A. baumannii tested strains included the wound isolate AB5075, which was selected as a
model strain to study the virulence of this pathogen because of its high virulence and multidrug resistance
(MDR) phenotypes as proposed in our report (7) (see Appendix 1). Functional and mutagenesis analyses
showed that the ability of this strain to grow under iron-chelated laboratory conditions depends on the active
expression of the acinetobactin-mediated iron acquisition system as we described for the ATCC 19606 strain
(1). AB5075 isogenic transposon insertion derivatives, which were selected from an ordered transposon
mutant library generated by Dr. C. Manoil (University of Washington) containing insertions in most non-
essential genes (8), affected in the expression of the entA and entB acinetobactin biosynthetic genes and the
bauA coding for the acinetobactin outer membrane protein BauA, showed a significant growth impairment
when cultured in bacteriological media containing the iron chelator 2,2’-dipyridyl (DIP) (data not shown).
Furthermore, insertion inactivation of these genes also affected the virulence of AB5075. The data displayed in
figures 1 and 2 show that AB5075 causes infection and Kills invertebrate and vertebrate hosts only when fully
expressing the acinetobactin system; inactivation of the entA, entB and bauA genes resulted in a significant
reduction in animal mortality. These observations supported our decision of using AB5075 at the model MRNS
strain to conduct further studies exploring the value of iron-acquisition/metabolism inhibitors as antibacterial
agents.



Since most A. baumannii MRSN isolates produce dihydroxybenzoic-(DHBA)-based siderophores, we decided
to explore the effect of salicylic acid derivatives on the iron utilization capacity of these clinical isolates because
of their potential inhibitory effects on the biosynthesis of DHBA derivatives (9). Unfortunately, compounds such
as sodium salicylate, 5-chlorosalicylic acid, salicylamide, diflunisal, 5-sulfosalicylic acid, 2-hydroxy-5-
nitrobenzoic acid, 5-aminosalicylic acid, and 4-aminosalicylic acid were non-inhibitory or showed inhibitory
effects only at high concentrations (in the micromolar to millimolar range), which most likely do not have
therapeutic values. Attempts made by other investigators to target specific acinetobactin biosynthetic enzymes,
such as BasE, also failed. Although a non-nucleoside inhibitor showed high affinity to this enzyme, it did not
display antimicrobial effects when tested using A. baumannii cells cultured under iron-chelated conditions (10).
We also considered the possibility of testing antibiotics conjugated to siderophore moieties, compounds that
are known as sideromycins (11), which could have an enhanced antimicrobial activity when compared to the
native antibiotic. However, we decided not to pursue this avenue because of the recent report showing that a
siderophore-conjugated monobactam derivative, which displayed a significant minimal inhibitory concentration
(MIC) reduction when compared to the unconjugated antibiotic when tested under standard laboratory
conditions, failed as an antimicrobial agent against P. aeruginosa when tested in animal infection models (12).
Such a failure could be due to a competition between the monobactam-catechol derivative and the natural
siderophore produced by P. aeruginosa during infection. Based on this observation, it is possible to speculate
that a similar negative outcome could be attained with a B-lactam sideromycin derivative recently developed as
an effective antibiotic against A. baumannii (13). This possibility is supported by the investigators’ report
showing that this sideromycin is also antagonized by the natural siderophore produced by the strain ATCC
17961, which most likely is acinetobactin, when tested using standard laboratory conditions.

All the results collected with the A. baumannii MRSN isolates together with our observation that strains such as
AYE produce the hydroxamate siderophore baumannoferrin but not a catechol siderophore (3), indicate that
targeting particular siderophore-mediated iron acquisition functions may be more challenging and less effective
than predicted. This is due not only because of the insensitivity of siderophore biosynthetic enzymes to specific
inhibitors by unknown mechanisms, but also to the production of structurally different siderophores and the
ability of different isolates to use xenosiderophores produced by different bacterial pathogens during
polymicrobial infections.

Iron utilization functions as antibacterial targets

The observations reported above prompted us to explore other Fe-based antibacterial alternatives, which could
effectively affect the ability of A. baumannii to acquire and use this essential metal during host-pathogen
interactions. For this purpose, we tested the effect of gallium nitrate [Ga(NOs3)s] since this compound is
currently used in human medicine to treat serious illnesses, such as cancer (14), because of its inability to be
reduced under physiological conditions. Standard sensitivity assays showed that all A. baumannii, P.
aeruginosa, K. pneumonia and E. coli MRSN and non-MRSN tested isolates are sensitive to this compound.
However, bacterial sensitivity to gallium nitrate is significantly variable among strains and highly dependent on
the iron-free content of the culture medium. These observations seriously affect the antimicrobial predictability
of this compound when tested under standard laboratory conditions normally used to determine the MIC of
antimicrobial agents used in human medicine. Furthermore, it was recently reported that the A. baumannii
LAC-4 hyper-virulent isolate displays high tolerance to gallium nitrate (15), an outcome that could be observed
with some of the A. baumannii MRSN isolates including AB5075, which also displays high virulence MDR
phenotypes (7). These observations prompted us to determine the antimicrobial effect of Ga-protoporphyrin 1X
(Ga-PPIX) on all MRSN and non-MRSN strains we have in our collection. This approach was based on the
report that this metalloporphyrin derivative has antimicrobial activity when tested with other pathogens (16-18).
Analysis of 42 A. baumannii strains, including non-military and military strains, as well as strains representing
different clonal lineages and isolates classified as susceptible or MDR showed that Ga-PPIX inhibits the growth
of all tested strains when cultured in cation-adjusted Mueller-Hinton broth, with a MIC of 20 pg/ml. This
concentration significantly reduced bacterial viability, while 40 pg/ml killed all bacteria after 24-h incubation.
The antibacterial activity of Ga-PPIX was independent of the antimicrobial resistance phenotype, clone lineage,
and time and site of isolation of strains causing these infections. The report we published in the journal
Antimicrobial Agents and Chemotherapy (see Appendix 2) describes the results of this study in more detail.



We also tested the susceptibility of extended-spectrum p-lactamase (ESBL)-producing E. coli strains isolated
from wounded soldiers and provided to us by Dr. Zurawski (Table 1). Disk diffusion assays showed that not all
strains displayed the same susceptibility to Ga-PPIX when cultured on LB agar in the presence or absence of
DIP. For example, strains 105438, 105454, 105547 and 109497 were more sensitive to Ga-PPIX than strains
105433 and 108191 only when tested under iron-chelated conditions. Further analysis showed that with the
exception of the K. pneumoniae 4640 isolate, which showed variable results, all K. pneumoniae and P.
aeruginosa MRSN tested strains were not sensitive to Ga-PPIX independently of the presence or absence of
DIP (Table 1). Taken together, these results indicate that not all bacterial pathogens have a comparable Ga-
PPIX susceptibility response, an observation that indicates that differences in iron metabolism, particularly
those associated with the uptake and utilization of heme, may play a critical role in the antibacterial activity of
this non-ferric metalloporphyrin derivative. This observation also questions the potential wide spectrum
antibacterial activity of Ga-PPIX, although it seems to be an effective narrow spectrum antibiotic agent for the
treatment of A. baumannii infections.

The ex vivo A549 human alveolar epithelial cell infection model, which we used before to examine the role of
the acinetobactin-mediated siderophore system in A. baumannii’s virulence (19), was used to further test the
antibacterial activity of Ga-PPIX. Tissue culture assays using submerged A549 human alveolar epithelial
monolayers showed that the recovery of bacteria from infected monolayers was significantly decreased when
the medium was supplemented with Ga-PPIX, particularly at a 40-pg/ml concentration as we recently reported
(see Fig. 5A and 5B in Appendix 2). We further tested the Ga-PPIX antibacterial activity with an A549
polarized cell system, which we developed in our laboratory using the MRSN AB5075 strain because of the
role iron acquisition plays in its virulence. This particular experimental infection model mimics more closely the
interaction of this pathogen with the host during respiratory infections since the polarized cells have their apical
surfaces exposed to air and covered by the surfactant layer normally found in human alveoli. Briefly, A549 cells
were seeded from a frozen stock and passaged three times using standard tissue culture medium and dishes.
During passaging, A549 cells were maintained in a 5% CO, incubator at 37°C in DMEM supplemented with
10% heat inactivated fetal bovine serum and 1% ampicillin and streptomycin. After the third passage,
approximately 10° A549 cells were seeded into a 24-well trans-well membrane support plate (Corning). Fresh
DMEM was exchanged above and below the membrane every day for one week. After the first week, media
was aspirated from above and below the membrane and fresh media was replaced below the membrane, but
not above to begin the polarization process. Fresh DMEM was exchanged below the membrane for two weeks
until the cell layer was confluent, watertight and secreting surfactant as determined by visual inspection. After
the last week of polarization, the cells were infected with 10° bacteria/ml and maintained with DMEM free of
antibiotics until the end of the experiment. After the first 24 h of infection, some of the polarized cell samples
were incubated with complete DMEM containing 40 pg/ml of Ga-PPIX, added from a stock solution made with
DMSO underneath of the trans-well membranes holding the monolayers. Alternatively, approximately 1-2 pg of
Ga-PPIX powder was sprinkled on top of the polarized cell surface. The infected and treated monolayers as
well as the sterile untreated and treated samples were then incubated for an additional 24 h before they were
prepared for analysis by scanning electron microscopy as we described before (4). This approach showed that
feeding from the bottom (Fig. 3B) or adding Ga-PPIX powder on the surface (Fig. 3C) of sterile polarized
monolayers cause neither detectable cell damage nor drastic effects on the production of the surfactant layer
covering the surface of the A549 cells when compared with the untreated non-infected negative control (Fig.
3A). The infection of the A549 polarized monolayers with AB5075 bacteria resulted in significant cell damage
as well as a drastic reduction of the surfactant layer (compare panels A and D of Fig. 3). In contrast, the
presence of Ga-PPIX in the DMEM medium underneath the membrane insets or on top of the A549 monolayer
significantly reduced the damage AB5075 causes to the epithelial cells as well as the surfactant layer when
compared with the untreated infected sample (compare panels E and F with D of Fig. 3). Furthermore, the
addition of Ga-PPIX resulted in an increased presence of bacteria attached either to the surfactant layer or the
A549 cell surface. These results, which were obtained with an approach that has not been reported so far,
strongly indicate that the effect Ga-PPIX on bacterial iron metabolism impairs host-pathogen interactions that
could be critical for the pathogenesis of A. baumannii human infections, such as severe cases of pneumonia.

The antibacterial activity of Ga-PPIX against A. baumannii was further examined using the Galleria mellonella
in vivo model, which we adapted to confirm the virulence role of the acinetobactin-mediated iron acquisition
system (19). The data we recently published showed that infection of larvae with a bacterial inoculum
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containing 20 pg/ml and 40 pg/ml Ga-PPIX significantly increased animal survival independently of the time
and site of isolation and the MDR phenotypes of the tested strains (see Fig. 5C and 5D in Appendix 2).

The antibacterial activity of Ga-PPIX was also tested using a murine cutaneous wound infection model recently
described by Dr. Zurawski and his collaborators to study A. baumannii virulence and evaluate the action of
antimicrobial agents (20). Considering the results we have obtained with Ga-PPIX using in vitro (laboratory
conditions using bacteriological media), ex vivo (A549 tissue culture assays) and in vivo (G. mellonella
infection) assays and the observation that Ga-PPIX must be dissolved in dimethyl sulfoxide (DMSO), an
organic solvent that has potential anti-inflammatory and toxic effects on the host that could affect the outcome
of the assays, the objectives of the mouse wound infection studies were to:

1. assess the efficacy of Ga-PPIX treatment on AB5075-infected wounds,

2. determine if DMSO has an effect on AB5075-infected wounds, and

3. determine if Ga-PPIX treatment has an effect on uninfected wounds.

To achieve these goals, mice were treated with cyclophosphamide 4 (Day -4) and 1 (Day -1) day before
infection with 5x10” colony forming units (CFU) immediately following surgery (Day 0). For objective #3, mice
were injected with the same volume of sterile PBS at Day 0. All mice were treated 4 h and then twice a day
(AM/PM) on Day 1 and Day 2 post-infection. Treatments were done by inoculating 50 pl of sterile PBS (PBS
control), 20% DMSO (DMSO control) or 60 pg Ga-PPIX solubilized in 20% DMSO under the Tegaderm
dressing. The 60 ug Ga-PPIX dose was chosen based on previous animal infection experiments in which a
lower dose (20 ug) and a higher dose (100 ug) did not effectively prevent infection or had potential toxicity
effects, respectively. All animals were infected with a derivative of the A. baumannii AB5075 strain that harbors
a chromosomal insertion of the lux operon (AB5075::lux), which was constructed during this project and can be
detected by its luminescence with the IVIS system to determine bacterial burden. Infection experiments were
done twice at different times using nine animals per group. Animals were followed daily after infection. The
experimental data was analyzed using the Mann-Whitney t-test.

To assess the efficacy of Ga-PPIX treatment on AB5075-infected wounds (objective #1), all tested animals
were examined for changes in clinical signs, body weight, bacterial burden and wound size/time of wound
closure. Regarding clinical signs, on Day 2, only 2 out of 9 infected mice (22%) in the DMSO-control group had
made nests. In contrast, 9 out of 9 mice (100%) in the Ga-PPIX-treated group had made nests. These results
indicate that that mice treated with Ga-PPIX are feeling well and are mobile after infection when compared with
those treated with 20% DMSO. Two and one mice for the control and Ga-PPIX-treated groups were
euthanized because they were moribund, respectively. Regarding body weight, Ga-PPIX-treated infected
animals lost significantly less weight during the course of infection compared to the control group treated with
20% DMSO (Fig. 4). Regarding the effect of Ga-PPIX on bacterial burden of infected tissues, the presence of
this non-ferric metalloporphyrin derivative significantly reduced the number of bacteria in the wounds by Day 1
as determined using either the IVIS system (Fig. 5A and 5C) or standard CFU counts (Fig. 5B). These two
detection systems showed a positive correlation in the determination of bacteria present in wounded tissues.
However, all panels of figure 5 show that by Day 3 after infection, animals produced comparable bacterial
wound counts independently of their treatment with 20% DMSO or 60 ug Ga-PPIX dissolved in 20% DMSO.
Regarding wound size/time of wound closure, Ga-PPIX treatment prevented wounds from increasing in size
compared to the control group (Fig. 6). While not all differences were statistically significant, there were
significant differences in wound sizes among control and treated animals between Day 7 and Day 10 post
infection. In the case of the experiments conducted on February 19, 2016 (Fig. 6B), the wounds of all tested
animals were closed by Day 17 after infection. This observation indicates that Ga-PPIX treatment, as
administered in this experiment, did not significantly decrease wound closure time compared to control-treated
mice (data not shown). All these observations indicate that Ga-PPIX appears to provide a benefit to mice, at
least early on during treatment since the infected animals displayed fewer clinical signs of illness and lose less
weight when compared to the infected control group treated only with 20% DMSO. However, by Day 3, one
day after the last treatment with Ga-PPIX, the responses of both animal groups were comparable. These
outcomes could be due to the quick metabolism of Ga-PPIX, a problem that could be addressed by extending
the Ga-PPIX treatment beyond Day 2, although it may cause undesirable toxic symptoms. The poor solubility
of Ga-PPIX in an aqueous environment is another explanation for the observations described above. To
address this issue, we have investigated the possibility of using alternative delivery methods in collaboration
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with Dr. Justin Saul, a member of the Miami University Department of Chemical, Paper and Biomedical
Engineering who has experience and expertise with methods and techniques used to effectively deliver
therapeutic agents including antimicrobial agents. Our preliminary studies showed that the combination of Ga-
PPIX with the lipids dipalmitoylphosphatidylcholine (DPPC) or 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) resulted in the formation of liposomes that contained this metalloporphyrin derivative as determined by
methods normally used to detect the formation of liposomes. Biological tests showed that DPPC and DSPC
liposomes are effective tools to deliver Ga-PPIX. We plan to continue this work and explore the use of
hydrogels as a tool to treat wound infections with Ga-PPIX in a research project independent of this award we
hope will be supported by extramural funds.

To determine if 20% DMSO has an effect on AB5075-infected wounds (objective #2), all tested animals were
examined for changes in body weight, bacterial burden and wound size/closure. For this purpose, mice were
infected and then treated with either sterile PBS or 20% DMSO as described above. These studies showed
that there was no statistical difference in weight loss, bacterial bioluminescence (burden), or wound size
between infected animals treated with sterile PBS or 20% DMSO (Fig. 7). These observations suggest that
treatment of infected animals with 20% DMSO does not have any detectable negative effects on the animal
responses and bacterial burden of infected wounds.

Based on the data collected with the infected animals, we hypothesize that Ga-PPIX dissolved in 20% DMSO
is not toxic when compared to the vehicle 20% DMSO since treatment of infected animals with Ga-PPIX
resulted in better outcomes than those observed with animals treated with 20% DMSO. To test this hypothesis,
wounded uninfected animals were treated with either 20% DMSO or 60 pg Ga-PPIX/wound dissolved in 20%
DMSO (objective #3). Figure 8A shows that there was no statistical difference in weight loss between the two
animal groups, an indication that DMSO has no detectable effect on the host. However, we were a bit
surprised to see that all the 20% DMSO-treated wounds closed by Day 8, while most of the Ga-PPIX-treated
wounds did not close until Day 13 (Fig. 8B), with only one of the Ga-PPIX wounds closed by Day 8. These data
would suggest that Ga-PPIX may be hindering healing in some way compared to 20% DMSO, even though we
see the opposite result in the AB5075-infected mice. It should be noted that for these experiments, the animal
groups were smaller — 5 rather than 9 mice per group — when compared to the AB5075::lux infection studies
described above, an experimental condition that may have an effect on the measured outcomes.

Overall, the data collected using the mouse wound infection model indicate that treatment of infected animals
with 60 pg Ga-PPIX per wound for two days after infection with A. baumannii AB5075 is beneficial, at least
early on during treatment. Infected mice display fewer clinical signs of illness and lose less weight. Accordingly,
Ga-PPIX treatment significantly reduced wound bacterial burden on Day 1 post infection. However, no
significant differences were observed between the control and test animals by Day 3, one day after Ga-PPIX
treatment was discontinued. As mentioned before, this outcome could reflect a significant reduction in the
amount of Ga-PPIX available in the wounds, which could be due to its fast metabolism by the host by unknown
mechanisms or problems associated with the poor solubility of this non-ferric metalloporphyrin derivative in an
agueous environment such as that found in the wounds. Ga-PPIX treatment also prevents wounds from getting
as large as control-treated wounds, although it does not appear to decrease wound closure time. The latter
outcome could also be due to issues related to Ga-PPIX concentration and solubility. Importantly, the control
experiments showed that the antibacterial benefits of Ga-PPIX dissolved in 20% DMSO are due to the
presence of this non-ferric metalloporphyrin derivative and not to the vehicle used to deliver it to the wounds,
without affecting the overall fitness of uninfected animals. Although these observations are encouraging, the
overall outcomes of these animal experiments do not warrant the implementation of the porcine wound model,
which is a more costly and involving model, until some of the aforementioned issues related to the solubility of
Ga-PPIX solubility and metabolism are properly addressed. Because of these considerations, the porcine
wound model was not implemented during this project.

Targeting biofilm biogenesis functions

The initial screening of all MRSN isolates showed that they form biofilms on abiotic surfaces, such as glass
and polystyrene, when cultured statically 37°C in LB broth. However, we observed a significant variation in the
amount of biofilms formed by these strains on these surfaces, which are normally found in medical settings and
devices that could serve as reservoirs and facilitate the development of nosocomial infections. This outcome
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was apparent among the A. baumannii tested strains, which included MRSN and non-MRSN isolates. Table 2
shows the amount of biofilm formed by these isolates is variable independently of the nature of the solid
substratum, the iron-chelated culture conditions as well as the production of the CsuA/BABCDE usher-
chaperone mediated pili, which plays a critical role in the adherence and biofilm biogenesis capacity of the A.
baumannii ATCC 19606" isolate (4). A similar outcome was observed when these strains were tested for
surface (Table 2) and twitching (data not shown) motility, cell responses that could play a role in the virulence
of this pathogen. Interestingly, we noticed that the A. baumannii AB5075 MRSN isolate, which was selected
because its high virulence and MDR phenotypes (7), formed limited amount of biofilms only on plastic under
non-chelated conditions and displayed moderate twitching and surface maotility, although it did not produce the
CsuAB-mediated pili we detected in the ATCC 19606 type isolate. Taken together, these observations, most
of which are in line with our report showing the same lack of correlation among strains of a different set of
clinical isolates (21), indicate that different A. baumannii isolates, as well as other MRSN pathogens, could use
different cellular mechanisms to interact with and persist on different hydrophobic or hydrophilic surfaces.
Clearly, this is a challenge for the development of an effective wide- or even a narrow-spectrum biofilm
inhibitor.

In spite of the results described above, we decided to test the antibiofilm activity of Virstatin, LED209 and the
2-aminoimidazole compound 1 (2Al-1), which were described as antibiofilm agents for different bacterial
pathogens. Virstatin affects virulence regulation in Vibrio cholerae by inhibiting the transcriptional regulator
ToxT (22). Inhibition of ToxT prevents the expression of the cholera toxin and the toxin co-regulated pilus
(TCP). A similar effect was recently shown with A. baumannii, incubation with virstatin resulted in decreased
biofilm formation in 70% of the tested isolates (23). LED209 has been shown to inhibit QseC, a conserved
bacterial membrane histidine sensor kinase that recognizes epinephrine and norepinephrine produced by a
host as well as the bacterial autoinducer-3 (Al-3) leading to the increased expression of virulence genes (24).
LED209-mediated inhibition of QseC resulted in the inhibition of biofilm formation by pathogenic E. coli strains
(25). Collaborative work with Dr. J. Cavanagh from North Carolina State University resulted in the observation
that 2Al-1 targets bacterial response regulators, specifically BfmR, the master regulator for biofilm formation in
A. baumannii and significantly affects biofilm biogenesis when tested with the ATCC 19606 isolate (26).

The ability of the aforementioned compounds to reduce biofilm formation on polystyrene was tested by
incubating a selected group of MRSN isolates, which were cultured statically for 24 h at 37°C in polystyrene
culture tubes containing LB broth and 0 uM or 25 uM of 2Al-1, LED209 or Virstatin. Biofilm formation was then
determined by assessing the retention of crystal violet by bacterial biofilms using the 580,,/600,, ratio to
normalize the amount of biofilm formed to the cell density of each sample, as previously described (4).
Unfortunately, neither LED209 nor Virstatin, which did not affect bacterial growth, significantly reduced the
amount of biofilm formed by the tested strains. In contrast, incubation of the MRSN strains listed in Table 3 in
LB medium supplemented with 0 yM, 25 uM, 50 yM, 75 uM or 100 yM of 2-Al over a 24-h timeframe in a
shaking incubator at 37°C showed that the effect of 2Al-1 on bacterial growth is diverse within and among
genera. Based on the growth inhibitory effects, we classified the strains into 4 categories, with class 1 not
being significantly affected by the presence of this compound when compared with unsupplemented medium.
Strains belonging to the class 2 response reached significantly lower ODgg values, when compared to the
response obtained with plain LB broth. Strains belonging to the class 3 response showed a dose-dependent
inhibitory effect with a clear delay in bacterial growth, although all cultures showed comparable final growth
rates independently of the presence or absence of 2Al-1. Strains belonging to the class 4 response showed a
significant increase in the lag phase and almost no growth as the concentration of 2Al-1 added to the medium
increased. Overall, our results suggest that the 2Al-1 compound has either a modest or no effect on bacterial
growth (class 1), causes the bacterial culture to reach a lower ODgooWhen compared to bacteria incubated in
the absence of 2Al-1 (class 2), causes increases in lag phase in a dose-dependent fashion (class 3) or causes
increases in lag phase in a dose-dependent fashion with higher doses being bactericidal (class 4).
Furthermore, the class 3 response seems to prevail among all tested isolates when compared with the other
2Al-1 growth responses detected in this preliminary study, with class 4 responses being the second most
common type. It is interesting to note that incubation of the bfmR mutant of the A. baumannii ATCC 19606"
type strain, which does not produce the BfmR regulator that controls the pili needed for attachment and biofilm
formation (27) and is the target of 2Al-1 (26), in the presence of all 2Al-1 tested concentrations resulted in
complete growth inhibition. We are evaluating the significance of this unexpected observation since the ATCC
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19606" bfmR mutant produces long filaments that could be more sensitive to 2Al-1, a possibility that seems to
be supported by the recent observation that this compound could affect cell membrane permeability and/or
stability (28). This observation suggests this compound acts not only by inhibiting the BfmR regulator, but also
affects cell viability. Considering these effects on bacterial growth, it is difficult to conclude at this time whether
2Al-1 acts as an antibiofilm or as an antimicrobial agent until more work is done to understand the overall
effects of this compound on bacterial physiology. We expect to provide some insights into these issues with the
collaborative work we are conducting with Dr. Cavanagh, which we predict will produce enough preliminary
data to submit a NIH grant proposal to continue this interesting research avenue.

We further investigated the effect of 2Al-1, LED209 and Virstatin on the interaction of A. baumannii AB5075
with the polarized A549 human alveolar epithelial cell model described above. For this purpose, polarized cells
were infected with AB5075 and then treated with either 100 puM 2Al-1, 100 uM LED209, or 100 pg/ml Virstatin
added to the tissue culture medium used to feed to the polarized cells from underneath the insert membrane.
Uninfected untreated and infected untreated polarized cells were used as controls. All samples were then fixed
after 72 h of infection and prepared for scanning electron microscopy as we described before (4). This
approach showed that when left untreated, AB5075 is able to form robust biofilms and cause significant
damage to the surfactant layer on the polarized cells and to the A549 alveolar epithelial cells themselves after
72 h of infection (Fig. 9B) when compared with the uninfected control (Fig. 9A). Treatment of the infected
polarized cells with 2Al-1 results in a detectable reduction of biofilms formed on the surface of A549 cells and
cell damage (Fig. 9D) when compared with the untreated infected control sample (Fig. 9B). Treatment of the
infected A549 with LED209 caused an appreciable increase in biofilm formation on top of the polarized cell
layer (Fig. 9F). However, damage to the surfactant and cell layers was hard to evaluate due to the amount of
biofilm formed on top of the polarized cells (compare panels F and B of Fig. 9). Finally, treatment of the
infected polarized cells with Virstatin caused a drastic effect on the samples. There was no detectable mucin
layer and most of the A549 cells were absent (Fig. 9H), and the epithelial cells were lysed or detached from the
membranes and therefore lost during sample preparation. The few A549 cells that remained attached to the
trans-well membranes showed bacteria adhered on their surfaces (Fig. 9H inset). It is important to note that the
addition of 2Al-1, LED 209 or Virstatin to uninfected A549 polarized samples did not cause significant changes
when compared with uninfected untreated samples (compare panels A, C, E and G of Fig. 9).

In conclusion, 2Al-1, LED209, and Virstatin treatment not only did not prevent biofilm formation on abiotic and
biotic surfaces as well as damage to the mucin layer and the epithelial cells, but also resulted either in an
increase of biofilms on the surface of the epithelial cells or a drastic detrimental effect on the A549 cells when
the samples were treated with LED209 and Virstatin, respectively. The observation that Virstatin did not have a
significant effect on the ability of A. baumannii 4795, 5075 and 5711 to form biofilms may also reflect the
observation that only 70% of the tested strains are susceptible to this antibiofilm agent (23), an outcome that
guestions the wide antimicrobial spectrum of this compound. Alternatively, differences in the experimental
conditions used in our work when compared with the referenced work could explain the different outcomes
observed with these potential antimicrobial agents. Considering the fact that Virstatin inhibits the activity of the
Vibrio cholerae ToxT transcriptional factor (22), it is possible to speculate that the enhanced damage we
detected with this chemical agent is due to the inactivation of an A. baumannii AB5075 ToxT related factor that
may negatively control the virulence of this strain. If this is the case, the possibility that the application of this
antivirulence agent to bacterial pathogens other than V. cholerae may cause undesired results should be
carefully considered and investigated.

Targeting phospholipases

Since the overall goal of my research program is to understand the cellular and molecular factors involved in
the virulence of A. baumannii, we have been testing the capacity of this pathogen to lyse vertebrate/human
cells as a mechanism that not only causes host cell damage, but also serves as a mean to obtain essential
nutrients including iron. Consequently we have investigated the capacity of A. baumannii to produce
hemolysins since these enzymes have been described as important virulence factors for a wide range of
pathogens, including P. aeruginosa where the production of phospholipase C has been linked to tissue
destruction and pathologies reminiscent of burn infections (29). Since the majority of iron in a vertebrate host is
intracellular, the availability of intracellular iron-containing molecules to bacterial pathogens is dependent on
the lysis of host cells and subsequent release of these molecules due to cell and tissue damage found in
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wounds (30, 31). Analysis of A. baumannii representative strains, including MRSN isolates, grown in Chelex
100-treated medium for hemolytic activity demonstrated that this pathogen is increasingly hemolytic to sheep,
human and horse erythrocytes, which interestingly contain increasing amounts of phosphatidylcholine in their
membranes. Bioinformatic, genetic and functional analyses of 19 A. baumannii isolates showed that the
genome of each strain contained two phosphatidylcholine-specific phospholipase C (PC-PLC) genes, which
were named plcl and plc2, and their culture supernatants tested positive for PC-PLC activity. Further analyses
showed that the transcriptional expression of plcl and plc2 and the production of phospholipase activity
increased when bacteria were cultured under iron-chelated conditions, which also affected the expression of
the acinetobactin-mediated iron acquisition system. Testing of the A. baumannii ATCC 19606" plcl::aph-FRT,
plc2::aph and plcl::ermAM/plc2::aph isogenic insertion derivatives demonstrated that only the double
plcl::iermAM/plc2::aph PC-PLC mutant expressed significantly reduced cytolytic and hemolytic activity.
However, only plcl contributed significantly to A. baumannii virulence using the G. mellonella infection model.
Taken together, our data demonstrate that both PLC1 and PLC2, which have diverged from a common
ancestor, play a concerted role in hemolytic and cytolytic activities; although PLC1 seems to play a more
critical role in A. baumannii’s virulence when tested in an animal model. These activities would provide access
to intracellular iron stores this pathogen could use during growth in the infected host. Thus, simultaneously
targeting bacterial iron metabolic functions with Ga-PPIX, as we reported before, and cytolytic activities, which
could provide essential iron, could be a practical and effective approach to treat A. baumannii infections,
particularly those caused by MDR strains. These results are described in detail in the working draft of a
manuscript that will be submitted for publication before the end of the summer of 2016 (see Appendix 3).

Miltefosine is an alkylphosphocholine derivative that has activity against cancer cells; parasites, mainly
Leishmania; fungi and some pathogenic bacteria (32). In the case of the latter infective agents, miltefosine
proved to be an effective antibacterial agent against P. aeruginosa; its administration protected animals
infected with this pathogen, which also produces phospholipase C (33). Therefore, we decided to test the
effect of miltefosine on the hemolytic activity produced by the ATCC 19606 strain by adding this inhibitor to
Fe-depleted trypticase soy broth (TSBD) in concentrations ranging from 0 uM to 12 ym. This approach showed
that miltefosine competitively inhibits the hemolytic activity of ATCC 19606" against horse red blood cells in a
dose dependent manner (Fig. 10). The effect of miltefosine was also tested using A549 cells infected or not
with A. baumannii. Interestingly, incubation of uninfected A549 submerged monolayers with miltefosine ranging
in concentration from 0 uyM to 50 uM showed that this compound causes a statistically significant (P < 0.0001)
decrease in the number of viable A549 cells at concentrations at and above 390 nM (Fig. 11A). This is not
surprising however considering the use of miltefosine as an anticancer drug and the fact that A549 cells are
adenocarcinoma cells isolated from lung tissue (34). Due to this inherent limitation and the lack of a significant
impact on the viability of A549 cells below 390 nM, 300 nM miltefosine was chosen as the experimental
dosage to determine the feasibility of using miltefosine against A. baumannii. Miltefosine significantly
decreases cytolysis of A549 submerged monolayers as a result of A. baumannii ATCC 19606' (P < 0.05),
ATCC 17978 (P < 0.05), AYE (P < 0.05) and AB5075 (P < 0.05) infections highlighting the potential use of this
compound as an effective therapeutic agent (Fig. 11B). It is important to note that the addition of miltefosine at
a final concentration of 300 nM does not cause significant cytolysis of A549 cells when tested with the Amplex
Red Phosphatidylcholine-Specific Phospholipase C Assay Kit (Molecular Probes) using lecithin as a substrate
and following the conditions suggested by the manufacturer’s protocol (Fig. 11A). We further tested the effect
of the addition of 300 nM miltefosine in the interaction of A. baumannii AB5075 with A549 polarized human
alveolar epithelial cells. Figure 12 shows that infection of the polarized cells with AB5075 bacteria results in
extensive cell damage with almost no epithelial cells present at the site of the infection (panel B), an outcome
we have consistently observed when using this ex vivo experimental approach. In contrast, the presence of
300 nM miltefosine in the culture medium resulted in the presence of polarized cells covered with a layer of
surfactant on the surface, where bacteria adhered and formed biofilms without causing the extensive cell
damage detected in untreated infected samples (compare panels B and E of Fig. 12). Furthermore, the testing
of the ATCC 19606" strain (Fig. 12, panels C and F), which produced similar results, indicates that the
antibacterial activity of miltefosine is not strain specific and independent of the time and site isolation as well as
the MDR phenotypes of the clinical isolates.
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Bacterial Genomes

With the assistance of a grant-in-aid from Illumina, because the Miami University Center for Bioinformatics and
Functional Genomics (CBFG) purchased a MiSeq next generation nucleotide sequencer, we initially
sequenced the genomes of one P. aeruginosa and three K. pneumoniae MRSN isolates provided to us by Dr.
Zurawski from WRAIR. We also sequenced the genome of the K. pneumoniae ATCC 13883 stain which is
being used by other investigators to study different aspects of the pathobiology of this microorganism. This
work included not only the proper preparation of the genomic libraries to be sequenced and collection of
nucleotide sequence data, but also the utilization of an improved and more convenient gene annotation
process that combined the RAST annotation tool with Prokka (35), a software package designed to annotate
bacterial genomes (http://www.vicbioinformatics.com/software.prokka.shtml). All this bioinformatics work, which
was done in-house in collaboration with Dr. |. Friedberg and his graduate student David Ream, facilitated the
overall gene annotation process and produced the properly and conveniently formatted files that were
submitted to GenBank to obtain the cognate accession numbers needed to report these sequences in the
Genome Announcements manuscript we already published (see Appendix 4). Using the same experimental
and bioinformatic approach we also sequenced the genome of A. baumannii A155, one of the first CC109
isolates from Argentina that includes a AbaR-type island inserted within comM, and the aac(6')-1b gene, which
confers resistance to numerous aminoglycosides (36-38). This work resulted in a second Genome
Announcements publication (see Appendix 5). We have extended these genome-sequencing efforts to all
isolates obtained from WRAIR and Fort Sam that were provided to us by Dr. Zurawski. As shown in Table 3, a
total of 41 strains, including 24, 5, 6 and 6 A. baumannii, P. aeruginosa, K. pneumoniae and E. coli isolates,
respectively, were sequenced using paired-end libraries. The data collected from the 24 A. baumannii isolates
listed in Table 3 is reported in a manuscript accepted for publication in the journal Genome Announcements
(see Appendix 6). The genomic data collected from the E. coli and P. aeruginosa isolates listed in Table 3 are
also reported in manuscripts accepted for publication in the journal Genome Announcements (see Appendix 7
and 8). This genomic information will be useful to us as well as other investigators interested in the
pathobiology of these pathogens. As a matter of fact, two investigators interested in the study of K.
pneumoniae have already contacted us and another colleague of mine, Dr. A. Hauser (Northwestern
University, Chicago, IL), has expressed interest in the A. baumannii genome sequence data since he is
conducting comparative genomic studies with the ultimate goal of understanding the nature of the virulence
factors produced by this pathogen. Comparative genomic analyses have the potential for providing a better
understanding of the genetic traits associated with the virulence of these pathogens. In the particular case of A.
baumannii, having this set of genomes will allow us as well as others to examine critical genetic variations
among different isolates. For example, we are examining the presence and expression of different operons
that potentially code for different pili assembly systems, which could be involved in bacterial adherence and
biofilm biogenesis. It has been reported that in addition to the CsuA/BABCDE pili assembly system we
described before (4), different A. baumannii isolates have the capacity to code for and produce alternative
Type | and poorly characterized Type Il pili (39), which could be differentially produced in response to
unknown extracellular signals. Furthermore, this report (39) indicates that some of the operons may not be
expressed because potential single nucleotide polymorphisms. Although interesting and puzzling, the value of
the report by Eijkelkamp et al. (39) is limited since they analyzed only seven A. baumannii isolates. Thus,
having the genomes we have sequenced together with others reported by different investigators will facilitate a
more comprehensive comparative genomic analysis to determine not only the presence or absence of
potentially four or five pili assembly operons, but also how different extracellular signals control their differential
expression. A similar rationale could be applied to understand the potential of different isolates to express
different iron acquisition functions. Our recent report showed that A. baumannii produces and uses the
acinetobactin-mediated or the baumannoferrin-mediated siderophore systems to acquire iron (1, 3). Currently,
it is not known whether clinical isolates can express both systems at the same time and whether they could
use siderophores produced by other strains (xenosiderophores). All this information will be critical to better
understand the mechanisms A. baumannii uses to interact with the environment and the human host and
design proper therapeutics, which would effectively target these bacterial functions that play a critical role in
the pathobiology of A. baumannii.

3. Key Research Accomplishments
« Demonstration of the capacity of all MRSN tested strains to grow under iron limitation and produce
biofilms on abiotic surfaces.
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Demonstration of the key role the acinetobactin-mediated iron acquisition system plays in the ability of
A. baumannii AB5075 MRSN strain to persist and cause disease and death when tested using
invertebrate and vertebrate hosts.

Demonstration of the ability of AB5075 to use xenosiderophores under iron-chelated conditions, a
response that may reflect a potentially negative outcome of poly-microbial wound infections.

Detection of variable and medium-dependent responses to Ga(NO3); by all MRSN tested strain.
Observation that although E. coli, P. aeruginosa and K. pneumoniae MDR isolates showed limited
sensitivity to Ga-PPIX, all A. baumannii tested strains (including MRSN and non-MRSN isolates)
showed sensitivity to this metalloporphyrin derivative that inhibits iron metabolism when tested under
standard laboratory conditions.

Demonstration that sensitivity of A. baumannii to Ga-PPIX is independent of the site and time of
isolation of the strains, their MDR phenotype and the iron content of the medium.

Detection of effective antibacterial activity by Ga-PPIX against A. baumannii when tested in vivo using
the G. mellonella experimental model without causing detectable host effects.

Detection of antibacterial effect of Ga-PPIX treatment when tested using a wound infection model,
although solubility and metabolic issues remain to be elucidated to confirm its role as an effective
antibiotic to treat A. baumannii wound infections.

Observation of variable antibacterial effects of Ga-PPIX against tested E. coli, K. pneumoniae and P.
aeruginosa MRSN isolates.

Observation of lack of significant effect of antibiofilm agents used with other pathogens when tested
with selected MRSN strains using in vitro laboratory conditions and abiotic surfaces.

Detection of undesirable responses to antibiofilm/antivirulence agents successfully used against other
pathogens when AB5075 was tested using the ex vivo A549 polarized cell infection model. Presence of
LED209 and Virstatin increased AB5075 biofilm formation of the surface of the epithelial cells and
caused a potential hyper-virulence response against this human epithelial cell line, respectively.
Detection of potential virulence role and target value of phospholipases that could provide iron because
of the cell/tissue damage they cause during infection.

Report of MRSN isolates genome sequences that would facilitate comparative genomic studies and the
better understanding of genes and gene product potentially involved in their virulence and interaction
with the host.

4. Reportable Outcomes
Publications

1.

Jacobs, A., M. Thompson, C. Black, J. Kessler, L. Clark, C. McQueary, H. Gancz, J. Moon, Y. Si, M.
Owen, J. Hallock, Y. Kwak, A. Summers, C. Li, D. Rasko, W. Penwell, C. Honnold, M. Wise, P.
Waterman, E. Lesho, R. Stewart, L. A. Actis, T. Palys, D. Craft and D. Zurawski. AB5075, a highly
virulent isolate of Acinetobacter baumannii, as a model strain for the evaluation of pathogenesis and
antimicrobial treatments. mBio, 5, e01076-14, 2014. Acknowledgement of federal support.

. Arivett, B. A, D. C. Ream, S. E. Fiester, K. Mende, C. K. Murray, M. G. Thompson, S. Kanduru, A. M.

Summers, A. L. Roth, D. V. Zurawski, and L. A. Actis. Draft genome sequences of Klebsiella
pneumoniae clinical type strain ATCC 13883 and three multidrug-resistant clinical isolates. Genome
Announcements, 3, e01385-14, 2015. Acknowledgement of federal support.

. Arivett, B., S. Fiester, D. Ream, D. Centrén, M. S. Ramirez, M. Tolmasky, and L. A. Actis. Draft

genome of the multidrug-resistant Acinetobacter baumannii A155 clinical isolate. Genome
Announcements, 3, e00212-15, 2015. Acknowledgement of federal support.

. Arivett, B. A., S. E. Fiester, E. J. Ohneck, W. F. Penwell, C. M. Kaufman, R. F. Relich and L. A. Actis.

Antimicrobial activity of gallium protoporphyrin IX against Acinetobacter baumannii strains displaying
different antibiotic resistance phenotypes. Antimicrobial Agent and Chemotherapy, 59, 7657-7665,
2015. Acknowledgement of federal support.

. Arivett, B., D. Ream, S. E. Fiester, D. Kidane, and L. A. Actis. Draft genomes of Acinetobacter

baumannii isolates from wounded military personnel. Genome Announcements. Genome
Announcements, accepted for publication, 2016. Acknowledgement of federal support.

. Arivett, B., D. Ream, S. E. Fiester, D. Kidane, and L. A. Actis. Draft Genomes of Escherichia coli

isolates from wounded military personnel. Genome Announcements, accepted for publication, 2016.
Acknowledgement of federal support.
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7.

Arivett, B., D. Ream, S. E. Fiester, D. Kidane, and L. A. Actis. Draft Genomes of Pseudomonas
aeruginosa isolates from wounded military personnel. Genome Announcements, accepted for
publication, 2016. Acknowledgement of federal support.

Fiester, S. E., B. A. Arivett, R. E. Schmidt, A. C. Beckett, T. Ticak, M. V. Carrier, E. J. Ohneck, M. L.
Metz, M. K. Sellin Jeffries and L. A. Actis. Iron-regulated phospholipase C activity contributes to the
cytolytic activity and virulence of Acinetobacter baumannii. Manuscript in preparation.
Acknowledgement of federal support.

Books or other non-periodical, one-time publications
Nothing to report.

Conferences and presentations
Podium presentations

1.

2.

3.

Shedding light on Acinetobacter baumannii virulence. Annual meeting, Ohio Branch American Society
for Microbiology, Ashland University, Ashland, Ohio, 2013.

Understanding the pathophysiology of Acinetobacter: light at the end of the tunnel. Acinetobacter 2013.
9" International Symposium on the Biology of Acinetobacter. Cologne, Germany, June 2013.
Gram-negative Bacterial Wound Infections. JPC-2 MIDRP In-Progress Review (IPR). Fort Dietrich,
Frederick, MD, March 2016.

Poster presentations

1.

Fiester, S. E, B. A. Arivett, M. V. Carrier, A. C. Beckett and L. A. Actis. Hemolytic activity of
Acinetobacter baumannii. 19" Annual Midwest Microbial Pathogenesis Conference, Milwaukie,
Wisconsin, 2012.

Metz, M. L., B. A. Arivett, A. C. Beckett, M. V. Carrier, W. F. Penwell, S. E. Fiesterand L. A. Actis.
Examining hemolytic activity in Acinetobacter baumannii. 19" Annual Undergraduate Research Forum,
Miami University, April 2013.

Metz, M. L., B. A. Arivett, A. C. Beckett, M. V. Carrier, W. F. Penwell, S. E. Fiesterand L. A. Actis.
Phosphatidylcholine-specific phospholipase C activity is responsible for the hemolytic activity of A.
baumannii. Annual meeting, Ohio Branch American Society for Microbiology, Ashland University,
Ashland, Ohio, 2013.

Penwell, W.F., D. L. Zimbler, A. C. Beckett, B. A. Arivett, S. E. Fiester, Zurawski, D. V. and L. A. Actis.
Variability of virulence factors among Acinetobacter baumannii isolates obtained from wounded military
personnel. 20" Annual Midwest Microbial Pathogenesis Conference, Columbus, Ohio, 2013.

. Geiger, S. C, B. A. Arivett and L. A. Actis. Determining the antimicrobial mode of action of Ga-PPIX on

Acinetobacter baumannii. Annual meeting, Ohio Branch American Society for Microbiology, The Ohio
State University, Columbus, Ohio, 2014.

Fiester, S. E., C. C. Nwugo, W. F. Penwell, J. Neary, A. C. Beckett, M.L. Metz, B. A. Arivett, P. L.
Connerly, S. M. Menke, A. P. Tomaras and L. A. Actis. Iron-regulated cytolytic activity plays a role in
the virulence of the human pathogen Acinetobacter baumannii. Ohio Branch American Society for
Microbiology, The Ohio State University, Columbus, Ohio, 2014.

. Arivett, B. A., W. F. Penwell, C. M. Kaufman, R. F. Relich, S. E. Fiester and L. A. Actis. Gallium

protoporphyrin IX inhibits growth of multidrug- resistant Acinetobacter baumannii. 114™ General
Meeting of the American Society for Microbiology, Boston, Massachusetts, 2014.

Singh, S., J. C. Luka, I. Soojhawon, E. J. Ohneck, A. C. Jacobs, M. G. Thompson, Y. Alamneh, R. Abu-
Taleb, P. Rajaguru, S. M. Noble, L. A. Actis, S. D. Tyner, and D. V. Zurawski. A multivalent
monoclonal antibody cocktail to prevent and treat Gram-negative skin and soft tissue infections. Poster
to be presented at the 2016 Military Health System Research Symposium, Orlando, Florida, 2016.

Patents and licenses
Nothing to report.

Obtained degrees
Nothing to report.
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Development of cell lines, tissue, serum repositories or animal models
Nothing to report.

Databases
Genome sequences of the A. baumannii, E. coli, K. pneumoniae and P. aeruginosa military and non-
military isolates were deposited into GenBank under Bioproject ID PRINA261239 with the accession
numbers reported in the five manuscripts published or submitted for publication in Genome
Announcements (see Appendices 4-8).

Funding applied for based on work supported by this award
Nothing to report.

Employment or research opportunities applied for and/or received based on experience/training
supported by this award
Dr. W. Penwell, who was a graduate student during this award, was hired by AstraZeneca in part because
oh his work with different A. baumannii wound isolates and the analysis of the iron acquisition systems
they express, particularly that of the AB5075 strain.

Mr. B. Arivett, who was a Senior Research Technician during the entire project and supported by this
award, was able to join the graduate program at Middle Tennessee State University to pursue doctoral
studies because of the experience and expertise he gained working on this project.

5. Conclusions

The experimental data indicate that all MRSN wound infection isolates are iron uptake proficient and capable
of forming biofilms on plastic surfaces normally found in medical elements and settings. Regarding the value of
iron acquisition as a therapeutic target, which could be used to treat wound infections caused by MDR strains,
the observation that the virulence of the A. baumannii AB5075 MRSN model isolate depends on the
expression of the acinetobactin-mediated iron acquisition system supports this possibility. Accordingly, our
data show that Ga-PPIX is the most effective antibacterial agent we tested because of its negative effects on
bacterial iron metabolism. Although this non-ferric metalloporphyrin derivative displayed variable activity
against E. coli, K. pneumoniae and P. aeruginosa, it showed antibacterial activity against all A. baumannii
strains including MRSN and non-MRSN isolates under standard bacteriological conditions. This activity was
independent of their time and site of isolation, MDR phenotypes and the iron content of the media.
Furthermore, ex vivo and in vivo studies using the A549 human alveolar epithelial cells as well as the G.
mellonella and mouse wound experimental infection models showed that Ga-PPIX has significant antibacterial
activity against AB5075. All these observations support our hypothesis that targeting iron uptake functions is a
logical approach to treat A. baumannii infections caused by MDR isolates. Our studies on the role of iron-
regulated phospholipase C activity expressed by all A. baumannii MRSN tested isolates, which could provide
intracellular iron during infection because of tissue and cell damage, further supports the role of iron in wound
infections. Furthermore, the observation that miltefosine inhibits this enzymatic activity and affects bacterial
virulence suggests that treatment of infections with Ga-PPIX and miltefosine, a combination that would affect
iron metabolism and the availability of host iron sources, respectively, could be an effective approach to
effectively treat A. baumannii infections, including those associated with severe wounds. Regarding the
possibility of using biofilm biogenesis as an antimicrobial target, our studies with compounds already described
as antibiofilm/antivirulence agents for other pathogens showed not only moderate inhibitory effects, but also
the capacity of some of the compounds to either enhance biofilm formation on the surface of human epithelial
cells or even increase virulence. These responses could be due to the expression of unique and potentially
novel cellular functions, which could be identified by conducting comparative genomic analysis of the A.
baumannii MRSN strains we have sequenced during this project.
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8. Supporting data
Tables

Table 1. Ga-PPIX sensitivity of E. coli, K. pneumoniae and P. aeruginosa MRSN isolates
Genus/Species WRAIR  Sensitivity?-LB  Sensitivity - LB+DIP
E. coli 105433 - -
105438 -
105454 -
105547 -
108191 - -
109497 - +

+ + +

K. pneumoniae 4640 - ?
101436 - -
101488 - -
101712 - -
101731 - -
105371 - -

P. aeruginosa 105738 - -
105777 - -
105819 - -
105857 - -
105880 - -

#Sensitivity to Ga-PPIX was determined by disk diffusion assays. Each strain was swabbed onto LB plates with
and without 100 uM DIP. Sterile disks with 50, 20, and 10 pg Ga-PPIX were applied to the plates. Zones of
growth inhibition were assessed after 24 h incubation at 37°C.
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Table 2. Production of biofilms, CsuA/B protein and motility of selected MRSN A. baumannii isolates

Strain Plastic? Glass?® Production of Motility on
0.3%
LB |LB+DIP | LB | LB +DIP | CsuA/B protein® agarose®
967 ++ + + ++ - .
2828 ++ ++ ++ ++ - -
3340 ++ ++ + - - +
3560 ++ ++ + - - -
3638 ++ ++ ++ +++ - -
3785 4+ ++ - + + -
3806 ++ +++ 4+ ++ - +
3927 ++ ++ - + - +
4025 4+ ++ + + + +
4026 4+ +++ - ++ + +
4027 4+ ++ + - + +
4052 ++ +++ 4+ - + -
4269 ++ +++ + ++ + -
4448 + + + + - +
4456 + ++ + + - +
4490 + + ++ - - +
4498 4+ ++ + ++ + +
4795 ++ ++ - - - -
4857 + ++ 4+ + - -
4878 ++ +++ + + + -
4932 ++ +++ 4+ + + -
4957 ++ +++ 4+ +++ + +
4991 + ++ ++ + - -
5001 ++ +++ 4+ +++ + -
5075 + - - - - +
5197 + + + T : -
5256 ++ +++ 4+ ++ - +
5674 + ++ + ++ + -
5711 ++ ++ ++ ++ + -
19606° F++ +++ + +++ + -
17978° ++ - + - - +
AcCICU® + ++ + - - -
AYES + + + + - +
19606-BfmR® | - - - - - -

®Biofilm formatlon was classified as negative (-), weak (+), moderate (++) and strong (+++) when compared with biofilms formed by the
ATCC 19606" and BfmR strains, which were used as positive and negative controls, respectively. ®Detection of the CSuA/B pilin protein
in total bacterial cell lysates using anti-CsuA/B antiserum; (+), positive reactlon (-), negative reaction. ‘Detection of bacterial motility on
the surface of 0.3% agarose plates after overnight incubation at 37°C. SControl strains. Strain 19606-BfmR is an isogenic derivative of
ATCC 19606 that does not produce pili and does not make biofilms on abiotic surfaces (27).
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Table 3. Genome sequencing of military isolates

Sﬁ;nn?ée Organism Collected by Cog:f[:;ed Isolation source 2 ’F‘,éf’o Mzt)((a-TDE’Eb
AB967 A. baumannii WRAMC Staff 9/23/03 Blood v v
AB2828  A. baumannii WRAMC Staff 3/28/06 Blood v v
AB3340  A. baumannii WRAMC Staff 10/22/06 Blood v v
AB3560 A. baumannii WRAMC Staff 12/14/06 Blood v v
AB3638  A. baumannii WRAMC Staff 1/10/07 Severe trauma site v v
AB3785  A. baumannii WRAMC Staff 3/18/07 Blood v v
AB3806  A. baumannii WRAMC Staff 3/19/07 Severe trauma site v v
AB3927  A. baumannii WRAMC Staff 5/18/07 Severe trauma site v v
AB4025  A. baumannii WRAMC Staff 6/24/07 Wound v v
AB4026  A. baumannii WRAMC Staff 6/26/07 Wound v v
AB4027  A. baumannii WRAMC Staff 6/26/07 Wound v v
AB4052  A. baumannii WRAMC Staff 7/16/07 War wound v v
AB4448  A. baumannii WRAMC Staff 12/25/07 War wound v v
AB4456  A. baumannii WRAMC Staff 12/30/07 Trach aspirate v v
AB4490  A. baumannii WRAMC Staff 1/12/08 War wound v v
AB4498  A. baumannii WRAMC Staff 1/13/08 Blood v v
AB4795  A.baumanni  WRAMC Staff 5/5/08 Severe ;Li“ema site, v v
AB4878  A. baumannii WRAMC Staff 6/6/08 War wound v v
AB4932  A. baumannii WRAMC Staff 7/4/08 Sputum v v
AB4957  A. baumannii WRAMC Staff 7/17/08 Severe Trauma Site v v
AB4991  A. baumannii WRAMC Staff 8/3/08 War wound v v
AB5001  A. baumannii WRAMC Staff 8/5/08 Blood v v
AB5197  A. baumannii WRAMC Staff 10/15/08 Severe trauma site v v
AB5674  A. baumannii WRAMC Staff 5/22/09 Blood v v
105777  P.aeruginosa  Fort Sam Staff 4/21/2007 Wound v v
105819 P. aeruginosa  Fort Sam Staff 11/12/2007 Wound v v
105880 P. aeruginosa  Fort Sam Staff 3/26/2008 Thigh v v
105857 P.aeruginosa  Fort Sam Staff 1/28/2008 Right knee v v
105738 P. aeruginosa  Fort Sam Staff 10/7/2006 Chest tube v v
101436 K. pneumoniae Fort Sam Staff 5/17/06 Wound v v
101712 K. pneumoniae Fort Sam Staff 10/7/07 Wound v v
105371 K. pneumoniae Fort Sam Staff 5/22/08 Blood v v
101488 K. pneumoniae Fort Sam Staff 11/11/06 Wound v v
101731 K. pneumoniae Fort Sam Staff 1/25/08 Wound v v
4640 K. pneumoniae = WRAMC Staff  Not Collected Severe trauma site v v
105454 E. coli Fort Sam Staff 4/12/08 Urine v v
105547 E. coli Fort Sam Staff 2/4/09 Wound v v
109497 E. coli Fort Sam Staff 1/20/10 Urine v v
108191 E. coli Fort Sam Staff 2/17/09 Urine v v
105433 E. coli Fort Sam Staff 11/14/07 Wound v v
105438 E. coli Fort Sam Staff 12/17/07 Wound, right thigh v v

2 x 250 Paired-End sequencing performed with MiSeq v3 reagent

P2 X 75 Mate-Pair Paired-End sequencing performed with MiSeq v3 reagent
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Figures

Figure 1. Survival of G. mellonella
larvae injected with AB5075 and

isogenic derivatives affected in iron , , , _ ,
acquisition functions. G. mellonella Figure 2. Survival of mice injected with

were assayed every 24 h after injection AB5075 and isogenic derivatives affected

with 10° CFU/ml of A. baumannii AB5075 in iron ~acquisition functions.
or isogenic derivatives bauA::Tn (BauA) Cyclophosphamide-treated mice — were
or entB::Tn (EntB) in PBS. Inset shows intranasally infected with AB 5075 cells (1.4 x

10°% or cells of the bauA::Tn (1.6 x 10° or
entA:Tn (1.3 x 10° isogenic derivatives.
Animal mortality was scored twice daily for 5
days. Animal experimental procedures were
approved by the Institutional Animal Care and
Use Committee at WRAIR.

inocula for each infection. These
experiments were done three times using
fresh  biological samples and 10
caterpillars per bacterial strain each time.

Figure 3. Effects of Ga-PPIX on the interaction
of AB5075 with polarized A549 human alveolar
epithelial cells. Polarized monolayers were
infected with AB5075 either in the absence of Ga-
PPIX (D) or the presence of Ga-PPIX that was
added to the DMEM medium underneath of the
trans-well membranes holding the monolayers (E)
or sprinkled as powder on top of the monolayers
(F). Uninfected monolayers cultured in the
absence (A) or the presence of Ga-PPIX that was
added to the DMEM medium underneath of the
trans-well membranes holding the monolayers (B)
or sprinkled as powder on top of the monolayers
(C) were used as negative controls. Samples
were treated with Ga-PPIX after 24 h infection
and then incubated for an additional 24 h.
Uninfected control samples were incubated for 48
h. All samples were fixed and prepared for
analysis using scanning electron microscopy.
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Figure 4. Effect of Ga-PPIX treatment on animal weight. Animals were infected with the AB5075::lux
derivative and then treated with either 20% DMSO (control group) or Ga-PPIX (treatment group). The body
weight of the animals was monitored daily up to five days after infection. Animal experiments were conducted

on January 29, 2016 (A) and February 19, 2016 (B). *P < 0.05, **P < 0.01.

Figure 5. Effect of Ga-PPIX treatment on animal infection. Bacterial wound burden was determined by
detecting bioluminescence produced by the AB5075::lux derivative using the IVIS system (A and C) or CFU
counts after tissue removal and standard plate counting (B). Animal experiments were conducted on January
29, 2016 (A and B) and February 19, 2016 (C). *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 6. Effect of Ga-PPIX treatment on wound size and closure. Wound size and closure were
determined in infected animals treated with 20% DMSO or Ga-PPIX dissolved in 20% DMSO. Animal
experiments were conducted on January 29, 2016 (A) and February 19, 2016 (B). *P < 0.05.
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Figure 7. Effect of DMSO on wound infected animals. Animals infected with AB5075 were treated with
either sterile PBS or 20% DMSO to determine the potential effect of DMSO in the responses of infected
animals by determining body weight (A), bacterial wound burden (B) and wound size/closure (C).

Figure 8. Effect of DMSO on wounded uninfected animals. Animals were wounded and immediately
inoculated with sterile PBS. The wounded uninfected animals were then treated with either 20% DMSO or Ga-
PPIX dissolved in 20% DMSO. Animal weights (A) and wound sizes (B) were determined at the indicate times.

*P <0.05, **P < 0.001.
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Figure 9. Effect of 2Al-1, LED209 and Virstatin on polarized A549 epithelial cells. Uninfected
monolayers were incubated in the absence (A) or presence of 2Al-1 (C), LED209 (E) or Virstatin (G).
Infected monolayers were incubated in the absence (B) or presence of 2Al-1 (C), LED209 (E) or Virstatin
(H). Inset in H shows the presence of few A549 cells that remained attached to trans-well membranes with
bacteria adhered to their surfaces after treatment with Virstatin. All images were collected at the same
maghnification and the white bar at the bottom left corner of panel A represents 2 um.

25



1.0x10104

8.0x10°°+

6.0%1009+

4.0%100°4 ¥

Remaining horse erythrocytes

2.0x100°+

0.0

O=
N o
B
O o
00 o

1'0 1'2 :onltrol (12}

Miltefosine dosage (UM)

Figure 10. Hemolytic activity of A. baumannii ATCC 19606 in the presence of increasing doses of
miltefosine. Enumeration of intact horse erythrocytes remaining after incubation with ATCC 19606 in TSBD
supplemented with increasing dosages of miltefosine ranging in concentration from 0 yM to 12 yM at 37°C for
20 h with shaking at 200 rpm. Error bars represent the standard error (SE) of the mean.
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Figure 11. Cytolytic activity of A. baumannii strains on A549 human alveolar epithelial cells in the
presence of miltefosine. (A) Cytolytic activity of increasing doses of miltefosine ranging from 0 yM to 50 uM
on A549 cells after 24 h incubation at 37°C in the presence of 5% CO,. (B) Relative number of A549 cells
remaining after incubation with A. baumannii strains and 0 nM or 300 nM miltefosine. Relative luminescence
units (RLU) were determined as the ratio between the number of A549 cells present in uninfected samples and
each sample infected with a different bacterial strain. Error bars represent the standard error (SE) of the
mean.
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Figure 12. Antimicrobial effect of the phospholipase C activity inhibitor miltefosine against bacteria
infecting polarized A549 epithelial cells. Uninfected cells were incubated in the absence (A) or the presence
(D) of 300 nM miltefosine. Polarized cells infected with AB5075 (B and E) or ATCC 19606' (C and F) bacteria
were incubated in the absence (B and C) or the presence (E and F) of 300 nM miltefosine.
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AB5075, a Highly Virulent Isolate of Acinetobacter baumannii, as a
Model Strain for the Evaluation of Pathogenesis and Antimicrobial
Treatments
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ABSTRACT Acinetobacter baumannii is recognized as an emerging bacterial pathogen because of traits such as prolonged survival
in a desiccated state, effective nosocomial transmission, and an inherent ability to acquire antibiotic resistance genes. A pressing
need in the field of A. baumannii research is a suitable model strain that is representative of current clinical isolates, is highly
virulent in established animal models, and can be genetically manipulated. To identify a suitable strain, a genetically diverse set
of recent U.S. military clinical isolates was assessed. Pulsed-field gel electrophoresis and multiplex PCR determined the genetic
diversity of 33 A. baumannii isolates. Subsequently, five representative isolates were tested in murine pulmonary and Galleria
mellonella models of infection. Infections with one strain, AB5075, were considerably more severe in both animal models than
those with other isolates, as there was a significant decrease in survival rates. AB5075 also caused osteomyelitis in a rat open frac-
ture model, while another isolate did not. Additionally, a Tn5 transposon library was successfully generated in AB5075, and the
insertion of exogenous genes into the AB5075 chromosome via Tn7 was completed, suggesting that this isolate may be geneti-
cally amenable for research purposes. Finally, proof-of-concept experiments with the antibiotic rifampin showed that this strain
can be used in animal models to assess therapies under numerous parameters, including survival rates and lung bacterial bur-
den. We propose that AB5075 can serve as a model strain for A. baumannii pathogenesis due to its relatively recent isolation,
multidrug resistance, reproducible virulence in animal models, and genetic tractability.

IMPORTANCE The incidence of A. baumannii infections has increased over the last decade, and unfortunately, so has antibiotic
resistance in this bacterial species. A. baumannii is now responsible for more than 10% of all hospital-acquired infections in the
United States and has a >50% mortality rate in patients with sepsis and pneumonia. Most research on the pathogenicity of

A. baumannii focused on isolates that are not truly representative of current multidrug-resistant strains isolated from patients.
After screening of a panel of isolates in different in vitro and in vivo assays, the strain AB5075 was selected as more suitable for
research because of its antibiotic resistance profile and increased virulence in animal models. Moreover, AB5075 is susceptible to
tetracycline and hygromycin, which makes it amenable to genetic manipulation. Taken together, these traits make AB5075 a
good candidate for use in studying virulence and pathogenicity of this species and testing novel antimicrobials.
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cinetobacter baumannii is an opportunistic, Gram-negative

pathogen that thrives in clinical settings and is often multi-
drug resistant (MDR), factors which earn it a place among the
ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species) pathogens of clinical importance (1).
Some recent isolates are resistant to all typically used antibiotics
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except colistin and tigecycline and thus are called extensively or
extremely drug-resistant (XDR) A. baumannii (2). MDR/XDR
A. baumannii strains are a worldwide problem for clinicians and
caregivers in the hospital setting, particularly in the intensive care
unit (ICU) (3). A. baumannii is also often isolated from infections
of severe wounds sustained in military combat. These infections
are responsible for increased morbidity, with prolonged wound
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healing and amputations of extremities when limbs cannot be
salvaged (4, 5). A. baumannii was a predominant isolate from
wounded soldiers serving in Iraq (4, 5) and was associated with
wartime polytrauma injuries in the past (6). Additionally, there
may be a link between A. baumannii and crush injuries, as A. bau-
mannii infections were also prevalent after the recent large earth-
quakes in Haiti (7) and China (8).

Another disturbing development that has increased the clinical
importance of A. baumannii infections is that many strains have
become highly antibiotic resistant. For example, in previous de-
cades, A. baumannii isolates obtained from both military and ci-
vilian settings were often carbapenem sensitive. Now, the majority
of U.S. military isolates are carbapenem resistant (9). This trend
has also been mirrored in civilian hospitals around the world (10).
Recently, even colistin-resistant strains have emerged in the mili-
tary health care system (11). The latter development is deeply
troubling, as colistin is considered the last line of defense against
these MDR isolates. Exacerbating this problem is the lack of new
treatments in the pharmaceutical pipeline (12); therefore, re-
search on A. baumannii virulence factors is urgently needed, as
they could constitute potentially novel targets for future antimi-
crobials.

While previous studies attempted to examine the virulence of
different clinical A. baumannii strains utilizing in vivo model sys-
tems (13, 14), the majority of A. baumannii researchers still use
two American Type Culture Collection (ATCC) strains, ATCC
19606T and ATCC 17978, which were isolated more than 50 years
ago and are not significantly antibiotic resistant. These strains are
certainly more amenable to genetic manipulation than most clin-
ical isolates (15, 16) and share considerable genome homology
(>90%) to current A. baumannii isolates (17), but they are not
representative of contemporary isolates of this rapidly evolving
pathogen. Some researchers, recognizing that the ATCC isolates
are dated, have performed studies with more recent clinical iso-
lates; however, genetic manipulation of such isolates has de-
pended on susceptibility to aminoglycosides (18-20), which is of-
ten not found in clinical strains (21). Therefore, our goal was to
carry out a systematic study of our own contemporary clinical
strains isolated from patients in the U.S. military health care sys-
tem to identify a strain that is more representative of current clin-
ical isolates, that is highly virulent in established model infections,
and that can be genetically manipulated without a potential sacri-
fice with respect to virulence and antibiotic resistance. Not only
does identifying such a strain account for more recent clinical
outcomes, but the increased virulence in animal models allows
greater statistical power in screening new therapeutics. Moreover,
the ability to manipulate the genome allows the study of virulence
factors, some of which may be responsible for the emergence of
this pathogen in more recent years.

RESULTS

Defining genetic characteristics of A. baumannii isolates. In or-
der to identify potential reference strains, a diverse set of 33
A. baumannii isolates was chosen based on genetic, isolation site,
and antibiotic resistance differences from more than 200 A. bau-
mannii strains isolated between 2004 and 2010 from patients in
the U.S. military health care system. AB0057, first isolated in 2004
at Walter Reed Army Medical Center, was also included as a com-
parator because this strain is well characterized, and its genome
was previously sequenced (22).

2 mBio mbio.asm.org

The diversity set of A. baumannii isolates was determined via
pulsed-field gel electrophoresis (PFGE) analysis and a multiplex
PCR assay previously developed to identify the international
clonal complexes (ICC). Separately, antibiograms were deter-
mined using two different automated bacterial identification sys-
tems. The majority of strains were found to be multidrug resistant,
typical of current clinical strains (see Table S1 in the supplemental
material). As shown in Fig. 1, the genetic similarity of the strains,
as determined by PFGE, ranged from 45 to 100%. PFGE types
were considered to represent the same clones when their genetic
similarity was >80% (23); based on this cutoff, the 33 strains
represent 19 unique clones. When the genetic relatedness of these
19 clones was compared, it was found that the majority of them
clustered into three groups, which generally aligned with the ICC
designations determined by multiplex PCR (Fig. 1 and Table 1)
(24). Exceptions were the isolates AB3560, AB4456, and AB4857,
which were determined to be ICC III by the multiplex assay but
appeared to be ICC I via PFGE. In this case, we relied on the
multiplex data (Table 1) to be definitive. These data were used to
select four representative strains for genome sequencing and eval-
uation in animal models.

Three of the strains chosen each represented one of the three
ICC groups, AB5075 (ICCI), AB5711 (ICCII), and AB4857 (ICC
III). The fourth strain, AB5256 was an outlier, as the OXA-51 allele
from this strain was amplified with group 1 primers (24), while the
csuE allele was not. The isolates were sequenced (25) and com-
pared to previously sequenced A. baumannii genomes using the
BLAST score ratio (BSR) approach (26). This method compares
putative peptides encoded in each genome based on the ratio of
BLAST scores to determine if they are conserved (BSR value =
0.8), divergent (0.8 > BSR > 0.4), or unique (BSR < 0.4). The
majority of the proteomes were similar among strains, meaning
they had a BSR of >0.4; however, each isolate also had a set of
unique proteins (see Table S2 in the supplemental material).
These results are similar to what has been found previously with
MDR A. baumannii clinical isolates (17), suggesting that the
strains used in this study are not genetic outliers.

Virulence assessed in the Galleria mellonella model. Strains
were first tested in a Galleria mellonella infection model, as this
model is well established to assess virulence and novel therapeu-
tics for bacterial pathogens, including A. baumannii (27, 28).
G. mellonella larvae were infected with an approximate dose of 1.0
X 10° CFU with each of the four sequenced A. baumannii isolates,
AB4857, AB5075, AB5256, and AB5711, as well as control strain
AB0057. Worms were observed for 6 days, and death was re-
corded. Within 24 h postinfection, approximately 25% of
AB5075-infected worms remained, while the other four strains
had survival rates of 70% or higher (Fig. 2). By the end of the 6-day
study, AB5075-infected worms had a survival rate of 16%; strains
AB4857 and AB5256 were considered moderately pathogenic in
this model, with survival rates of 50% and 35%, respectively. The
least lethal strains were AB5711 and AB0057, with survival rates of
85% and 83%, respectively. Phosphate-buffered saline (PBS)-
injected control worms displayed 100% survival through the
course of the study. Based on these data, it was hypothesized that
AB5075 was more virulent than the other four strains tested. Us-
ing the Mantel-Cox test with Bonferroni correction for multiple
comparisons, Kaplan-Meier curves were compared, and AB5075
was found statistically to be more lethal than AB4857, AB5711,
and AB0057 (all P values < 0.0125). While AB5256 had a higher
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FIG 1 Pulsed-field gel electrophoresis of A. baumannii strains. Genomic DNA was isolated from 33 A. baumannii clinical isolates, digested with Apal, and
separated by pulsed-field gel electrophoresis (PFGE). Patterns of electrophoresis were compared using BioNumerics 6.0 software. The ICC was determined by
multiplex PCR analysis, and brackets delineate the approximate grouping of each strain.

survival rate in this study than AB5075, the difference was not
significant after the Bonferroni correction.

Separately, to compare the lethality of AB5075 to that of more
commonly utilized A. baumannii model strains, the 50% lethal
doses (LD5,) of AB5075, ATCC 17978, and ATCC 19606T were
determined in G. mellonella. The LDs, of AB5075 was 1.0 X
10* CFU. In contrast, the LD, of ATCC 17978 and ATCC 19606"
were 5.0 X 10° and 1.0 X 109, respectively.

Virulence assessed in the mouse pulmonary model. A. bau-
mannii strains were examined in a murine pulmonary model of
infection, because this model is commonly used to assess bacterial
virulence and drug efficacy, and survival can be assessed rapidly
after an inoculum is delivered (14, 29). The animals were immu-
nocompromised with two doses of cyclophosphamide before in-
oculation, a treatment that allows A. baumannii to establish an
infection (14). Mice were inoculated on day 0 with one of the five
representative A. baumannii strains at a dose of 5.0 X 10° CFU and
monitored for 6 days. Consistently, mice infected with AB5075
had a mortality rate of 70% within 48 to 72 h and a 6-day survival
rate of 25% (Fig. 3). The other four strains tested, AB0057,
AB5711, AB5256, and AB4857, were less lethal than AB5075 in
this model, with 6-day survival rates of 65, 80, 80, and 85%, re-
spectively. The log-rank (Mantel-Cox) test with Bonferroni cor-
rection determined that AB5075 time-to-death results were statis-
tically significant compared to the other clinical isolates (P <
0.0125). The clinical scores of each infected animal also correlated
with the survival plots; AB5075-infected mice displayed more se-
vere illness than mice infected with the other strains. In a separate
experiment, mice inoculated with 5.0 X 10° cells of ATCC 17978
or ATCC 196067 resulted in minimal clinical scores and no animal
death (data not shown).

May/June 2014 Volume 5 Issue 3 e01076-14

Lung bacterial burden in these infections was assessed on days
2 and 3, at the height of illness. The lung CFU/g values for the five
infecting strains were compared using a Kruskal-Wallis test fol-
lowed by a Dunn’s multiple comparison test. On day 2, the lungs
of AB5256-infected mice had significantly less A. baumannii than
AB4857-, AB0057-, and AB5075-infected lungs (P =< 0.05) but not
AB5711-infected lungs. On day 3, AB5256 displayed a significant
decrease in CFU/g compared only to AB5075 (Fig. 4). The four
other strains assessed in the model had no significant difference in
lung bacterial burden, with the median log CFU/g ranging from
8.5 t0 9.3 on day 2 and 8.0 to 8.9 on day 3.

Development of genetic tools in an A. baumannii model
strain. Our success in establishing AB5075 infections in multiple
animal models suggests that the isolate would be an attractive
model strain for studying A. baumannii virulence. However, in
addition to an ideal model strain being highly virulent in animal
models, the ability to genetically manipulate the isolate is vital for
the study of A. baumannii pathogenicity. Because antibiotic resis-
tance determinants are central to many types of genetic manipu-
lations, such as transposon mutagenesis, the antibiotic sensitivity
profile of AB5075 was examined in detail. It was observed that
AB5075 is susceptible to tetracycline, doxycycline, and related an-
tibiotics (see Table S1 in the supplemental material) and to high
levels of erythromycin and hygromycin.

With these known susceptibilities in mind, a method previ-
ously developed in A. baumannii (30) was adapted for creating
AB5075 isogenic mutants by utilizing the hph gene, encoding hy-
gromycin resistance, from pMQ300 (31) and the EZ Tn5 (Epicen-
tre Biotechnologies, Madison, WI) to develop a Tn5-based mu-
tagenesis system. This system was used to generate a library of
~6,700 transposon mutants. DNA sequencing of the library was
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TABLE 1 A. baumannii strains used in this study®

Strain MRSN Isolation site Yr isolated Clonal complex? Source
AB001 1332 ND ND ND C. Murray
AB002 1333 ND ND ND C. Murray
AB0057 1311 Blood/sepsis 2004 I This study
AB967 1308 Blood/sepsis 2003 I This study
AB2828 846 Blood/sepsis 2006 11 This study
AB3340 847 Blood/sepsis 2006 I This study
AB3560 848 Blood/sepsis 2006 I This study
AB3638 849 Posterior wound 2007 I This study
AB3785 853 Blood/sepsis 2007 II This study
AB3806 854 Leg wound 2007 111 This study
AB3917 1309 Blood/sepsis 2007 ND This study
AB3927 856 Tibia/osteomyelitis 2007 I This study
AB4025 858 Femur/osteomyelitis 2007 11 This study
AB4026 859 Fibula/osteomyelitis 2007 11 This study
AB4027 860 Femur/osteomyelitis 2007 I This study
AB4052 863 War wound 2007 II This study
AB4269 877 War wound 2007 11 This study
AB4448 899 War wound 2007 I This study
AB4456 903 Tracheal aspirate 2007 I This study
AB4490 906 War wound 2008 I This study
AB4498 907 Blood 2008 I This study
AB4795 930 Bone/osteomyelitis 2008 I This study
AB4857 939 Ischial/osteomyelitis 2008 I This study
AB4878 941 War wound 2008 11 This study
AB4932 949 Sputum 2008 II This study
AB4957 951 Sacral/osteomyelitis 2008 I This study
AB4991 953 War wound 2008 I This study
AB5001 954 Blood/sepsis 2008 I This study
AB5075 959 Tibia/osteomyelitis 2008 I This study
AB5197 960 STS/tissue 2008 I This study
AB5256 961 Blood/sepsis 2009 NA This study
AB5674 963 Blood/sepsis 2009 I This study
AB5711 1310 Blood/sepsis 2009 I This study
ATCC 19606™ NA Urine 1948 ND ATCC
ATCC 17978 NA Spinal meningitis 1951 ND ATCC
RUH134 NA Urine 1982 II L. Dijkshoorn
RUHS875 NA Urine 1984 I L. Dijkshoorn
RUH5875 NA Unknown, Netherlands 1997 I L. Dijkshoorn
ACICU NA Outbreak isolate, Rome, Italy 2005 11 M. Tolmasky

2 MRSN, The Multidrug-resistant Organism Repository and Surveillance Network; ND, no data; NA, not applicable; STS, sterile swab site (most likely from an infected wound).
b As determined by multiplex assay performed in this study. AB5256 was considered NA because only the OXA-51 amplicon was amplified from group 1 primer set (31).

performed as previously described (32), yielding 2,548 unique
transposon insertions and 68.5% coverage of the genome.

As a further means of modifying the genome, the same hygro-
mycin cassette was inserted into the pUC18T-mini-Tn7T-Zeo
vector, and this vector was introduced via conjugation into
AB5075. Tn7 insertion into the chromosome was selected for by
growth on 250 wg/ml hygromycin and confirmed by PCR across
the attTn7 site on the 3’ end of the glmS gene in the AB5075
chromosome. As proof of concept for the use of Tn7 for gene
insertion in the chromosome, the lux operon was inserted into the
attTn7 site. This resulted in bioluminescence of this strain, and
subsequent subculturing of AB5075::Tn7-lux over 7 days without
antibiotic selection did not affect the bioluminescent signal (see
Fig. SIA in the supplemental material), suggesting that the Tn7
insertion in the chromosome is stable. Additionally, when this
strain was cultured in LB broth, there was no growth defect com-
pared to the wild-type isolate AB5075 (see Fig. S1B in the supple-
mental material). These methods provide us with a means of in-
terrupting and inserting genes on the chromosome, both of which
are essential in studying bacterial pathogenesis.

4 mBio mbio.asm.org

Evaluation of rifampin as proof of concept. As a proof of con-
cept for the use of AB5075 as a model strain for assessing novel
antimicrobials, rifampin treatment against AB5075 was tested in
the G. mellonella and murine pulmonary models. In G. mellonella,
30 min after worms were inoculated with 6.0 X 10> CFU of
AB5075, they received a treatment injection of 5 or 10 mg/kg
rifampin. By 41 h postinfection, all worms infected with AB5075
and receiving PBS treatment had died (Fig. 5). Conversely, worms
treated with 5 or 10 mg/kg rifampin had survival rates of 94 and
100%, respectively, at this time point. At the end of the 4-day
study, survival rates were 50 and 78%, respectively. The Mantel-
Cox test determined that the time to death for AB5075-infected
worms was statistically reduced compared to that for rifampin-
treated worms (P < 0.001).

To further assess AB5075 as a model strain, the mouse lung
model was used to examine the efficacy of rifampin. Mice infected
intranasally with 5.0 X 10° CFU of AB5075 were treated once daily
intraperitoneally (IP) with 2.5, 5, or 10 mg/kg rifampin, and sur-
vival was monitored for 48 h. At time of death, or euthanasia at
48 h postinfection, lungs were collected to determine bacterial
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FIG 2 Survival of Galleria mellonella larvae infected with A. baumannii. Kaplan-Meier survival curves of G. mellonella infected with 1.0 X 10> CFU of selected
strains of A. baumannii are shown. Curves were compared via the Mantel-Cox test with the Bonferroni correction for multiple comparisons. AB5075 showed
significantly increased mortality compared to AB4857, AB5711, and AB0057 (P < 0.0125).

load. As shown in Fig. 6A, at 48 h after inoculation, only 12.5% of
mice infected but not treated with rifampin survived, whereas
infected mice receiving 5 and 10 mg/kg rifampin had survival rates
of 87.5 and 100%, respectively. These differences in survival were
found by the Mantel-Cox test to be statistically significant (P =
0.0035 and 0.0008, respectively) compared with mice infected but
not treated with rifampin. Mice treated with 2.5 mg/kg rifampin
had a 48-h survival rate of 20%, which was not statistically differ-
ent from that of the control group.

Thelevels (CFU/g) of bacteria in lung tissue correlated with the
survival curves. The median levels in the control and 2.5 mg/kg-

treated groups were almost identical, at 9.04 and 9.07 log CFU/g,
respectively. Figure 6B shows a decrease in the median log CFU/g
for mice treated with 5 and 10 mg/kg rifampin, with values of 8.10
and 4.86, respectively. The Kruskal-Wallis test, followed by
Dunn’s multiple comparison test, found a statistically significant
difference in bacterial burden when the control group was com-
pared to animals treated with 5 or 10 mg/kg rifampin (P < 0.05).

DISCUSSION

The goal of the work presented in this report was to identify a
model strain of A. baumannii that represented current infection
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FIG 3 Assessment of A. baumannii virulence with the mouse pulmonary model. Kaplan-Meier survival curves of mice infected with 5.0 X 10° CFU of selected
A. baumannii strains. Curves were compared via the Mantel-Cox test with the Bonferroni correction for multiple comparisons. AB5075 showed significantly
increased mortality compared to AB4857, AB5711, AB0057, and AB5256 (P < 0.0125).
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FIG 4 Bacterial levels in lung tissue in the mouse pulmonary model. Box-and-whisker plots of CFU burdens in lungs are shown for days 2 and 3 postinfection.
Boxes show median and interquartile ranges, while whiskers represent the 95% confidence interval CI. Strains were compared via the Kruskal-Wallis test followed
by Dunn’s multiple comparisons posttests. * and ***, P < 0.05 and 0.001, respectively.

isolates, was highly virulent in multiple animal models, and was
amenable to genetic manipulation. A strain fitting these charac-
teristics would be clinically relevant and could be utilized in vari-
ous models to study novel therapeutics, and the ability to create
isogenic mutants would be critical in investigating genes required
for virulence and the pathogenesis of severe infections in the hu-
man host. In our comprehensive studies of isolates representative
of each major clonal complex group, we identified one such strain,
AB5075.

Previous studies compared the virulence of A. baumannii
strains in single infection models, including a murine pulmonary
model (13, 14) and a G. mellonella model (33). Other work also
compared the virulence of a single strain, ATCC 196067, in mul-
tiple models in vivo (34); however, to our knowledge, this is the
first study that used several infection models in parallel to com-
pare multiple strains using representative isolates from each
clonal group. Importantly, when we compared infections caused
by other A. baumannii strains, including the widely used ATCC
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FIG 5 Rifampin as proof of concept in the G. mellonella model. Kaplan-Meier survival curves of G. mellonella infected with 6.0 X 10> CFU of AB5075 are shown.
Worms received a single treatment, 30 min postinfection, of DMSO, 5 mg/kg rifampin, or 10 mg/kg rifampin. Curves were compared via the Mantel-Cox test.
The control-treated worms showed significantly increased mortality compared to rifampin-treated worms (P < 0.001).
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FIG 6 Rifampin as proof of concept in the mouse lung model. (A) Kaplan-
Meier survival curves of mice infected with 5.0 X 10° CFU of selected strains of
A. baumannii are shown. Mice were treated once daily IP with 0, 2.5, 5, or
10 mg/kg rifampin. Curves were compared via the Mantel-Cox test. Rifampin
treatments of 5 and 10 mg/kg resulted in significantly increased survival com-
pared to the untreated control (P = 0.0035 and 0.0008, respectively). (B)
Box-and-whisker plots of CFU burdens within lungs are shown for day 2
postinfection. Boxes show median and interquartile ranges, while whiskers
represent 95% CI. Treatments were compared via the Kruskal-Wallis test fol-
lowed by Dunn’s multiple comparisons posttests. * and ***, P < 0.05 and
0.001, respectively.

19606T and ATCC 17978, we did not observe the same severe
infection as was consistently observed with AB5075.

In the G. mellonella and mouse pneumonia models, AB5075
infection resulted in survival rates consistently below 25%, pro-
viding a wide spectrum between infected and uninfected animals
to assess novel therapies or genetically mutated strains. Addition-
ally, in the mouse pulmonary model, blood samples and lung
histopathology from AB5075-infected mice were consistently
positive for the presence of A. baumannii (data not shown) and,
combined with the high lung bacterial burden observed, offer fur-
ther means of evaluation in this model. Furthermore, while a re-
cent publication claimed that A. baumannii could not cause os-
teomyelitis in a rat fracture model (35), our data showed that
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AB5075 could establish an infection in this model and that A. bau-
mannii could still be cultured from the bone after 28 days postin-
fection (see the supplemental material). Recently, we also success-
fully developed a murine wound model of infection with AB5075,
using a small inoculating dose (36). Therefore, the use of AB5075
in additional animal models further demonstrates the great utility
of AB5075, as it can serve as a model strain for a variety of studies.
The increased virulence of AB5075 in these models also results in
larger differences between infected and uninfected animals com-
pared to other tested strains, which allows for less ambiguous
results, high statistical power, and thus a requirement for fewer
animals to obtain publishable data.

In addition to the successful use of AB5075 in animal models,
we were able to exploit the susceptibility of AB5075 to hygromycin
to generate a Tn5 transposon insertion library and use a Tn7
transposon derivative to insert genes into the genome of this
strain. In collaboration with the Manoil laboratory at the Univer-
sity of Washington, we were able to sequence the Tn5 transposon
library using a convenient high-throughput sequencing method.
Further, Manoil and his team illustrated the genetic utility of
AB5075 by generating a Tn5 insertion library utilizing a
tetracycline-based transposon system (C. Manoil, personal com-
munication). It is expected that these sequenced transposon in-
sertion libraries will be powerful tools for future investigations, as
similar libraries have been utilized with success with other bacte-
rial pathogens (37, 38). In the future, the Manoil laboratory will
distribute wild-type and mutant derivatives of AB5075 (http://
www.gs.washington.edu/labs/manoil/baumannii.htm).

The ability to interrupt or mutate specific genes via transposon
insertion and complement mutations via Tn7-mediated chromo-
somal insertion provides a powerful toolkit to answer important
questions, such as the nature of specific genes and gene products
that are critical for virulence in the host. We believe that AB5075,
and the genetic tools and animal models we have designed around
this strain, will serve as a platform to readily and reproducibly test
mutants in putative virulence factor genes and assess novel anti-
microbials. Moreover, we encourage other research groups to use
AB5075 as a model strain and to take advantage of the tools we are
developing to test their own hypotheses about virulence determi-
nants of A. baumannii.

MATERIALS AND METHODS

Bacterial strains, growth media, and clinical microbiology. All work was
carried out under biosafety level Il or II+ conditions. All the A. baumannii
strains used in this study can be found in Table 1. Routine growth and
strain maintenance was carried out in Luria-Bertani Lennox (LB) broth
and agar. Bacterial identification, antibiograms, and MIC were deter-
mined using the Vitek 2 (bioMérieux, France) and Phoenix (Becton,
Dickinson and Co., Franklin Lakes, NJ) automated systems according to
the manufacturer’s instructions. Rifampin was obtained from Sigma-
Aldrich (St. Louis, MO), prepared in dimethyl sulfoxide (DMSO), and
then further diluted in sterile saline.

Pulsed-field gel electrophoresis. The pellet from an overnight broth
culture was resuspended in 2 ml 10 mM Tris-HCI, 10 mM EDTA (pH 8.0)
to a density equivalent to 0.5 McFarland. Suspensions were mixed with
equal volumes of melted 1.6% SeaKem Gold agarose (Lonza, Walkersville,
MD), dispensed into wells of a plug mold, and allowed to solidify. The
plugs were incubated for 2 h in 20 mg/ml proteinase K and cell lysis buffer
(50 mM Tris-HCL, 50 mM EDTA [pH 8.0], 1% N-lauroylsarcosine, so-
dium salt) at 54°C. Subsequently, the plugs were washed four times in TE
buffer (10 mM Tris-HCl, 10 mM EDTA [pH 8.0]) and then incubated in
a digestion buffer consisting of 50 U of Apal restriction enzyme, NEBuffer

mBio mbio.asm.org 7

Bio wse oiqu Ag paysiignd - #T0Z ‘S AInC Uo BIo"WSE oIgu WOoJ) PapPeojUMO(


http://www.gs.washington.edu/labs/manoil/baumannii.htm
http://www.gs.washington.edu/labs/manoil/baumannii.htm
mbio.asm.org
http://mbio.asm.org/
http://mbio.asm.org/

Jacobs et al.

4, and bovine serum albumin (New England BioLabs, Ipswich, MA) at
25°C for at least 2 h. Electrophoresis was performed at a constant voltage
0f200V by the CHEF-DR II system (Bio-Rad Laboratories, Hercules, CA)
with pulse times ramping from 7 to 20 s for 18.5 h. Gels were stained with
ethidium bromide and photographed under UV light. PFGE clustering
was determined by using the unweighted-pair group method with arith-
metic averages (UPGMA) and Dice’s coefficient (BioNumerics version
6.0, created by Applied Maths NV).

Multiplex PCR assay. Multiplex PCR methods were followed directly
from the work of Turton et al. (24), with modified reaction volume and
reagents. Briefly, A. baumannii templates were prepared from a single
colony grown on Luria-Bertani (LB) agar and resuspended in Lyse-N-Go
PCR reagent according to the manufacturer’s instructions (Thermo Sci-
entific, Rockford, IL). PCRs were prepared in 20-ul volume using
DreamTaq master mix (Thermo Scientific).

Genome sequencing and bioinformatic analysis. Genome analysis
was performed as previously described (17), with AB5075, AB5711,
AB4857, and AB5256 included in the bioinformatic comparisons. Unique
genes were determined using the BLAST score ratio analysis (26). BLAST
score ratio (BSR) is an in silico approach to conduct comparative pro-
teomic analyses based on proteins predicted to be encoded in a genome
(26). BSR was used to compare the proteins encoded in the newly se-
quenced strains with three isolates from the University of Maryland (17)
and eight previously sequenced reference isolates (SDF, AYE, ATCC
17978, ADP1, AB0057, ATCC 19606", ACICU, and AB307). The BSRs
were calculated as the ratio of raw BLASTP score for the query to the raw
BLASTP score of the reference strain. BSR cutoffs of =0.8, <0.8 to >0.4,
and <0.4 were used to determine whether a gene is conserved, divergent,
or unique, respectively. A BSR value of 0.8 corresponds to ~85 to 90%
identity over 90% of the length of a protein sequence, indicating a highly
conserved sequence, while a BSR value of 0.4 corresponds to 30% identity
over 30% of the length of a protein sequence, indicating a unique se-
quence (26).

Galleria mellonella infection model. A. baumannii strains were
grown overnight in an orbital shaker (37°C, 200 rpm), and overnight
cultures were then diluted 100-fold into fresh medium and grown for 3 h.
Cells were collected by centrifugation (5 min, 5,000 X g), washed once in
phosphate-buffered saline solution (PBS), and resuspended in PBS to a
final ODy, of 1.0. Further dilutions were done in PBS. The number of
bacterial cells in the injected sample was enumerated by plating 10-fold
serial dilutions on LB agar plates and counting CFU after overnight incu-
bation.

G. mellonella larvae (Vanderhorst Wholesale, Saint Marys, OH) were
used within 10 days of shipment from the vendor. Larvae were kept in the
dark at 21°C before infection. Larvae weighing 200 to 300 mg were used in
the LD, and survival assays as described previously (28), with slight mod-
ifications. Briefly, 5 ul of the sample was injected into the last left proleg of
the larvae using a 10-ul glass syringe (Hamilton, Reno, NV) fitted with a
30G needle (Novo Nordisk, Princeton, NJ). Each experiment included
control groups of noninjected larvae or larvae injected with 5 ul sterile
PBS. For rifampin experiments, approximately 30 min postinfection,
worms were injected with 2 ul of rifampin in the second-to-last left proleg
using a 10-ul glass syringe. Injected larvae were incubated at 37°C, assess-
ing death at 24 h intervals over 6 days. Larvae were considered dead if they
did not respond to physical stimuli. Experiments in which 10% or more of
the larvae in either of the control groups died were omitted from the
statistical analysis. Experiments were repeated three times using 10 or 20
larvae per experimental group.

The LD, for A. baumannii strains AB5075, ATCC 19606", and ATCC
17978 were determined by preparing a series of 2-fold dilutions of a PBS
suspension of the bacterial strain, starting with a bacterial concentration
that caused death of all the larvae within 24 h and going down to a con-
centration at which no deaths were recorded within this time frame.
Twenty larvae were injected with 5 ul of the appropriate dilution, and
larvae were determined to be alive or dead after 24 h. Two independent
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biological repeats of LD, determination were performed. LD, were de-
termined using the Spearman-Karber method.

Murine pulmonary model. The animal experimental procedures were
approved by the Institutional Animal Care and Use Committee at the
Walter Reed Army Institute of Research (IB02-10). All research was con-
ducted in compliance with the Animal Welfare Act and other federal
statutes and regulations relating to animals and experiments involving
animals and adhered to principles stated in reference 39. Six-week-old
female BALB/c mice (National Cancer Institute, Frederick, MD) were
housed at 3 to 4 animals per cage and allowed access to food and water ad
libitum throughout the experiment. The pulmonary infection model was
adapted from reference 14. Briefly, to promote infection, mice were ren-
dered neutropenic via intraperitoneal administration of 150 mg/kg and
100 mg/kg cyclophosphamide in sterile saline on day —4 and day —1 prior
to infection (day 0), respectively.

A. baumanniiisolates AB4857, AB5075, AB5711, AB0057,and AB5256
were grown overnight in LB broth with aeration at 37°C, subcultured to
mid-exponential phase, washed, and resuspended in PBS with optical
density at 600 nm (ODy,) values corresponding to 2 X 108 CFU/ml. For
infection, mice were anesthetized with oxygenated isoflurane immedi-
ately prior to intranasal inoculation with 25 ul of bacterial cultures, cor-
responding to 5 X 10° CFU. For rifampin experiments, mice were injected
IP daily, starting at 4 h postinfection. Animal morbidity was scored twice
daily for 6 days using a system evaluating mobility, coat condition, and
conjunctivitis as previously described (14). As mice became exceedingly
moribund based on clinical score, they were humanely euthanized ac-
cording to protocol.

To assess CFU burden in the lungs, mice were humanely euthanized
according to protocol on days 2 and 3 postinfection via an injection of
ketamine (100 mg/kg) and xylazine (10 mg/kg). To quantify the pulmo-
nary CFU burden, lungs were homogenized in 1 ml PBS, and serial dilu-
tions were plated using the Autoplate spiral plating system (Advanced
Instruments, Norwood, MA) onto LB agar supplemented with 50 pg/ml
carbenicillin. Bacterial load was reported as CFU per gram of lung tissue.

Transposon library generation. Transposon mutants were con-
structed using the EZ-Tn5 transposon construction vector pMOD-
5<R6Kvyori/MCS> (Epicentre, Madison, WI). The transposable element
was created by PCR amplifying hph, encoding hygromycin resistance,
from vector pMQ300 (31) using the primers pMODHygForKPN (AAAA
AAGGTACCggaaatgtgcgeggaaccee) and pMODHygRevPST (AAAAAAC
TGCAGttggtctgacaatcgatgegaattgg). The amplicon was then cloned into
the multicloning site (MCS) of pMOD-5<R6K+yori/MCS>. The transpo-
some was constructed according to manufacturer’s instructions and in-
troduced into cells via electroporation. The transformed cells were se-
lected for on LB agar supplemented with 250 pg/mlhygromycin. Colonies
were picked from plates and grown overnight in 96-well plates containing
100 ul of low-salt LB supplemented with 250 ug/ml hygromycin. After
overnight incubation, 100 ul of 50% glycerol was added to each well, and
plates were immediately moved to —80°C for storage. The Tn5 mutant
library was subjected to high-throughput sequencing as previously de-
scribed (32).

Construction of hygromycin mini-Tn7 vector and insertion onto
the chromosome. To make Tn7-based genetic tools usable in AB5075, the
hph gene, coding for hygromycin resistance, was cloned into pUCI18T-
mini-Tn7T-Zeo (40). Briefly, hph was amplified from pMQ300 (31) using
primers pMOD Hyg For (AAAGCATGCggaaatgtgcgcggaaccee) and
pMOD Hyg Rev (AAAGCATGCttggtctgacaatcgatgcgaattgg) (lowercase
letters represent the actual primer; capital letters are the restriction site for
each primer and a poly-A overhang) and ligated into pUCI18T-mini-
Tn7T-Zeo, which was digested with NcoI and then blunted with the Kle-
now fragment of the DNA polymerase I (Fermentas). A derivative of the
pUCI18T-mini-Tn7T-hph vector containing the lux operon was con-
structed by amplifying the luxABCDE operon out of pUCI18T-mini-
Tn7T-Gm-lux (40) with the primers Lux For (TCAAGGTTCTGGACCA
GTTG) and Lux Rev (AAAAAAAAGCTTGGTGTAGCGTCGTAAGCTA
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ATA). The PCR product was digested with BamHI and HindIII and then
cloned into the MCS of pUCI18T-mini-Tn7T-hph.

The mini-Tn7 elements were transposed into the atfTn7 site of
AB5075 via the method of Kumar et al. (41). Conjugation mixtures were
scraped from LB plates, resuspended in 1 ml of PBS, and plated on LB agar
supplemented with 250 ug/ml of hygromycin and 25 pg/ml of chloram-
phenicol. Insertion into the atfTn7 site was confirmed with the primers
AB5075 attTn7 FWD (AACACAAGTGGAAGTGATTTCT) and AB5075
attTn7 REV (TGGCTTGCACCAATCATTTATAG), which flanked the
attTn7 site.

Statistical analyses. All statistical analyses were carried out using
GraphPad Prism version 5.01 for Windows (GraphPad Software, San Di-
ego, CA). Survival curves were compared via Kaplan-Meier curve analysis
with the Bonferroni correction for multiple comparisons. Recovered bac-
terial burdens were compared via either the Mann-Whitney U test or the
Kruskal-Wallis test followed by Dunn’s multiple-comparison test. All re-
sults were considered significant at a P value of <0.05.
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Antimicrobial Activity of Gallium Protoporphyrin IX against
Acinetobacter baumannii Strains Displaying Different Antibiotic
Resistance Phenotypes
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A paucity of effective, currently available antibiotics and a lull in antibiotic development pose significant challenges for treat-
ment of patients with multidrug-resistant (MDR) Acinetobacter baumannii infections. Thus, novel therapeutic strategies must
be evaluated to meet the demands of treatment of these often life-threatening infections. Accordingly, we examined the antibi-
otic activity of gallium protoporphyrin IX (Ga-PPIX) against a collection of A. baumannii strains, including nonmilitary and
military strains and strains representing different clonal lineages and isolates classified as susceptible or MDR. Susceptibility
testing demonstrated that Ga-PPIX inhibits the growth of all tested strains when cultured in cation-adjusted Mueller-Hinton
broth, with a MIC of 20 pg/ml. This concentration significantly reduced bacterial viability, while 40 pg/ml killed all cells of the
A. baumannii ATCC 19606" and ACICU MDR isolate after 24-h incubation. Recovery of ATCC 19606 and ACICU strains from
infected A549 human alveolar epithelial monolayers was also decreased when the medium was supplemented with Ga-PPIX,
particularly at a 40-pg/ml concentration. Similarly, the coinjection of bacteria with Ga-PPIX increased the survival of Galleria
mellonella larvae infected with ATCC 19606" or ACICU. Ga-PPIX was cytotoxic only when monolayers or larvae were exposed to
concentrations 16-fold and 1,250-fold higher than those showing antibacterial activity, respectively. These results indicate that
Ga-PPIX could be a viable therapeutic option for treatment of recalcitrant A. baumannii infections regardless of the resistance

phenotype, clone lineage, time and site of isolation of strains causing these infections and their iron uptake phenotypes or the

iron content of the media.

mmediately following the advent of antibiotics as therapeutic
agents, resistance to these drugs emerged among pathogenic
bacteria. Drug-resistant bacterial strains are selected for immedi-
ately after initiation of antibiotic regimens, and as a consequence
of continued selective pressure, very few treatment options now
exist for infections caused by resistant strains of some pathogens
(1, 2). The continuing battle with resistance has led to the initial
emergence of pathogens displaying multidrug-resistant (MDR)
phenotypes, which has since been followed by the emergence of
extremely drug-resistant (XDR) or totally drug-resistant (TDR)
strains, an outcome that has recreated the preantibiotic era (3, 4).
This crisis has involved major Gram-positive and Gram-negative
pathogens, including Enterococcus spp., Staphylococcus aureus,
members of the family Enterobacteriaceae, Neisseria gonorrhoeae,
Pseudomonas aeruginosa, and Acinetobacter spp. (4). The emer-
gence of MDR strains of each of these microorganisms has con-
tributed to increased morbidity and mortality among patients,
leading to extended lengths of hospital stay and exorbitant health
care financial burdens that often go unremitted. Compounding
this continuum of resistance evolution and treatment failures is
the stagnation in the development of new antimicrobial agents
used to treat infectious diseases caused by multidrug-resistant or-
ganisms (MDROs) (3, 4). All of the aforementioned factors have
resulted in a call to action from the Infectious Diseases Society of
America (5) and highlight the critical need for alternative thera-
peutic options that could be used alone or in combination with
standard antimicrobials for the treatment of infections caused by
MDRO:s.
Iron acquisition has been considered an alternate target of an-
timicrobial agents, largely because of the critical role that iron
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plays in the physiology of bacteria, including pathogens that cause
severe human infections (6, 7). Thus, siderophore-mediated iron
acquisition processes have been targeted for the development of
sideromycins, derivatives in which siderophores have been
covalently linked to antibiotics, such as albomycin, salmycin,
ferrymicins, the siderophore monosulfactam BAL30072, and a
biscatecholate-monohydroxamate-carbacephalosporin conju-
gate (8—10). This “Trojan Horse” strategy has also included the
use of gallium(III) as an anti-infective agent. Gallium binds to
virtually all biological complexes that normally contain Fe(III),
but it is not reduced to Ga(II) under physiological conditions
and thus disrupts essential redox-driven biological processes
(11). Accordingly, Ga has been used as simple inorganic and
organic salts or complexed with organic compounds, including
bacterial siderophores and porphyrins, such as protoporphyrin
IX (12, 13). For example, gallium nitrate and gallium desfer-
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FIG 1 Molecular structure of gallium protoporphyrin IX (Ga-PPIX).

rioxamine showed antimicrobial activity against relevant hu-
man pathogens such as P. aeruginosa by killing free-living bacte-
ria, blocking biofilm formation, and targeting iron metabolism
(14, 15). Noniron metalloporphyrins have also been tested as an-
tibacterials with Ga-protoporphyrin IX (Ga-PPIX) effecting the
most potent action against Gram-positive and Gram-negative
bacteria. The biological activity of this derivative (Fig. 1) seems to
involve high-affinity uptake pathways, which depend on the ex-
pression of hemin/hemoglobin receptors, or low-affinity trans-
port processes, whose mechanism of action are unknown (16).
Furthermore, Ga-PPIX showed antimicrobial activity against N.
gonorrhoeae when used topically in a murine vaginal infection
model (17).

The Gram-negative obligate aerobe Acinetobacter baumannii is
an opportunistic pathogen capable of causing a wide range of
infections in humans, particularly in those with impaired immune
systems (18, 19). The inherent and acquired resistance of clinical
isolates of this pathogen complicates the severity of A. baumannii
infections and their treatment because of the emergence of isolates
that are resistant to all commercial antibiotics during the course of
treatment (20, 21). This necessitates the investigation into novel
chemotherapeutics needed for the treatment of infections, partic-
ularly those caused by MDR A. baumannii isolates obtained from
patients with nosocomial infections and wounded patients. In
spite of the increased occurrence of these infections, little is known
about the pathobiology of this relevant pathogen. One of the best-
understood interactions of this pathogen with the human host is
its ability to acquire essential iron during the infection process.
The results of genetic and functional analyses of the A. baumannii
ATCC 19606 type strain showed that it acquires iron via the acin-
etobactin-mediated siderophore system, which proved to be crit-
ical for the infection of human alveolar epithelial cells, Galleria
mellonella caterpillars, and mice (22). Furthermore, preliminary
experimental data (23) and in silico genomic studies (24) indicate
that A. baumannii expresses hemin acquisition systems that re-
main to be characterized experimentally. These observations sug-
gest that Ga-containing derivatives could be effective microbio-
cides against A. baumannii MDR strains. Accordingly, gallium
maltolate and gallium nitrate showed antibacterial activity in mice
and G. mellonella larvae experimentally infected with different A.
baumannii clinical strains, including MDR isolates, although the
in vitro activity of these derivatives depended on the free-iron
content of the media (25-27). Furthermore, the analysis of A.
baumannii LAC-4, which is considered a hypervirulent clinical
isolate, showed that it is resistant to gallium nitrate except when it
is in the presence of hemin, which it can use as an alternative iron
source. Interestingly, the hemin utilization phenotype of the
LAC-4 strain is abrogated when Ga-PPIX is added to medium
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containing serum (28). In addition, the formation of Ga-sidero-
phore complexes, such as those formed with staphyloferrin, could
not result in effective antimicrobial activity (13). On the basis of
these observations, we studied the effect of Ga-PPIX as an antimi-
crobial agent against a collection of A. baumannii clinical isolates
that include strains obtained from military personnel with wound
infections. Our results show that Ga-PPIX is an effective antimi-
crobial agent when tested under in vitro, ex vivo, and in vivo con-
ditions independently of the antimicrobial resistance phenotype
of the tested strains.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All strains used in this work,
which are listed in Table SI in the supplemental material, were stored at
—80°C as Luria-Bertani (LB) glycerol stocks. All strains were routinely
cultured in LB agar or broth at 37°C. For antimicrobial susceptibility
determinations, strains were passaged on 5% sheep blood agar prior to
growth in cation-adjusted Mueller-Hinton broth (CAMHB; Oxoid, Bas-
ingstoke, Hampshire, England) as previously described (29). Iron-rich
and iron-chelated conditions were achieved by adding 100 wM FeCl, and
the synthetic iron chelator 2,2’-dipyridyl (DIP), respectively, to the cul-
ture media. The identities of the A. baumannii isolates listed in Table 1
were confirmed by matrix-assisted laser desorption ionization—time of
flight mass spectrometry (MALDI-TOF MS) using a Bruker microflex
analyzer. The MALDI Biotyper v3.1 software package (Bruker Daltonic,
Billerica, MA) was used to characterize MS fingerprints comprised of the
means of 240 mass spectra profiles for each isolate analyzed. Score values
greater than 2.000 were considered acceptable for species-level identifica-
tion. All A. baumannii strains provided by D. Zurawski (Walter Reed
Army Institute of Research [WRAIR]) were described previously (30). A
10-mg/ml stock solution of Ga-PPIX (Frontier Scientific, Logan, UT), for
use whenever Ga-PPIX was required, was prepared using cell culture-
grade dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO) and
then sterilized using 0.2-pwm nylon membrane filters (Pall Corp., Port
Washington, NY).

AST. Strains were subjected to automated and manual antimicrobial
susceptibility testing (AST) of standard antimicrobials and the experi-
mental Ga-PPIX. MIC breakpoints and categorical interpretations for
conventional antibiotics were mainly based on Clinical and Laboratory
Standards Institute (CLSI) breakpoints (31). However, the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) break-
points (http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files
/Breakpoint_tables/Breakpoint_table_v_3.1.pdf) were used to interpret
the MIC of gentamicin for A. baumannii 19606". Currently, there are no
breakpoints for tigecycline or Ga-PPIX.

Epsilometer (Etest)-based MIC tests (bioMérieux, Durham, NC) were
performed and interpreted according to the manufacturer’s instructions.
Briefly, suspensions of the strains equivalent to a 0.5 McFarland standard
were used to inoculate Mueller-Hinton agar plates (Remel, Lenexa, KS)
prior to strip placement. The plates were incubated for 22 h in ambient air
at 35°C prior to MIC interpretation. The MIC was interpreted by observ-
ing the concentration of the drug on the strip where the growth of the
organism intersected the strip.

Isolate AST of Ga-PPIX and doxycycline was carried out by the Kirby-
Bauer disk diffusion method according to standard procedures (32). Ga-
PPIX stock solution was added to sterile 6-mm paper disks to deliver 50
pgor 100 pg of Ga-PPIX per disk and allowed to dry. Ga-PPIX paper disks
and HardyDisk (Hardy Diagnostics, Franklin, OH) containing 30 ng
doxycycline were applied to the surfaces of Mueller-Hinton agar plates
inoculated with bacteria. Zones of inhibition (ZOI) were measured after
incubation in ambient atmosphere at 37°C for 24 h. ZOI of doxycycline
were classified as resistant, intermediate, or susceptible based on CLSI
standards.

For automated AST determinations, the Vitek 2 XL (bioMérieux) mi-
crobial identification system and the BD Phoenix (BD Diagnostic Sys-
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Ga-PPIX Antibacterial Activity against A. baumannii

tems, Sparks, MD) automated microbiology system were used according
to the manufacturer’s instructions. The bioMérieux susceptibility card
AST-GN73 and Phoenix NMIC/ID-130 panels were used for each plat-
form, respectively. Interpretive criteria were based on CLSI breakpoints
(31).

Broth microdilution MICs. The MIC of Ga-PPIX was determined
using the antimicrobial broth microdilution technique in the absence or
presence of 10% heat-inactivated normal serum according to standard
procedures (29). Briefly, broth microdilution plates were inoculated with
10° CFU/ml of each test organism in CAMHB and incubated for 24 h at
37°C in ambient air. Twofold dilutions of Ga-PPIX were performed; the
concentrations ranged from 5 pg/ml to 166 pg/ml. A sample with no
added antibiotic was included as a growth control on each plate. A more
defined Ga-PPIX MIC was determined with 1-pg/ml resolution covering
arange of 10 pg/ml to 20 pug/ml for selected strains. The wells on the plates
were read for turbidity at an optical density at 595 nm (ODs,s) with a
FilterMax F5 instrument using the multimode analysis software version
3.4.0.25 (Molecular Devices, Sunnyvale, CA). The MIC was determined as
the microtiter plate’s well with the lowest drug concentration at which
there was no detectable growth. The MICs were determined at least three
times in triplicate (n = 9) using fresh biological samples each time.

Ga-PPIX resistance frequency. CAMH broth samples were inocu-
lated with a 1:100 dilution of 24-h cultures of ATCC 19606 or ACICU
strain and then incubated for 6 h at 37°C. Bacteria were plated onto
CAMH agar plates containing 2X (40 pg/ml) and 4X (80 pg/ml) the MIC
of Ga-PPIX. The population of bacteria treated with Ga-PPIX was quan-
tified by plate count. Colonies were observed after 24 h and used to deter-
mine mutation frequency. The assay was performed twice in triplicate.

Time-kill assays. Time-kill kinetics assays were performed to deter-
mine the rapidity of bactericidal activity of Ga-PPIX. The time-kill kinetic
assays were performed basically as described previously (33). Briefly, after
routine growth, 10° CFU/ml of A. baumannii ATCC 19606" or ACICU
were inoculated into CAMHB. Cultures were then treated with 0, 10, 20,
or 40 pg/ml Ga-PPIX, concentrations that corresponded to 0, 0.5, 1, or 2
times the MIC, respectively. The numbers of CFU were determined at 0, 2,
4,6,and 24 h postinoculation by plate count. Assays were performed twice
in triplicate (n = 6) using fresh biological samples each time.

A549 ex vivo assays. To test the cytotoxicity of Ga-PPIX, an opaque
white 96-well plate was seeded with 10* A549 human pulmonary adeno-
carcinoma cells and incubated for 24 h in Dulbecco’s modified Eagle’s
medium (DMEM) (Mediatech, Inc., Manassas, VA) supplemented with
10% heat-inactivated fetal bovine serum (HyClone, Logan, UT), penicil-
lin, and streptomycin at 37°C in a 5% CO, atmosphere as previously
described (22). Following incubation, the medium was exchanged for
DMEM containing 10% heat-inactivated fetal bovine serum without an-
tibiotics and supplemented with twofold dilutions ranging from 10 pg/ml
to 640 wg/ml Ga-PPIX. The samples were incubated for 24 h, and cell
viability was assayed using the CellTiter-Glo luminescent cell viability
assay (Promega, Madison, WI). Luminescence was measured for 10 ms
with a FilterMax F5 instrument. Experiments were performed twice in
octuplet (n 16). Groups were compared by analysis of variance
(ANOVA) with Tukey’s multiple-comparison test.

To test the antimicrobial effect of Ga-PPIX on the infection of sub-
merged A549 cell monolayers, 24-well tissue culture plates were seeded
with approximately 10* cells per well and then incubated for 16 h as
described before (22). Bacteria were cultured for 24 h in CAMHB at 37°C
with shaking at 200 rpm, collected by centrifugation at 21,000 X g for 10
min, washed, resuspended, and diluted in DMEM with 10% heat-inacti-
vated fetal bovine serum without antibiotics or supplemented with 20 or
40 pg/ml Ga-PPIX. The A549 cell monolayers were infected with 10* CFU
of the A. baumannii ATCC 19606" or ACICU strain. Inocula were esti-
mated spectrophotometrically at ODy,, and then confirmed by plate
count. Infected-cell monolayers were incubated for 24 h at 37°C in 5%
CO,. The tissue culture supernatants were collected, the A549 monolayers
were lysed with sterile distilled H,O, and the lysates were added to the
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cognate tissue culture supernatants. Combined lysate samples were seri-
ally diluted and then plated on nutrient agar. After overnight incubation
at 37°C, the numbers of CFU were counted, and the viable-cell plate count
for each sample was calculated and recorded. Experiments were per-
formed twice in octuplet (n = 16) using fresh biological samples each time
and compared by ANOVA with Tukey’s multiple-comparison test.

Galleria mellonella in vivo assays. Ga-PPIX’s toxicity and efficacy to
treat experimental infections were tested using final instar larvae of the
greater wax moth, G. mellonella (Grubco Inc., Fairfield, OH) as described
before (22). Briefly, larvae weighing between 0.25 g and 0.35 g were ran-
domly assigned to groups of 10 for each trial and then injected into the last
left proleg using a syringe pump (New Era Pump Systems Inc., Farm-
ingdale, NY) and 26.5-gauge needles. Larvae were inspected for survival
every 24 h for 5 days. Dead larvae were removed at the time of inspection.
If more than two larvae died in any control group, the results of the
cognate trial were excluded from analysis, and the trial was repeated.
Trials were performed in triplicate (n = 30).

Ga-PPIX in vivo toxicity was tested by using mass-matched G. mello-
nella larvae (i.e., mean mass of each group was statistically indistinguish-
able by ANOVA from any other group). Larvae were injected with 5 .l of
twofold dilutions ranging from 0.2 mM to 25 mM (15.7 mg/ml to 126
pg/ml) Ga-PPIX solubilized in 0.5 N NaOH and 1.5% DMSO. Control
groups were either injected or not injected with carrier solution. Probit
analysis was performed using R 3.0 (www.r-project.org). To test antimi-
crobial activity, larvae were injected with a 5-pl bolus of 10> CFU of A.
baumannii ATCC 19606" or A. baumannii ACICU suspended in a phos-
phate-buffered saline (PBS) solution containing 2% DMSO (carrier) or
carrier supplemented with either 20 pg/ml or 40 pg/ml Ga-PPIX. Unin-
jected larvae and larvae injected with the same volume of sterile carrier
were used as controls. Kaplan-Meier survival analysis and odds ratios were
determined using Prism 6.0 (GraphPad Software, Inc., La Jolla, CA).

RESULTS

Source and antibiotic susceptibility profiles of A. baumannii
strains used in this study. Ga-PPIX proved to be an effective an-
timicrobial when tested against Gram-negative bacteria (Yersinia
enterocolitica), Gram-positive bacteria (Staphylococcus aureus),
and acid-fast bacilli (Mycobacterium smegmatis) (16). In spite of
initial promising results, the application of Ga-PPIX to other
pathogens has not been systematically tested. Thus, we used an
approach similar to that described in the aforementioned publi-
cation (16) to test the Ga-PPIX susceptibility of an A. baumannii
strain collection that included 30 A. baumannii strains isolated
from U.S. wounded military personnel (strains 3132 to 3160 and
3284 in Table S1 in the supplemental material) and 12 nonmilitary
isolates representing type strains, different international clonal
lineages, strains whose genomes were fully sequenced and anno-
tated, and strains that were classified as antimicrobial susceptible
or MDR (strains 406 to 3022 and 3161 in Table S1). We initially
tested the antibiotic susceptibility of all non-WRAIR strains, the
identities of which were confirmed using a combination of stan-
dard bacteriological methods and modern technology, such as
MALDI-TOF MS. This analysis showed that this set of strains
includes isolates, such as SDF, that are susceptible to all tested
antibiotics, which included more than six different classes of an-
timicrobials; isolates that display resistance to some antibiotics,
such as ATCC 19606" and ATCC 17978; MDR isolates, such as
LUHO07672, LUH08809, LUH05875, LUH13000, RUH00134, and
RUHO00875; and isolates that are resistant to practically all drugs,
such as AYE and ACICU, with ACICU being the most resistant
isolate used in this work (Table 1). The U.S. military strain collec-
tion of clinical isolates includes 30 strains, each of which are resis-
tant to most of the 11 antibiotics tested (30).
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Growth inhibitory effects of Ga-PPIX. All 42 tested strains
displayed apparent growth when cultured in CAMHB at 37°C for
18 h using 96-well microtiter plates, although there was some
growth variability among the strains (see Table S2 in the supple-
mental material). The addition of Ga-PPIX produced a dose-de-
pendent growth response with several strains growing to higher
optical densities in the presence of 5 pg/ml to 20 pwg/ml of this
nonferric metalloporphyrin when assayed using an automated
twofold microdilution method. However, bacterial growth was
significantly reduced when the CAMHB contained more than 20
pg/ml Ga-PPIX, making 40 p.g/ml the MIC for all 42 strains when
tested using this automated approach, which resulted in inocula
containing 10° bacteria per sample. A more detailed manual anal-
ysis of the nonmilitary isolates following the CLSI standards (us-
ing inocula of 10° bacteria and CAMHB) using a twofold Ga-PPIX
serial dilution scheme resulted in a MIC value of 20 pg/ml for all
of these isolates. Furthermore, a 1-pg/ml resolution scheme per-
formed under the latter experimental conditions resulted in Ga-
PPIX MIC values ranging between 11 wg/ml and 20 pg/ml (Table
1). The median and mean MIC of these nonmilitary isolates was
19 pg/ml and 17.4 pg/ml, respectively. The presence of 10% heat-
inactivated normal human serum increased the MIC for the
ATCC 19606" and ACICU strains to 62.5 pg/ml, a threefold in-
crease compared with the values obtained in the absence of pro-
teins, without causing the complete inactivation or sequestration
of Ga-PPIX. The Ga-PPIX susceptibility of these isolates was also
tested using disk diffusion assays. All strains tested produced de-
tectable ZOI ranging between 13 mm and 23 mm in diameter
when the seeded plates were exposed to sterile filter disks impreg-
nated with 50 pg or 100 g Ga-PPIX, respectively (Fig. 2), and
there were no heteroresistant colonies noted in the ZOI, which is
represented in the insets of Fig. 2A and B. This observation is in
agreement with the failure to isolate Ga-PPIX-resistant colonies of
ATCC 19606" and ACICU when a population of greater than
9.8 X 10° bacteria were challenged to 2X (40 pg/ml) or 4X (80
pg/ml) the MIC of Ga-PPIX (data not shown).

Comparable results were obtained when the disk assays were
conducted using LB agar plates that were supplemented with
FeCl; or DIP to generate iron-rich or iron-chelated conditions,
respectively (data not shown). Furthermore, comparable Ga-
PPIX susceptibility responses were detected with the ATCC
19606" strain and the isogenic derivatives ATCC 19606 t6 (strain
1653 in Table S1 in the supplemental material) and ATCC 19606
entA (strain 3069 in Table S1), which are affected in the uptake
and biosynthesis of acinetobactin because of mutations in the
genes coding for the BauA acinetobactin receptor protein and
the EntA biosynthetic protein, respectively (34, 35). Additionally,
the detailed analysis of A. baumannii AB5075 (strain 3156 in Table
S1), a MDR isolate recently cultured from an infected wound that
has been proposed as a model strain to study the pathobiology of
this pathogen (30), showed a Ga-PPIX MIC of 20 pg/ml when
cultured in CAMHB under standard laboratory conditions fol-
lowing CLSI guidelines (Fig. SIA and S1B in the supplemental
material).

These experimental data collected using two different methods
show that the susceptibility of different A. baumannii clinical
strains to Ga-PPIX, with a standard MIC of 20 pg/ml, is indepen-
dent of their time and site of isolation and their overall antimicro-
bial resistance phenotypes and clonal lineages. The data also
indicate that the susceptibility to Ga-PPIX is independent of the
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FIG 2 Ga-PPIX disk diffusion assays. A. baumannii bacteria were first seeded
onto CAMH agar and then disks impregnated with 50 g (A) or 100 pg (B) of
Ga-PPIX were deposited on the surfaces of the plates. Growth inhibition halos
were measured after incubation for 24 h at 37°C. Data are expressed as
means * standard errors of the means (SEM) (error bars) from experiments
done twice in triplicate. The insets show the growth inhibition halos observed
when the CAMH agar plates were seeded with A. baumannii ATCC 19606" and
incubated for 24 h at 37°C.

free-iron content of the medium and the capacity of bacteria to
produce or use acinetobactin, which seems to be the most com-
mon siderophore-mediated iron uptake system found in the ge-
nome of different A. baumannii clinical isolates (36).

Ga-PPIX time-kill kinetics. The antibacterial activity of Ga-
PPIX was tested by determining its time-kill kinetics using the
ATCC 19606" and ACICU nonmilitary isolates, which are consid-
ered non-MDR and MDR strains, respectively, at a concentration
0f 0.5, 1, and 2 times the MIC as determined by the microdilution
method. Both A. baumannii strains showed similar responses,
with the addition of 10 pg/ml Ga-PPIX (0.5X MIC) causing only
a small reduction in bacterial viability (Fig. 3). In contrast, the
addition of 20 pg/ml (1 X MIC) or 40 pg/ml (2X MIC) was effec-
tive in reducing the viable cells by >3 log units after 6 h of incu-
bation. Furthermore, 1 X MIC did lead to a statistically significant
reduction of 8 X 10°- and 2.6 X 10°-fold in viable cells after 24 h
compared with the cognate untreated samples of ATCC 19606"
and ACICU, respectively. Interestingly, 40 pg/ml of Ga-PPIX
caused complete bacterial cell death for both the ATCC 196067
strain and ACICU MDR isolate. These results indicate that Ga-
PPIX is both fast and effective in eliminating viable A. baumannii
under in vitro conditions normally used to test the effectiveness of
antimicrobial agents.

Ga-PPIX toxicity to eukaryotic cells and G. mellonellalarvae.
The toxicity of Ga-PPIX was tested using A549 alveolar epithelial
tissue culture cells and G. mellonella caterpillars. Ga-PPIX exhib-
ited no statistically significant toxicity for A549 cells at concentra-
tions up to 160 pg/ml, 8 times the MIC, when tested using the
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FIG 3 Ga-PPIX time-kill assays. Ga-PPIX time-kill kinetics for A. baumannii
ATCC 19606" (A) and ACICU (B) was determined after 0, 2, 4, 6, and 24 h of
incubation by CFU count after exposure to 0 pg/ml (0X MIC), 10 pg/ml
(0.5X MIC), 20 pg/ml (1X MIC), or 40 pg/ml (2X MIC) Ga-PPIX.

CellTiter-Glo luminescent cell viability assay. This assay also
showed that there was a statistically significant reduction in A549
viability when the culture medium contained 640 pg/ml (P =
0.0001) or 320 pg/ml (P = 0.004) Ga-PPIX (Fig. 4A), concentra-
tions that are far higher than the MIC values reported in the pre-
vious section. The ex vivo toxicity is corroborated by in vivo exper-
iments using G. mellonella larvae (Fig. 4B) with comparable body
mass (Fig. 4B, inset). After injection with Ga-PPIX over a 3-log-
unit range (200 wM to 25 mM), the survival of larvae injected with
25 mM was significantly reduced than survival in the control
group (P = 0.0363) (data not shown). The 50% lethal concentra-
tion (LCs,) for Ga-PPIX in G. mellonella was extrapolated by pro-
bit analysis from the log dose-response curve to be 157 mg/ml
(Fig. 4B). It was also observed that the injection of high concen-
trations of Ga-PPIX resulted in immediate coloration of the lar-
vae, and subsequently excreted feces were noticeably pink (data
not shown).

These results demonstrate the ability of eukaryotic cells and
organisms to tolerate Ga-PPIX at concentrations much higher
than the MIC values determined using standard methods.

Ga-PPIX treatment of ex vivo and in vivo experimental in-
fections. The antibacterial effectiveness of Ga-PPIX was deter-
mined by infecting A549 tissue cultures and G. mellonella larvae
with the A. baumannii ATCC 19606" strain or the ACICU MDR
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FIG 4 Ga-PPIX toxicity toward A549 human cells and G. mellonella larvae. (A) Submerged A549 cell monolayers containing 4 X 10° cells were incubated with
increasing concentrations of Ga-PPIX dissolved in DMSO and added to DMEM containing 10% heat-inactivated fetal bovine serum without antibiotics. Cell
viability was determined after 24 h of incubation at 37°C in the presence of 5% CO,. Responses to the presence of Ga-PPIX were compared to those detected with
cells cultured in the absence of this metalloporphyrin derivative. Values that are significantly different from the value for the control (0 wg/ml Ga-PPIX) are
indicated by asterisks as follows: ***, P = 0.0004; ****, P < 0.0001. (B) Mass-matched G. mellonella larvae were injected with 5 pl of twofold dilutions ranging
from 0.2 mM to 25 mM Ga-PPIX solubilized in 0.5 N NaOH and 1.5% DMSO. Larvae injected with 0.5 N NaOH, 1.5% DMSO, or PBS or not injected (No Inj)
served as controls. The inset shows the mean masses of all animal groups with error bars showing standard errors.

strain in the presence or absence of this nonferric metalloporphy-
rin derivative. The presence of 20 pg/ml or 40 pg/ml of Ga-PPIX
leads to a statistically significant reduction in CFU for ATCC
19606 (P = 0.037 or P = 0.014, respectively) and ACICU (P =
0.0005 or P = 0.0005, respectively) compared with the samples
incubated in the absence of this nonferric metalloporphyrin de-
rivative (Fig. 5A and B). Overall, the addition of 40 pg/ml of Ga-
PPIX led to 701-fold and 145-fold reductions of ATCC 19606"
and ACICU CFU recovered from the infected monolayers, respec-
tively.

The G. mellonella in vivo infection model also showed the an-
tibacterial activity of Ga-PPIX (Fig. 5C and D). Infection of larvae
with an ATCC 19606 inoculum containing 20 pg/ml and 40
pg/ml Ga-PPIX significantly increased animal survival with P val-
ues of 0.03 and 0.0003, respectively, and log rank hazard ratios of
2.5 and 8.4, respectively, for each Ga-PPIX concentration tested
compared with animals infected in the absence of this metallopor-
phyrin derivative (Fig. 5C). Similar results were obtained with the
MDR ACICU strain (Fig. 5D), where injection with 20 pg/ml and
40 pg/ml of Ga-PPIX resulted in significant increases in survival
with P = 0.008 and 0.001, respectively, and log rank hazard ratios
of 3.4 and 5.0, respectively. Unfortunately, numerous attempts to
test the antibacterial effect of Ga-PPIX by injecting it after infec-
tion failed to produce valid experimental data, since the death
rates of caterpillars injected twice with 5 pl of sterile PBS, which
were used as negative controls, were higher than those we consider
acceptable—no more than two deaths per sample/per trial. This is
one limitation of this otherwise convenient experimental viru-
lence model we expect to address in the future by using vertebrate
hosts where the volume of the inoculum is not as critical as is the
case of G. mellonella.

Taken together, these observations indicate that Ga-PPIX has
antibacterial activity when tested using experimental infection
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models previously used to show the role of iron acquisition func-
tions in the virulence of A. baumannii (22).

DISCUSSION

Our previous work has shown that iron acquisition is a critical A.
baumannii virulence trait when tested using ex vivo and in vivo
experimental infection models (22). Furthermore, we observed
that the presence of hemin promoted the growth of A. baumannii
ATCC 19606" when cultured in the presence of the synthetic iron
chelator 2,2'-dipyridyl. This response is independent of the ex-
pression of the acinetobactin-mediated system (23), which is the
only complete siderophore-mediated system that allows this
strain to prosper under iron-limiting conditions when tested us-
ing in vitro, ex vivo, and in vivo experimental conditions (22). All
these observations strongly indicate that this strain expresses sid-
erophore and hemin transport and utilization functions that
could be targeted to treat A. baumannii infections, particularly
those caused by MDR isolates. Our initial work (23) and unpub-
lished preliminary observations indicate that the antibacterial ac-
tivity of Ga nitrate is variable among all strains tested and depends
on the free-iron content of the medium as has been reported be-
fore (26). These findings and the recent report that hypervirulent
strains tolerate high concentrations of Ga nitrate (28) prompted
us to study the antibacterial activity of Ga-PPIX against an A.
baumannii strain collection that includes isolates obtained from
different sources at different times, representing different clonal
lineages and expressing different antibiotic resistance phenotypes.
Our work demonstrated that all tested A. baumannii strains, in-
cluding the A. baumannii AB5075 MDR military isolate recently
proposed as a working model strain (30), displayed similar MIC
values, which ranged between 11 and 20 pg/ml, when tested under
standard laboratory conditions following CLSI guidelines. Fur-
thermore, our data show that Ga-PPIX susceptibility is indepen-
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FIG 5 Antibacterial activity of Ga-PPIX against experimental infections. Monolayers of A549 human alveolar epithelial cells (A and B) and G. mellonella larvae
(C and D) were infected with A. baumannii ATCC 19606" strain (A and C) or ACICU strain (B and D) in the absence or the presence of either 20 pg/ml or 40
wg/ml of Ga-PPIX. Data shown in panels A and B represent the means (£ SEM) of experiments performed twice in octuplet (n = 16) using fresh biological
samples each time. Responses to the presence of Ga-PPIX were compared to those detected with bacteria cultured in the absence of this metalloporphyrin
derivative. Values that are significantly different from the value for the control (0 pg/ml Ga-PPIX) are indicated by asterisks as follows: *, P = 0.037; **, P = 0.014;

e P =0.0005.

dent of the free-iron content of the media and the active expres-
sion of siderophore-mediated iron acquisition functions, while
the presence of proteins in the in vitro, ex vivo, and in vivo suscep-
tibility assays showed that they do not drastically affect the anti-
bacterial activity of Ga-PPIX. Our data also showed that Ga-PPIX
displays bactericidal activity relatively quickly, particularly when
used at twice the MIC (40 ng/ml) under standard laboratory con-
ditions, without causing any detectable cytotoxic effects on hu-
man cells and G. mellonella caterpillars. These findings are rele-
vant since patients suffering from severe wound and soft tissue
infections require immediate and effective antimicrobial chemo-
therapy. Equally concerning is the emergence of A. baumannii
isolates with increased and/or altered virulence, such as the LAC-4
strain and isolates obtained from deadly cases of necrotizing fas-
ciitis, respectively (37, 38). These infections require immediate
and effective antimicrobial treatment not only because of the dev-
astating nature of these infections but also because of the alarming
MDR phenotype of the bacterial agents responsible for these dis-
eases.

Our recent observation that the Ga-PPIX-susceptible strain
AYE produces the hydroxamate siderophore baumannoferrin
(39), but not acinetobactin or any catechol-derived siderophore
due to a natural entA natural mutation (35), shows that the anti-
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bacterial activity of this nonferric metalloporphyrin extends be-
yond those strains that produce and use acinetobactin to acquire
iron. More recently, it was reported that the A. baumannii ATCC
17978 strain, which could rely on the production and use of acin-
etobactin and fimsbactins to grow under free-iron limiting con-
ditions (40), is also susceptible to Ga-PPIX. These observations
further demonstrate that the antibacterial activity of Ga-PPIX is
independent of the type or number of high-affinity iron chelators
produced by a particular isolate. Whether these conditions also
apply to the LAC-4 hypervirulent strain, which proved to be sus-
ceptible to Ga-PPIX (28), is currently unknown, since the sidero-
phore-mediated iron acquisition system or systems expressed by
this isolate is/are unknown.

The fact that Ga-PPIX displays bactericidal activity even in a
medium such as LB agar, which has enough free iron to inhibit the
expression of the acinetobactin system in the ATCC 19606" strain
(41), demonstrates the antibacterial effectiveness of this noniron
metalloporphyrin derivative even under conditions that inhibit
the expression of critical iron-regulated bacterial functions, in-
cluding those required for iron acquisition via siderophore or he-
min uptake processes. However, the mechanisms by which Ga-
PPIX is transported into the bacterial cytoplasm and affects iron
metabolism are not fully understood. Pioneering work done by
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Stoljiljkovic et al. showed that Gram-negative bacteria, such as
Yersinia enterocolitica, are susceptible to Ga-PPIX when express-
ing hemin acquisition functions under low-iron conditions (16).
Similarly, work done by Moriwaki et al. showed that the Staphy-
lococcus aureus IsdH-NEAT3 hemin receptor interacts with Ga-
PPIX in a fashion similar to that of the natural hemin ligand (42).
However, these results contradict our observations showing that
Ga-PPIX displays antibacterial activity against bacteria cultured in
iron-rich media such as LB agar or broth, which should signifi-
cantly inhibit the expression of hemin transport functions accord-
ing to data collected with Y. enterocolitica and Escherichia coli (16).
Taken together, these results argue in favor of the hypothesis that
Ga-PPIX could reach the periplasmic and cytoplasmic spaces ei-
ther by using unknown low-affinity or TonB-independent hemin
receptors or passive diffusion through bacterial membranes (16).
Those hypotheses are supported by our data showing that the A.
baumannii strains AYE and ATCC 17978, which lack the eight-
gene cluster coding for putative hemin oxygenase and hemin uti-
lization proteins recently described by de Léséleuc et al. (28), and
ATCC 19606" strain, which does not have an identifiable hemO
ortholog and therefore lacks this cluster, were as susceptible as the
ACICU, SDF, and AB0057 strains, all of which harbor the afore-
mentioned eight-gene cluster. The Ga-PPIX susceptibility of AYE,
ATCC 17978, and ATCC 19606" could be also explained by the
presence of a 12-gene cluster (iron uptake gene cluster 2), which
codes for predicted hemin uptake functions but lacks a canonical
hemO ortholog, that is also present in the genomes of the ACICU,
SDF, and AB0057 strains (24). Together, these observations indi-
cate that the widespread susceptibility of A. baumannii to Ga-
PPIX is mediated by more than one cellular process, a property
that will most likely not favor the emergence of resistant deriva-
tives atleast in the short term as could be predicted from our work,
which failed to detect a resistance phenotype using disk diffusion
assays, broth MIC, or mutation rate studies.

In summary, our work shows that A. baumannii strains are
susceptible to Ga-PPIX regardless of their clonal lineages, site and
time of isolation, antimicrobial resistance phenotypes, expression
ofiron acquisition systems, iron content of the media, or presence
of proteins in in vitro and ex vivo tissue culture susceptibility as-
says. All these properties make this nonferric metalloporphyrin
derivative a potentially valuable and convenient antimicrobial
agent that affects the viability of bacterial cells not only by inter-
fering with critical physiological processes that depend on the re-
dox properties of iron but also making bacterial cells more suscep-
tible to oxidative stresses due to the presence of reactive oxygen
species produced by bacteria growing under aerobic conditions as
well as by the host in response to infection (16). However, the
relatively low solubility of Ga-PPIX in aqueous solutions is one
obstacle that must be overcome before this compound is intro-
duced as a viable therapeutic option, either alone or in combina-
tion with current antibiotics, for the treatment of A. baumannii
infections, particularly those caused by isolates that are highly
resistant to current antimicrobial agents.
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ABSTRACT

Acinetobacter baumannii is an opportunistic Gram-negative coccobacillus pathogen that
causes a wide range of infections including urinary tract infections, pneumonia, septicemia,
necrotizing fasciitis and severe wound infections. Analysis of A. baumannii representative
strains grown in Chelex 100-treated medium for hemolytic activity demonstrated that this
pathogen is increasingly hemolytic to sheep, human and horse erythrocytes, which interestingly
contain increasing amounts of phosphatidylcholine in their membranes. Bioinformatic, genetic
and functional analyses of 19 A. baumannii isolates showed that the genomes of each strain
contained two phosphatidylcholine-specific phospholipase C (PC-PLC) genes, which were
named plcl and plc2, and their culture supernatants tested positive for PC-PLC activity. Further
analyses showed that the transcriptional expression of plcl and plc2 and the production of
phospholipase activity increased when bacteria were cultured under iron-chelated conditions,
which also affected the expression of the acinetobactin-mediated iron acquisition system.
Testing of the A. baumannii ATCC 19606" plcl::aph-FRT, plc2::aph and plcl::ermAM/plc2::aph
isogenic insertion derivatives demonstrated that the double PC-PLC mutant expressed
significantly reduced cytolytic and hemolytic activity. However, only plcl was shown to
contribute significantly to A. baumannii virulence using the Galleria mellonella infection model.
Taken together, our data demonstrate that both PLC1 and PLC2, which have diverged from a
common ancestor, play a concerted role in hemolytic and cytolytic activities; although PLC1
seems to play a more critical role in the virulence of A. baumannii when tested in an animal
model. These activities would provide access to intracellular iron stores this pathogen could use

during growth in the infected host.
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INTRODUCTION

Acinetobacter baumannii is a Gram-negative coccobacillus pathogen linked to severe
nosocomial infections including pneumonia, bacteremia, urinary tract infections and necrotizing
fasciitis (1, 2). A. baumannii infections have been commonly associated with
immunocompromised patients; however, cases of community-acquired A. baumannii infections
in healthy individuals have also been reported (3). Reports have also associated A. baumannii
with wound infections acquired by combatants deployed to Irag earning it the popularized name
‘Iragibacter’ (4).

Treatment of A. baumannii infections is exceedingly difficult due to increasing multi-
drug resistance and the limited understanding of its virulence factors, conditions that have a
paramount impact on human health worldwide. While the mechanisms of antibiotic resistance
associated with this emerging pathogen have been extensively studied, there is a troublesome
paucity of literature reporting the molecular mechanisms of virulence associated with A.
baumannii pathogenicity (5). Among the more understood properties that make A. baumannii a
successful pathogen is its versatility in acquiring iron (6).

The majority of iron in a host is intracellular; thus the availability of intracellular iron-
containing molecules such as hemin, hemoglobin and ferritin is dependent on the lysis of host
cells and their subsequent release due to cell and tissue damage found in wounds (7, 8). The
liberation of intracellular nutrients may be accomplished by bacterial-mediated cell damage such
as that described in V. cholerae infections, in which hemolysin-based cytotoxicity lyses intestinal
epithelial cells and erythrocytes releasing intracellular iron compounds into the extracellular
environment for bacterial utilization (9). One avenue by which bacterial pathogens can lyse host

cells is by producing phospholipases, which act on phospholipids in host membranes resulting in
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membrane destabilizing products thereby leading to cytolysis and the release of host intracellular
contents (10).

The A. baumannii ATCC 19606" strain genome contains genes encoding proteins
harboring phospholipase domains including four with a patatin-like protein (PLP) phospholipase
domain, one outer membrane protein with a phospholipase Al domain and two with a
phospholipase C domain (http://www.broadinstitute.org/). A more recent report showed that the
genome of this strain also includes three genes the products of which are proteins that harbor
PLD domains (11). These phospholipases differ in the types of reactions they catalyze; PLP
phospholipases are non-specific acyl lipid hydrolases that cleave the acyl ester bond of a
phospholipid (12), phospholipase Al specifically cleaves phospholipids through the hydrolysis
of the fatty acyl ester bond at the sn-1 position of the glycerol moiety (13), and phospholipase C
and phospholipase D cleave before and after the phosphate, respectively.

Patatins are plant storage glycoproteins with lipid acyl hydrolase activity that account for
30-40% of the total soluble proteins in potatoes (14). The first, and one of the few, PLPs to be
characterized in bacteria was the ExoU protein from Pseudomonas aeruginosa, which was
shown to have phospholipase activity (15, 16). While bacterial PLPs have not been linked to
cytolysis, their presence in the genomes of animal and plant pathogens/symbionts is significantly
higher than in the genomes of non-pathogens (15). The bacterial phospholipase A1 (PhlA) from
Serratia marcescens has been implicated in hemolysis of human erythrocytes and cytotoxicity to
cervical cancer HeLa and 5637 human bladder epithelial cells (17). The phospholipase C of
Clostridium perfringens, which is also known as the a toxin, causes cytolysis, tissue destruction
and necrosis (10). The phospholipase C produced by P. aeruginosa has been linked to

hemolysis, tissue destruction and pathologies reminiscent of burn infections (10). Purified
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phospholipase D, such as that produced by Corynebacterium pseudotuberculosis, is
dermonecrotic and fatal when injected into animals (18). While many of the phospholipases
encoded within the A. baumannii ATCC 19606" genome have possible implications in cytolysis
and the ultimate release of iron-rich intracellular contents, the roles of only a few of these
phospholipases have been elucidated in this pathogen. Specifically, the role of a phospholipase
C and a phospholipase D has been associated with cytolytic activity to the FaDu hypopharyngeal
carcinoma epithelial cell line (19) and serum survival and invasion into both human bronchial
epithelial BEAS-2B cells and HelLa cells, respectively (20). A recent report showed that three
phospholipase D proteins play a critical role in the pathobiology of ATCC 19606 strain (11).
Taken together, these observations indicate that bacterial pathogens can gain access to
additional intracellular iron pools and other nutrients present in erythrocytes and tissues through
the expression of hemolytic/cytolytic activities. Supernatants of A. baumannii cultures grown
under iron-chelation are hemolytic to horse erythrocytes and possess phospholipase C activity
(21, 22). Our report extends this knowledge by focusing on the characterization of plcl and plc2
and the involvement of the protein products of these two genes in the hemolytic, cytolytic and
virulence phenotypes displayed by the A. baumannii ATCC 19606" strain and isogenic

derivatives affected in the expression of these two genes.



110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

MATERIALS AND METHODS
Bacterial strains, plasmids, media and culture conditions. The bacterial strains and plasmids
used in this work are listed in Table 1. All bacterial strains were routinely stored as Luria-
Bertani (LB) broth/glycerol stocks at -80°C (23). Escherichia coli DH50 recombinant clones
were cultured in LB broth or on LB agar (LBA) (23) supplemented with appropriate antibiotics
and incubated overnight (12-14 h) at 37°C. A. baumannii strains as well as the E. coli MG1655
strain were subcultured from LBA into Chelex 100-treated trypticase soy broth dialysate (TSBD)
(24) and grown for 24 h at 37°C with shaking at 200 rpm. These cultures were then used to
inoculate fresh TSBD or TSBD containing 10% erythrocytes at a 1/100 ratio and grown for 24 h
at 37°C with shaking at 200 rpm unless otherwise indicated. Bacterial cells were enumerated
after 24 h using flow cytometry. Culture medium supplemented with erythrocytes was prepared
by centrifuging whole blood at 1,000 x g, resuspending and washing the erythrocyte pellet three
times in erythrocyte wash buffer (20 mM KH2PO,4, 60 mM Na;HPO4and 120 mM NacCl, pH 8.0)
(9) and then resuspending the pellet to a final erythrocyte concentration of 10% in TSBD. Iron-
repleted culture conditions were accomplished through the addition of 50 uM FeCl; dissolved in
0.01 N HCI, while iron-chelated conditions were generated by treating TSB with Chelex 100
(Bio-Rad Laboratories). Bacterial growth curves were determined in octuplet using 96-well
microtiter plates containing TSBD under the aforementioned culturing conditions over a 24-h
time period. ODgg Values of these cultures were recorded hourly.

Defibrinated sheep and horse erythrocytes were obtained from Cleveland Scientific, Ltd.,
and sodium citrate-treated whole human blood was purchased from Bioreclamation, LLC. A549
human alveolar epithelial cells were passaged three times in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum, 100 U



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

penicillin, and 100 pug/ml streptomycin at 37°C in the presence of 5% CO,. Approximately
1x10° A549 cells, as enumerated using a hemocytometer, were seeded into each well of a 96-
well, white, opaque tissue culture plate for a fourth passage that was incubated at 37°C in the
presence of 5% CO, for 24 h without antibiotics. A549 cell monolayers were infected with 10°
bacteria suspended in DMEM and incubated at 37°C in the presence of 5% CO, for 24 h. The

cell monolayers were washed three times with DMEM prior to performing cytolysis assays.

General DNA procedures. Total genomic DNA was isolated using an adapted mini-scale
procedure from a previously published method (25), and plasmid DNA was isolated using
commercial kits (Qiagen). Restriction digests were performed as suggested by the supplier (New
England Biolabs) and size-fractionated by agarose gel electrophoresis (23). PCR primer pairs
3824/3826 and 3822/3827 (Table S1), which hybridize internally of plcl and plc2, respectively
(Fig. 2), were used to confirm the presence of these two genes in 19 A. baumannii clinical

isolates.

Sequence acquisition and phylogenetic analyses. Nucleotide sequences were analyzed with
DNASTAR (DNASTAR, Inc.), BLAST (26) and data available from the Broad Institute. In
silico identification of potential ferric uptake repressor (Fur)-binding sites upstream of plcl and
plc2 was performed using a small training set of predicted Fur-binding sites (27), which were
analyzed using MEME Suite 4.10.0 (28). GLAM2 PSSM was used to generate a WebLogo
representing the A. baumannii Fur-binding motif, and MAST was used to search nucleotide

sequences upstream of plcl and plc2 (29-32).



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

The PLC1 and PLC2 amino acid sequences from A. baumannii ATCC 19606 were used
as queries for BLASTp (26) to obtain similar sequences, excluding additional amino acid
sequences from A. baumannii. A total of 101 amino acid sequences were retrieved by setting an
arbitrary cutoff of approximately 40% amino acid identity for phylogenetic comparisons to
PLC1, PLC2, and the hemolytic (PLCH) and non-hemolytic (PLCN) P. aeruginosa
phospholipase C proteins (Gl 489205171 and Gl 489204069), which were added manually.
These sequences, which were aligned with MUCSLE using default settings, were analyzed with
the multiple sequence alignment (MSA) MEGAG6 software package (33, 34). The MSA analysis
was done using an apparent-maximum-likelihood method encompassing the WAG (Whelan
Goldman) model (35) with a discrete Gamma distribution and rate calculations among invariable
sites with FastTree (36). The phylogenetic tree, which was drawn to scale with the highest log
likelihood (-714043.274), represents 109 residues analyzed with 1,099 positions in the final

dataset.

Site-directed insertional mutagenesis of plc genes. The 2.2-kb plcl gene (A1lS_0043
following the A. baumannii ATCC 17978 genome annotation) was amplified from ATCC
19606" genomic DNA with Tag DNA polymerase and primers 3824 and 3825 (Table S1 and Fig.
2). The plcl amplicon was cloned into pCR8/GW/TOPOQO generating pMU1042 (Table 1).
Inverse PCR was performed using pMU1042 as a template, Phusion DNA polymerase (New
England Biolabs) and primers 4017 and 4018 (Table S1), which hybridize within the plcl gene
(Fig. 2). The aph-FRT cassette, which codes for kanamycin resistance (Km®), was amplified
from pKD13 with Phusion DNA polymerase and primers 4003 and 4004 (Table S1) and ligated

within plcl using the inverse PCR amplicon described above to generate pMU1089 (Table 1).
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The ermAM cassette, which codes for erythromycin resistance (Em®), was amplified from
plL252 (Table 1) with Phusion DNA polymerase and primers 4046 and 4047 (Table S1) and
ligated within the plcl coding region using the inverse PCR amplicon described above to
generate pMU1101 (Table 1). Phusion DNA polymerase and primers 3824 and 3825 (Table S1)
were used to amplify plcl::aph-FRT and plcl:: ermAM, which were each subcloned into the
Smal site of pEX100T to generate pMU1091 and pMU1108, respectively (Table 1).

The 2.2-kb plc2 gene (A1S_2055 following the A. baumannii ATCC 17978 genome
annotation) was PCR amplified from ATCC 19606 genomic DNA using Taq DNA polymerase
and primers 3822 and 3823 (Table S1 and Fig. 2), and the resulting amplicon was ligated into
pPCR8/GW/TOPO to generate pMU1039 (Table 1). Phusion DNA polymerase and primers 3171
and 3172 (Table S1) were used to amplify the aph cassette from pUC4K (Table 1), which was
inserted into the unique Nsil site of the plc2 gene (Fig. 2) after end repair of Nsil-digested
pMU1039 (Table 1) with the End-It Kit (Epicentre) resulting in pMU1040 (Table 1). Phusion
DNA polymerase and primers 3822 and 3823 (Table S1) were used to amplify plc2::aph, which
was subsequently cloned into the Smal site of pEX100T to generate pMU1076 (Table 1).

Electrocompetent ATCC 19606 cells were electroporated with pMU1091 and pMU1076
as described before (37) to generate the 3452 plcl::aph-FRT and 3430 plc2::aph isogenic
derivatives, respectively (Table 1). For the generation of the 3494 plcl::ermAM/plc2::aph
double insertion isogenic derivative, electrocompetent 3430 cells were electroporated with
pMU1108 (Table 1). The ATCC 19606" 3430 and 3452 isogenic derivatives were selected on
LBA plates containing 40 pug/ml kanamycin, while the 3494 derivative was selected on LBA
supplemented with 40 ug/ml erythromycin. All isogenic derivatives were plated on LBA plates

supplemented with 10% sucrose to ensure loss of pMU1076, pMU1091 and pMU1108. Proper
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allelic exchanges were confirmed with PCR using external primers 3905 and 3906 (plcl) and

3815 and 3918 (plc2) (Table S1).

Transcriptional analyses. Bacterial strains were each grown as five independent 1-ml cultures
for 24 h in TSBD or TSBD supplemented with 50 uM FeCl; at 37°C with shaking at 200 rpm.
RNA isolation, cDNA synthesis and qRT-PCR analyses were performed as previously described
(38). Briefly, bacterial cells were lysed in lysis buffer [0.3 M sodium acetate (pH 4.0), 30 mM
EDTA and 3% SDS] previous to RNA purification following the manufacturer’s protocol
included with the Maxwell 16 LEV simplyRNA Tissue Kit (Promega). Total RNA
concentrations and the 260/280 nm ratios of each RNA sample were assessed using a NanoDrop
2000 UV-Vis spectrophotometer (Thermo Fisher Scientific). RNA integrity was assessed using
a RNA 6000 NanoKit for the Bioanalyzer 2100 (Agilent Technologies) and the manufacturers’
protocols. Only RNA samples with 260/280 ratios > 1.7 and RNA integrity numbers (RINs) > 5
were further processed for qRT-PCR analysis. The iScript cDNA synthesis kit (Bio-Rad
Laboratories) was utilized for cDNA synthesis from 100 ng of total RNA template following the
manufacturer’s protocol, and iQ SYBR Green (Bio-Rad Laboratories) was used to examine gene
transcription following the manufacturer’s recommendations. The 10-pl reaction mix included
0.4 ul cDNA, 5 ul iQ SYBR-Green supermix and 300 nM of forward and reverse primers.
Primers 3966 and 3967 (Table S1) were used to amplify a 179-bp internal fragment of the
16S ribosomal RNA gene, which served as an internal control of gene expression, while primers
3970 and 3971 (Table S1) were used to amplify a 156-bp internal fragment of bauA, which
served as a positive control for gene expression under iron chelation. Primers 3972 and 3973 or

3974 and 3975 (Table S1 and Fig. 2) were used to amplify a 197-bp internal fragment of plcl

10
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and a 181-bp internal fragment of plc2, respectively. The cycling conditions for qRT-PCR
assays, which were performed on a Bio-Rad CFX Connect real-time PCR detection system, were
as follows: 95°C for 3 min followed by 40 cycles of 95°C for 10 s and 60°C for 45 s. Relative
expression of plcl and plc2 between iron-chelated and iron-repleted conditions was quantified by
the standard curve method in which serial dilutions of cDNA samples served as standards. The
expression of plcl and plc2 was normalized to that of the 16S ribosomal RNA gene. Samples
containing no cDNA template were used as negative controls. gPCR efficiencies were as follow:
16S, 82.4%; bauA, 100.9 %; plcl, 106.7%; and plc2, 97.7%. All samples were analyzed in
triplicate and melting curve data were included in the analysis to confirm primers specificity.
Data analysis also showed that there were no significant differences in 16S expression between

iron-chelated and iron-repleted conditions.

Phospholipase C and cytolysis assays. The presence of phosphatidylcholine-specific
phospholipase C activity in A. baumannii culture supernatants obtained after centrifugation at
15,000 x g for 30 min was tested with the Amplex Red Phosphatidylcholine-Specific
Phospholipase C Assay Kit (Molecular Probes) using lecithin as a substrate and following the
conditions suggested by the manufacturer’s protocol. Erythrocytes incubated in the presence of
bacteria were diluted 1:1000 into filter-sterilized FACSFlow sheath fluid (BD Biosciences) for
differential interference microscopy (DIC) and enumeration using flow cytometry. Erythrocyte
morphological changes were observed in these samples using DIC microscopy on a Zeiss 710
Laser Scanning Confocal System (Carl Zeiss Microscopy GmbH). The number of erythrocytes
present in each analyzed sample was quantified using a FACScan flow cytometer (BD

Biosciences). Flow Cytometry Absolute Count Standard beads (Bangs Laboratories, Inc.) were
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added 1:40 to diluted samples to standardize volumes amongst 5-second samplings. Erythrocyte
populations were gated using the forward and side scatter channels.

The relative number of A549 cells remaining in cell culture following incubation with the
parental ATCC 19606 strain or the 3430, 3452 or 3494 isogenic derivatives was assessed using
the CellTiter-Glo luminescent cell viability assay (Promega) following the manufacturer’s
instructions. Briefly, the number of A549 cells remaining after incubation with bacteria was
assessed by measuring the luminescence resulting from the reaction of the provided Ultra-Glo
recombinant luciferase with ATP released from metabolically-active A549 cells. The relative
luminescence units (RLUs) produced, and thus the relative number of viable A549 cells
remaining following infection, was quantified using a FilterMax F5 microplate reader (Beckman
Coulter) and reported as a ratio of RLUs produced following lysis of infected A549 cells versus

the RLUs produced following lysis of uninfected A549 cells.

Galleria mellonella virulence assays. Virulence assays were conducted using the G. mellonella
model as previously described (39). Briefly, assays were performed by injecting in triplicate 10
randomly selected healthy final-instar G. mellonella larvae (n=30) injected with 10° CFUs/larva
(+ 0.5 log) of the ATCC 19606" or its isogenic derivatives suspended in sterile phosphate-
buffered saline (PBS). Non-injected larvae or larvae injected with five microliters of sterile PBS
were included as controls. After injection, larvae were incubated in darkness at 37°C, and the
numbers of dead larvae were assessed at 24-hour intervals over 5 days with removal of dead
larvae at times of inspection. Trials were repeated if more than two deaths were observed in any

of the control groups.
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Statistical analyses. The Student’s t-test or one-way analysis of variance (ANOVA), both
provided as part of the GraphPad InStat software package (GraphPad Software, Inc.), were used
to analyze the statistical significance of data, as appropriate for the data set. Means of
experimental data were compared to the means of the respective control groups using the Tukey-
Kramer multiple comparisons post-hoc test. Survival curves were plotted using the Kaplan-
Meier method (40) and analyzed for statistical significance using the log-rank test of survival

curves (SAS Institute Inc.). Significances for all data analyses were set a priori at P < 0.05.
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RESULTS

Membrane lipid preference of the A. baumannii hemolytic activity. DIC microscopy of
horse erythrocytes incubated in the presence of ATCC 19606 cells shows that the presence of
this strain significantly decreases the number of intact red blood cells remaining in TSBD culture
after incubation at 37°C for 24 h (Fig. 1, panels A and B). In addition, the horse erythrocytes
showed morphological changes characteristic of cell membrane damage following incubation
with ATCC 19606 (Fig. 1B). In contrast, the number and morphology of sheep erythrocytes did
not change after co-incubation under the same conditions (data not shown). These data
prompted us to quantitatively determine the number of sheep, horse or human erythrocytes
remaining as well as the number of bacterial cells present after 24-h co-incubations in TSBD
medium. Flow cytometry analyses of samples obtained from A. baumannii ATCC 19606', LUH
13000 or AYE cultures containing sheep erythrocytes showed that AYE was the only strain, of
the three tested A. baumannii strains, to be significantly hemolytic (P < 0.05) to sheep
erythrocytes, as compared to E. coli MG1655, which was used as a hemolysis-negative control
(Fig. 1C). A comparison of the mean amounts of sheep erythrocytes remaining after 24-h
incubations with ATCC 19606", LUH 13000 or AYE under iron-chelation demonstrated a 5%,
3% and 17% reduction in sheep erythrocytes, as compared to the E. coli MG1655 hemolysis-
negative control, respectively. In contrast, all three A. baumannii strains were significantly
hemolytic to horse erythrocytes (P < 0.001) with the percentage reduction of intact horse
erythrocytes ranging from 95% after incubation with ATCC 19606" or LUH 13000 to 98% after
incubation with AYE. Flow cytometry analyses also showed that ATCC 19606, LUH 13000
and AYE were hemolytic to human erythrocytes as demonstrated by 41%, 23% and 41%

reductions in the numbers of intact human erythrocytes, respectively, with only the hemolysis
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caused by ATCC 19606 and AYE being statistically different from the hemolysis-negative E.
coli control (P < 0.001) (Fig. 1C). Together, flow cytometry analyses of the hemolytic activity
of the three tested strains indicate that A. baumannii is poorly hemolytic to sheep erythrocytes,
intermediately hemolytic to human erythrocytes and almost completely hemolytic to horse
erythrocytes (Fig. 1C). Interestingly, we observed that this hemolytic trend correlates with the
amount of phosphatidylcholine present in the outer leaflet of the sheep, human or horse
erythrocyte membrane when these erythrocytes were incubated in the presence of A. baumannii

strains grown under chelation to a cell density of approximately 10 (41, 42).

A. baumannii harbors two phospholipase C genes and produces phosphatidylcholine-
specific phospholipase activity. The direct correlation between the amount of
phosphatidylcholine in the erythrocyte membrane and the extent of hemolysis after incubation
with A. baumannii suggests the potential role of a phosphatidylcholine-specific phospholipase C
as the hemolytic effector. Analysis of the ATCC 19606' genome available through the Broad
Institute website (http://www.broadinstitute.org/) showed that this strain has two genes predicted
to code for phosphocholine-specific phospholipase C enzymes. One of them (annotated as
HMPREF0010 03297 and referred to as plcl) has a 2169-nt open reading frame (ORF) coding
for a potential 722-amino acid protein (Fig. 2A), which is located downstream of a gene
transcribed in the same direction and predicted to code for an RNase PH. A gene coding for a
putative nicotinate-nucleotide diphosphorylase is located downstream of plcl and transcribed in
the opposite direction. The plcl gene corresponds to the plc ortholog reported as A1S 0043 in
ATCC 17978, the expression of which is enhanced by 2.5-fold when bacteria are cultured in the

presence of ethanol (19). The other ATCC 19606 phosphocholine-specific phospholipase C
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gene (annotated as HMPREF0010 00294 and referred to as plc2) encompasses a predicted 2229-
nt ORF coding for a 742- amino acid protein (Fig. 2B). This gene corresponds to the ATCC
17978 AL1S_2055 gene identified by Camarena et al. (19). A 48-nt intergenic region containing
an inverted repeat resembling a Rho-independent transcription termination sequence follows plc2
and separates this coding region from a potential bicistronic operon, containing a thioesterase
and a lactaldehyde reductase coding region, which is transcribed in the opposite direction of
plc2. Based on ATCC 17978 genomic data (43), a 480-nt intergenic region separates plc2 from a
predicted gene transcribed in the same direction and coding for the DNA polymerase I11 tau and
gamma subunits. These observations indicate that the ATCC 19606 plcl and plc2 are coded for
by monocystronic operons as it was reported for ATCC 17978 (19). Other A. baumannii
genomes including AB0057 (44), ACICU (45), ATCC 17978 (43) and AYE (22) show similar
gene arrangements for the chromosomal regions harboring plcl and plc2, an observation that
suggests the conservation of this genomic region across different A. baumannii isolates.
Currently, it is unknown if other nosocomial A. baumannii strains that have yet to be
sequenced possess plcl and plc2; therefore, the presence of these genes in additional A.
baumannii strains that had not yet been sequenced was tested by PCR using total genomic DNA
and primers which hybridize within the respective coding regions of both phospholipase C genes
(Fig. 2). Amplicons of the predicted sizes, 993 bp for plcl and 1,167 bp for plc2, were obtained
for all 19 tested isolates (Fig. S1) confirming the presence of these genes in a variety of A.
baumannii strains. This screening study was further complemented by testing the presence of
phosphatidylcholine-specific phospholipase activity in the culture supernatants of the same 19 A.
baumannii strains using the Amplex Red phosphatidylcholine-specific phospholipase C assay

kit. These assays showed that although the phospholipase C activity of all culture supernatants
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was significantly higher than the negative control (Fig. 3, P < 0.001), there were significant
variations among the strains, with the AB3560 and AB3806 wound isolates obtained from
injured soldiers being the strains that produced the lowest and highest activities, respectively.
However, the phospholipase activity of this particular set of isolates is comparable with the
enzymatic activity detected in non-military isolates tested in this study.

Preliminary assays showed that phospholipase activity was detected only when ATCC
19606 bacteria were cultured in TSBD, a liquid medium that was dialyzed against Chelex 100,
an insoluble polymer that binds several metals, including iron. This observation suggested that
the expression of the genes responsible for the production of phospholipase activity could be
iron-regulated. Quantitative RT-PCR analyses using total RNA extracted from ATCC 19606"
cells grown in iron-chelated or iron-repleted TSBD showed that transcription of plcl and plc2 is
indeed significantly higher (P < 0.01 and P < 0.05, respectively) in bacteria cultured under iron-
depleted conditions when compared with TSBD supplemented with inorganic iron (Fig. 4A).
These analyses also showed that the iron-regulated expression of plcl and plc2 is similar to that
of bauA, which codes for the iron-regulated production of the ATCC 19606" BauA acinetobactin
outer membrane receptor protein (46). It appears likely that the iron-regulated expression of plcl
and plc2 is due to the presence of putative Fur-binding sites (Fig. 5), which were located
approximately 100 nt and 200 nt upstream of plcl and plc2, respectively, and found to be
significantly related (e-value > 0.05) to the A. baumannii Fur motif recently reported (27). This
possibility is strongly supported by the observation that hemolysin and siderophore production in

V. cholerae is co-regulated by iron through a Fur-dependent transcriptional regulatory process

(9).
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The possibility of compensatory expression between plcl and plc2 was examined using
ATCC 19606" isogenic derivatives harboring the appropriate plc mutation. Quantitative RT-
PCR analyses of plcl transcription in 3430 plc2::aph cells or plc2 transcription in 3452
plcl::aph-FRT cells, all grown in TSBD, showed that there is not a regulatory mechanism by
which plcl transcription compensates for the lack of plc2 transcription and vice versa (Fig. 4B).

Taken together, these results show that the genomes of multiple A. baumannii strains
contain two phosphatidylcholine-specific phospholipase C genes, the presence of which could
correlate with their capacity to express hemolytic activity, preferentially toward human and horse
erythrocytes. Furthermore, the production of this activity depends on the effect of free iron on
the differential transcription of plcl and plc2, which are expressed independently of each other at

higher rates under iron limiting conditions.

The A. baumannii PLC1 and PLC2 have diverged from a common ancestor protein. Both
PLC1 and PLC2 from ATCC 19606 cluster with phospholipase C proteins from other known
pathogens (Fig. 6). PLCL1 is located within a clade that includes proteins produced by seven
different Acinetobacter species with two of them, oleivorans and radioresistens not being
commonly associated with human infections. Interestingly, two of these seven species have been
reported as being hemolytic, A. beijerinckii sp. nov. (47) and the A. calcoaceticus strain 1318/69
that was isolated from the urine of a 70-year old male patient (48, 49). Our preliminary
observations also indicate that A. nosocomialis M2 expresses hemolytic activity (data not
shown). The hemolytic activity of A. nosocomialis M2 is not surprising since it is so closely

related to A. baumannii that it was originally identified as A. baumannii M2 (50).
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PLC2 groups with a more diverse clade that includes Achromobacter, Cupriavidus and
Acinetobacter sequences, with A. gyllenbergii being reported to lyse both horse and sheep
erythrocytes (47). Interestingly, PLC2 is also in the same clade as phospholipase C produced by
bacteria belonging to different genera and species. Although most of these bacteria are non-
pathogenic environmental microorganisms that share symbiotic relationships with invertebrates
such as Verminephrobacter aporrectodeae (51), some of them have been isolated from human
patients such as Massilia timonae (52), Bordetella hinzii (53) and the Melioidosis agent
Burkholderia pseudomallei (54).

More distant branches from PLC1 and PLC2 contain clusters encompassing
phospholipase C proteins from P. aeruginosa. The non-hemolytic PLCN of P. aeruginosa
resides in a group containing Lysobacter antibioticus and Lysobacter capsici, which play roles in
the rhizospheres of rice or peppers, respectively (55, 56). The hemolytic PLCH of P. aeruginosa
groups outside a cluster of environmental isolates with Burkholderia spp. reported to be involved

with wound infections, bacteremia and hemolysis (57-60).

Effect of plc interruption on cytolysis. The role of the ATCC 19606" PLC1 and PLC2 proteins
in the lysis of erythrocytes and human epithelial cells was tested using the 3452 (plcl::aph-FRT),
3430 (plc2::aph) and 3494 (plcl::ermAM/plc2::aph) isogenic insertion derivatives. Interruptions
in one or both of these genes did not affect the growth of these derivatives; their growth kinetics
were not statistically different from that of parental ATCC 19606 when cultured in TSBD under
non-selective conditions (Fig. S2). Flow cytometry analyses showed that the number of intact
horse erythrocytes remaining after incubation with the 3430 or 3452 isogenic derivative is not

significantly different from the number of erythrocytes remaining after incubation with the
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ATCC 19606 parental strain (Fig. 7A). However, the number of erythrocytes remaining
following incubation with the 3494 isogenic derivative, which has interruptions in both plcl and
plc2, is more than 3-fold higher (P < 0.001) than the number of erythrocytes remaining after
incubation with either ATCC 19606 or the 3430 or 3452 isogenic derivatives (Fig. 7A).

The decreased ability of the 3494 isogenic derivative to lyse erythrocytes correlates with
that observed when these strains were incubated with A549 human alveolar epithelial cells. In
these experiments, the number of A549 cells remaining after 24 h incubation in the presence of
ATCC 19606", 3430 or 3452 were not significantly different from one another; however, the
number of remaining A549 cells following incubation with 3494 was significantly higher (P <
0.001) than the number remaining after incubation with ATCC 19606, 3430 or 3452 (Fig. 7B).
Taken together, these observations indicate that the phospholipase C proteins produced by
ATCC 19606" are not host cell specific and have cytolytic activity against different cell types

this pathogen could encounter during infection.

Role of plcl and plc2 in virulence. The same strains used to test cytolytic activity were also
used to examine the role of plcl and plc2 in the virulence of A. baumannii ATCC 19606 with
the G. mellonella experimental virulence model we have used previously to determine the
virulence role of the acinetobactin-mediated iron acquisition system (39). Figure 8 shows that
infection of caterpillars with ATCC 19606' resulted in a 47% mortality rate, which is
significantly higher than the 16% rate scored (P < 0.05) with animals that were not injected or
injected with sterile PBS as negative controls. There was also a significant difference in percent
survival when larvae infected with ATCC 19606 were compared with larvae infected with

either the plcl::aph-FRT 3452 or the plcl::ermAM/plc2::aph 3494 double mutant (13%
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mortality, P < 0.01). Furthermore, the killing rates of these two mutants were not significantly
different from each other as well as from the rates scored with animals that were not injected or
injected with sterile PBS. In contrast, the death rates of caterpillars infected with the plc2::aph
3430 isogenic derivative, which actively expresses plcl, were very similar to those recorded after
infection with the ATCC 19606 parental strain (43% vs. 47%). These observations together
with those collected with the cytolytic assays described above indicate that while PLC1 and
PLC2 seem to play similar roles in lysing different host cells when tested either under laboratory
or ex vivo conditions, PLC1 appears to play a more critical role during the infection of a host that

mounts an innate immune response that resembles that of vertebrate animals (61).
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DISCUSSION

Acinetobacter baumannii has been generally considered a non-hemolytic pathogen because,
according to our observations, the detection of such an activity depends on two critical factors.
One of these factors is the type of erythrocytes used in the detection tests, which are normally
conducted using Columbia agar plates containing 5% sheep red blood cells. Our work
demonstrates that A. baumannii is poorly hemolytic to sheep and increasingly hemolytic to
human and horse erythrocytes (Fig. 1C). These observations, which resemble those previously
reported for the strains ACICU, AYE, ATCC 17978 and SDF using sheep and horse erythrocytes
(21), suggest a direct correlation between the bacterial hemolytic activity and the membrane lipid
composition of the different red blood cells used in the hemolytic assays. Accordingly, we
observed that the percentage of phosphatidylcholine in the outer leaflet of the sheep, human and
horse erythrocyte membrane is 0%, 30% and 42%, respectively (41, 42). Furthermore, the
positive correlation between the A. baumannii hemolytic activity and the erythrocyte
phosphatidylcholine content is reminiscent of a phospholipase C homolog in P. aeruginosa,
where a hemolytic phospholipase C (PLCH) acts exclusively on phosphatidylcholine and
sphingomyelin (62).

The effect of the co-incubation of A. baumannii with sensitive erythrocytes, such as those
from horse, is apparent not only because of their lysis but also because of the generation of
schistocytes due to significant cell membrane damage (Fig. 1B). These fragmented red blood
cells have been detected in blood smears obtained from infected neonates during an A.
baumannii infection outbreak in a Saudi Arabian hospital (63). In this case study of seven
neonates, five had a total erythrocyte count lower than controls throughout the course of A.

baumannii infection, and two of the seven neonates succumbed to A. baumannii bacteremia.
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These observations clearly underscore the potential role of hemolytic activity in the pathobiology
of A. baumannii.

The second factor that determines the detection as well as the expression of A. baumannii
hemolytic activity is the iron content of the culture media. Our data demonstrate that this
activity is detectable when bacteria are cultured in an iron-chelated medium but not when the
medium is iron rich. Columbia agar, which is used in standard clinical bacteriology methods to
detect hemolytic activity, is considered a rich-nutrient medium that would have to be treated with
a chelating agent such as Chelex 100 (24) to properly detect hemolytic activity. Accordingly, the
differential expression of phospholipase C activity in response to iron chelation correlates well
with the iron-regulated transcription of the plcl and plc2 gene orthologs (Fig. 4A), through a
regulatory process that is most likely controlled by the interaction of the Fur transcriptional
repressor with predicted iron boxes located upstream of these two genes (Fig. 5). The iron-
regulated expression of the plcl and plc2 genes and the corresponding phospholipase C activity
suggests that A. baumannii uses Plcl and Plc2 for iron acquisition through the lysis of host cells
and the subsequent release of iron-rich cytoplasmic contents. This possibility is further
supported by the fact that iron co-regulates the expression of plcl and plc2 genes as well as the
expression of genes involved in the acinetobactin-mediated iron acquisition system, a response
that is similar to that described in V. cholerae where the production of hemolysin and
vibriobactin are regulated by a Fur-mediated process (9). Whether A. baumannii acquires iron
from intracellular pools via a siderophore-mediated system or the expression of uncharacterized
hemin utilization processes (64) remains to be tested experimentally.

All previous considerations and the observation that plcl and plc2 are present in all

sequenced A. baumannii genomes as well as the genomes of the clinical strains tested in this
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study, but absent in the non-pathogenic A. baylyi ADP1strain, strongly indicate a role of these
phospholipases in bacterial virulence. Until this report, only plcl and its role in cytolysis had
been tested experimentally where an A. baumannii ATCC 17978 plcl::aph isogenic insertion
derivative was less effective in damaging FaDu hypopharyngeal carcinoma epithelial cells as
compared to the parental strain (19). Our data not only support the virulence role of A.
baumannii phospholipase C as established by this previous report (19), but also indicate that the
modest cytotoxic effect reported is most likely due to the fact that only the inactivation of both
plcl and plc2 results in a significant reduction of host cell damage (Fig. 7). Our work also shows
that the product of these two genes target different types of host cells A. baumannii could
encounter during the pathogenesis of systemic infections, as well as the infection of the digestive
and respiratory systems as revealed by the damage this pathogen causes to erythrocytes, and the
FaDu and A549 epithelial cell lines, respectively. Our data collected using laboratory and ex-
vivo experimental conditions (Fig. 7) suggest that the plcl and plc2 genes code for potentially
redundant cytotoxic functions. Only a double plcl/plc2 mutant showed a significant reduction in
cytolytic activity when tested using horse red blood cells and A549 human alveolar epithelial
cells. However, the G. mellonella experimental infection model showed that this is not the case
in an in vivo infection model. This model showed that PLC1 but not PLC2 is critical for the
virulence of the ATCC 19606" strain (Fig. 8). Interestingly, plcl but not plc2 proved to be
transcribed at higher rates when ATCC 17978 bacteria were cultured in the presence of ethanol
(19), a condition that also increases the virulence and the expression of virulence-associated
traits including biofilm biogenesis and bacterial surface motility (65). Based on all these
observations, it is possible to speculate that PLC1 and PLC2 play different roles during the

pathogenesis of A. baumannii infections, with PLC1 being coded for by a gene the expression of
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which appears to be regulated at least by iron and stress signals, which are critical for the
virulence of this pathogen (39, 65), in an invertebrate host that mounts a complex defense
response that mimics that of the human host (61). It is also possible that the biological role of
these two enzymes depends on the nature of potential targets, which may reflect significant
differences in phospholipid and fatty acid composition between insect and mammalian cells (66).
Interestingly, the phylogenetic analysis of PLC2 shows that this protein clusters with a
phospholipase C protein from the invertebrate endosymbiote Verminephrobacter aporrectodeae
(51) (Fig. 6). This finding could explain the lackluster role of PLC2 in virulence using the
invertebrate G. mellonella virulence model due to a host adaptation process. The phylogenetic
analysis also showed that although many of the amino acid sequences used to construct the
phylogenetic tree shown in Fig. 6 are from environmental microorganisms isolated from soil,
aquatic environments, or industrial sites, it is apparent that there is also a strong correlation of the
bacteria producing these enzymes with plants in either antagonistic or synergistic ways (e.g.,
pathogenesis of blight disease in some plants or nitrogen-fixing bacteria present in the
rhizosphere).

Taking into account our experimental data together with the observations published by
other investigators using different clinical isolates (11, 19-21), it is apparent that A. baumannii
produces two PLC and three PLD phospholipases. In the particular case of the ATCC 19606"
strain, the three PLD phospholipases are not essential for the utilization of phosphatidylcholine
as a carbon and energy source. This finding may indicate that the two PLC produced by this
strain could be responsible for the utilization of phosphatidylcholine as a nutrient source by the
triple PLD deficient derivative (11). It is also apparent that the ATCC 19606' PLC and PLD

enzymes play a virulence role; although they may function differently during the infection
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process. The report by Stahl et al. (11) shows that all single and double PLD mutants display a
virulence phenotype indistinguishable from the parental ATCC 19606 strain and only the triple
Apld1-3 mutant showed a significant reduction in the killing rates throughout the course of the
experiment when compared to the parental strain. However, the killing rate of this triple PLD
mutant (74% for day 4 after infection) seems to be high if one considers data published by other
investigators who have used the same experimental model and included in their Kaplan-Meier
plots the control data collected with non-injected animals or animals injected with the same
volume of sterile PBS, which unfortunately were not shown in this report (11). Furthermore, the
lack of information regarding the CFUs injected per larva rather than ODgo also impairs the
proper comparison of our results with those recently reported using the same strain and
comparable experimental conditions. Nevertheless, it is possible to speculate that there is a
residual virulence activity in the triple Apld1-3 ATCC 19606" mutant that could account for the
activity of the PLC1 but not PLC2 as we describe in this report. This critical issue as well as the
question of whether the A. baumannii PLD enzymes are differentially produced in response to
extracellular signals and display selective cytolytic activity in response to differences in
membrane lipid composition are critical topics that remain to be tested experimentally using the
proper ATCC 19606 isogenic derivatives. Such knowledge will not only further our
understanding of the role(s) of phospholipases in the pathobiology of A. baumannii, but also
provide critical information needed to determine whether these enzymes could be used as
alternative targets to treat the severe infections caused by this pathogen, particularly by emerging

multi-drug resistant isolates.
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TABLE 1 Strains and plasmids used in this study

Strain/plasmid Relevant characteristic(s)® Source/reference
Strains
A. baumannii
17978 Clinical isolate ATCC
19606" Clinical isolate, type strain ATCC
19606' 3452 plcl::aph-FRT derivative of 19606"; Km® This work
19606" 3430 plc2::aph derivative of 19606"; Km® This work
19606" 3494 plc1::ermAM/plc2::aph derivative of 19606"; Em®, Km"® This work
AB3340 Wound isolate Zurawski, D.
AB3560 Wound isolate Zurawski, D.
AB3638 Wound isolate Zurawski, D.
AB3806 Wound isolate Zurawski, D.
AB4026 Wound isolate Zurawski, D.
AB4052 Wound isolate Zurawski, D.
AB4456 Wound isolate Zurawski, D.
AB4498 Wound isolate Zurawski, D.
AB5075 Wound isolate Zurawski, D.
AB5197 Wound isolate Zurawski, D.
AYE Wound isolate ATCC
LUH 5875 Clinical isolate, reference strain, EU clone 111 (67)
LUH 07672 Clinical isolate, EU clone Il (68)
LUH 8809 Clinical isolate, EU clone | (69)
LUH 13000 Clinical isolate, EU clone 11 Dijkshoorn, L.
RUH 134 Clinical isolate, reference strain, EU clone Il (70)
RUH 875 Clinical isolate, reference strain, EU clone | (70)
E. coli
DH5a Used for recombinant DNA methods Gibco-BRL
MG1655 Displays y-hemolysis Blattner, F. R.
Plasmids
pCR8/GW/TOPO PCR cloning vector; Sp® Life Technologies
pKD13 Source of aph-FRT cassette; Ap”, Km® Crosa, J. H.
pUC4K Source of aph cassette; Ap”, Km® Life Technologies
plL252 Source of ermAM cassette; Em® Kruse, T.
pEX100T Mobilizable suicide plasmid in 19606"; Ap® ATCC
pMU1039 pCR8/GW/TOPO harboring plc2; SpR This work
pMU1040 Insertion of aph into pMU1039; SpF, Km® This work
pMU1042 pCR8/GW/TOPO harboring plc1; Sp? This work
pMU1076 Insertion of pMU1040 into pEX100T; Ap®, Km® This work
pMU1089 Insertion of aph-FRT into pMU1042; Sp®, Km"® This work
pMU1091 Insertion of pMU1089 into pEX100T; Ap®, Km® This work
pMU1101 Insertion of ermAM into pMU1042; Sp®, Em® This work
pMU1108 Insertion of pMU1101 into pEX100T; Ap®, Em® This work

SApT, ampicillin resistance; Em®, erythromycin resistance; Km", kanamycin resistance; Sp~, spectinomycin

resistance.



FIG 1 Hemolytic activity of E. coli and A. baumannii. DIC image of horse erythrocytes
incubated in TSBD alone (A) or TSBD inoculated with ATCC 19606" (B). White arrows
identify damaged erythrocytes. White bars represent 10 um. (C) Quantification of intact sheep
(black), human (red) or horse (blue) erythrocytes remaining after incubation with E. coli
MG1655 or each of the three different A. baumannii strains. All incubations were conducted for
24 h at 37°C with shaking at 200 rpm. Error bars represent the standard error (SE) of the mean

for data collected in triplicate from three individual biological samples.



FIG 2 A. baumannii ATCC 19606" genetic loci harboring the plc1 and plc2 genes. Genetic map
of plcl (A) and plc2 (B). The horizontal arrows represent the direction of transcription of
predicted coding regions. Numbers on top of A indicate size in base pairs. The location of the
Nsil restriction site used to generate the plc2::aph insertion derivative is indicated in panel B.
Black rectangles connected with solid black lines identify primers and amplicons used to clone
plcl and plc2, test their presence in different A. baumannii strains and examine their
transcription by gRT-PCR. Numbers underneath of each black rectangle indicate primer
numbers as listed in Table S1. The black rectangles connected with a dashed line in panel A
indicate the location of the primers 4017 and 4018 and the deleted fragment replaced with the

aph-FRT gene used to generate the plcl deletion/insertion derivative by inverse PCR.



FIG 3 Phosphatidylcholine-specific phospholipase C activity among A. baumannii isolates.
Culture supernatants from 19 A. baumannii strains grown in TSBD were tested for
phosphatidylcholine-specific phospholipase C using the Amplex Red phosphatidylcholine-
specific phospholipase C assay kit, using hydrogen peroxide or uninoculated TSBD medium as
positive and negative controls, respectively. Tested strains are identified as follows: 19606 and
17978 represent ATCC strains, 07672-13000 represent LUH strains, 134 and 875 represent RUH
strains, and 3340-5197 represent AB wound isolates as listed in Table 1. Error bars represent the

standard error (SE) of the mean.



FIG 4 Analyses of plcl and plc2 transcription in ATCC 19606 and isogenic derivatives. (A)
Transcriptional analyses of plcl and plc2 in ATCC 19606 cells grown in TSBD or TSBD
supplemented with 50 uM FeCl; (TSBD + Fe). Expression of bauA was used as a positive
control for iron-regulated gene expression. (B) Transcriptional analyses of plcl and plc2 genes
in cells of the ATCC 19606" parental strain or the isogenic derivatives 3430 (plc2::aph) or 3452
(plcl::aph-FRT) cells grown in TSBD for 24 h at 37°C with shaking at 200 rpm. Expression of
plc genes was normalized to the expression of the 16S gene. Error bars represent the standard

error (SE) of the mean.



FIG 5 |In silico ferric uptake repressor (Fur)-binding site prediction. The most significant
prediction of the Fur-binding motif (A) and the locations of the motifs in the mRNA leader
sequences of plcl (top line) and plc2 (bottom line) from ATCC 19606" (B). The location of the
predicted Fur boxes in plcl (top line) and plc2 are shown as aqua and black rectangles,

respectively.



FIG 6 Phylogenetic analysis of phospholipase C protein sequences of A. baumannii ATCC
19606". An unrooted approximate-maximum-likelihood tree inferred in FastTree showing the
locations of both A. baumannii (Plcl, black square; Plc2, black circle,) and P. aeruginosa (non-
hemolytic, black triangle; hemolytic, black diamond,) phospholipase C proteins relative to other
Plc proteins. Percent confidence through 1,000 iterations is represented in the center of the

image as a heat map in addition to a scale bar representing substitutions per site.



FIG 7 Cytolytic activity of ATCC 19606" and the 3430, 3452 and 3494 isogenic derivatives.
(A) Number of remaining horse erythrocytes after incubation with ATCC 19606 or the isogenic
derivatives 3430 (plc2::aph), 3452 (plcl::aph-FRT) or 3494 (plcl::ermAM/plc2::aph) in TSBD
for 24 h at 37°C with shaking at 200 rpm. (B) Relative number of intact A549 cells remaining
after incubation in the presence of ATCC 19606" or the isogenic derivatives 3430, 3452 or 3494
for 24 h at 37°C in the presence of 5% CO,. Relative luminescence units (RLU) were
determined as the ratio between the number of A549 cells present in uninfected samples and
each sample infected with a different bacterial strain. Error bars represent the standard error

(SE) of the mean.



FIG 8 Role of plc in the virulence of ATCC 19606". G. mellonella larva (n = 30) were injected
with 1 x 10° cells of the ATCC 19606" parental strain or the isogenic derivatives 3430
(plc2::aph), 3452 (plcl::aph-FRT) or 3494 (plcl::ermAM/plc2::aph) and incubated at 37°C in
darkness. Negative controls included uninjected larva or larva injected with sterile PBS. Larva

survival was monitored daily for five days with removal of dead larva at times of inspection.



SUPPLEMENTAL MATERIALS

TABLE S1 Primers used in this work

Number Nucleotide sequence?

3171 5’-GTTGCTGACTCATACCAG-3’

3172 5’-ATTCCAACATGGATGCTG-3’

3815 5’-TTCCGGTACCAGAACAAA-3’

3822 5’-CATGATTACACGTCGTAAATT-3’

3823 5’-CTTAGATCATTGCGGGATCACTA-3’
3824 5-ATGAATCGTCGCGAATTTCTTTT-3’
3825 5’-TTAAGACTCTAAATATCCCATA-3’
3826 5’-ATACCAAGCGCCTTGTAC-3’

3827 5’-GGCGATGGCATATGGTCA-3’

3905 5’-CGACTCAGATAATTCATCG-3’

3906 5’-GGATGAGCTAAACCAAGC-3’

3918 5’-CGAAACACGCTTTGAAGC-3’

3966 5’-CCTAGAGATAGTGGACGTTACTCG-3’
3967 5’-CCAGTATCGAATGCAATTCCCAAG-3’
3970 5’-GGAATGTATCGAGATGGAGATGC-3’
3971 5’-GTTAACACCACGTGTCACGC-3’

3972 5’-GGAACCAATGGACCTACAGG-3’

3973 5’-CGGCGATATTGCTTGAAACC-3’

3974 5’-CGTTGTAAAGCAGATGGTAAGGTG-3’
3975 5’-GGTCATAACGGCCTAAGTTATCG-3’
4003 5’-GTGTAGGCTGGAGCTGCTTC-3’

4004 5’-CGCCATTAATTCACTGATCA-3’

4017 5’-TTAATACCAAGCGCCTTGTAC-3’

4018 5’-GAATACTTTAACCATCCAGCAGTAG-3’
4046 5’-GCAAACTTAAGAGTGTGTTG-3’

4047 5-CCTTTAGTAACGTGTAACTTTC-3’

®Underlined sequence indicates the addition of a stop codon



FIG S1 Detection of plcl and plc2 in the genomes of A. baumannii strains. Agarose gel
electrophoresis of internal amplicons of plcl (A) or plc2 (B) using total genomic DNA isolated
from 19 A. baumannii strains and primers 3824 and 3826 or 3822 and 3827 (Table 1 and Fig. 2),

which hybridize internally to plcl or plc2, respectively. MWM, Hindlll-digested A DNA.



FIG S2 Growth of the ATCC 19606 parental strain and the 3430, 3452 and 3494 isogenic
derivatives. The ODgqg values of each strain grown in TSBD at 37°C for 24 h with shaking at

200 rpm were determined hourly. Error bars represent the standard error (SE) of the mean.
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Klebsiella pneumoniae is a Gram-negative human pathogen capable of causing hospital-acquired infections with an increasing
risk to human health. The total DNA from four clinically relevant strains was sequenced to >100X coverage, providing high-
quality genome assemblies for K. pneumoniae strains ATCC 13883, KP4640, 101488, and 101712.
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lebsiella pneumoniae is the fourth most common cause of

Gram-negative-associated hospital-acquired infections, in-
cluding urinary tract infections, pneumonia, septicemia, and
wound infections (1, 2). The nosocomial prevalence of K. pneu-
moniae is exacerbated by the emergence of multidrug-resistant
strains, especially those producing carbapenemase (KPC-1). This
has made K. pneumoniae a threat to human health worldwide.
Many reports have explored the multidrug resistance and capsular
properties of K. pneumoniae; however, there remains a paucity of
literature regarding the elucidation of virulence factors and the
general physiology of this pathogen. The dearth of information is
highlighted by the absence of the genome sequence of the K. pneu-
moniae clinical type strain ATCC 13883 from publicly available
databases. To this end, the genome sequence of strain ATCC
13883, as well as those of K. pneumoniae strains KP4640, 101712,
and 101488, three strains isolated from wounded warriors at the
Walter Reed Army Medical Center (WRAMC) and San Antonio
Military Medical Center (SAMMC), Fort Sam Houston, TX, were
determined using next-generation sequencing methods.

The strains were routinely stored at -80°C in 10% glycerol.
DNA was isolated from overnight LB cultures grown with agita-
tion at 37°C using the DNeasy blood and tissue kit (Qiagen, Va-
lencia, CA). The absorption at 260 nm and 280 nm was measured
for each sample to determine quantity and quality using the
NanoDrop 2000 (Thermo Scientific, Wilmington, DE, USA). The
DNA concentrations for library preparation were determined by
the SYBR green (Life Technologies, Grand Island, NY) standard
curve method in a black 96-well plate (Corning, Tewksbury, MA,
USA) using a FilterMax F5 spectrophotometer with Multimode
Analysis software version 3.4.0.25 (Molecular Devices, Sunnyvale,
CA, USA). The Nextera XT kit (Illumina, San Diego, CA, USA)
was used to simultaneously fragment and adapter tag the libraries,
as per the manufacturer’s instructions. Library production was
visualized with a Bioanalyzer 2100 high-sensitivity DNA analysis
kit (Agilent Technologies, Santa Clara, CA) using the version
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B.02.08.51648 software to analyze the fragmentation of the resul-
tant libraries. Individual libraries were normalized by bead-based
affinity, pooled, and then sequenced using the MiSeq v3 600-cycle
kit (Illumina, San Diego, CA, USA) to perform 300-bp paired-end
sequencing on a MiSeq instrument (Illumina), per the manufac-
turer’s instructions. De novo assembly was performed using
Genomics Workbench 7.5 with the Bacterial Genome Finishing
Module (CLC bio, Boston, MA), run on a workstation with an
AMD Opteron 2.10 GHz 16-core processor with 128 GB DDR3
ECC random access memory (RAM). The genomes were anno-
tated with Prokka version 1.10 on a quadcore i7 workstation with
32 GB DDR3 running Ubuntu 14.04 long-term support (LTS) (3).

The de novo assembly resulted in a 5,725,870-bp genome con-
taining 68 tRNAs and 5,525 genes with 5,456 proposed coding
sequences (CDS) for the clinical type strain ATCC 13883. The
remaining three genomes were 5,590,832, 5,570,720, and
5,575,268 bp for strains KP4640, 101488, and 101712, respec-
tively. The strain KP4640 genome contains 71 tRNAs and 5,270
genes with 5,198 CDS. Strains 101488 and 101712 have 75 and 73
tRNAs, 5,375 and 5,208 genes, and 5,299 and 5,134 CDS, respec-
tively.

Nucleotide sequence accession numbers. The whole-genome
shotgun projects were deposited into GenBank under Bioproject
ID PRJNA261239 with accession numbers JSZI00000000 (ATCC
13883), JSZJ00000000 (101712), JSZK00000000 (101488), and
JSZL00000000 (KP4640). The versions described in this paper are
versions JSZ101000000 (ATCC 13883), JSZJ01000000 (101712),
JSZK01000000 (101488), and JSZL01000000 (KP4640).

ACKNOWLEDGMENTS

This work was supported by funds from Miami University, Department of
Defense W81XWH-12-2-0035 award to L.A.A. and a grant-in-aid from
Mlumina, Inc. (San Diego, CA).

We thank the MRSN for supplying KP4640. We also thank Andor Kiss

genomea.asm.org 1


http://crossmark.crossref.org/dialog/?doi=10.1128/genomeA.01385-14&domain=pdf&date_stamp=2015-1-15
http://genomea.asm.org

Arivett et al.

and the Miami University Center for Bioinformatics and Functional
Genomics for assistance in sequence acquisition.

The findings and opinions expressed herein belong to the authors and
do not necessarily reflect the official views of the WRAIR, the U.S. Army,
or the Department of Defense.

REFERENCES

1. Hidron AI, Edwards JR, Patel J, Horan TC, Sievert DM, Pollock DA,
Fridkin SK, National Healthcare Safety Network Team, Participating
National Healthcare Safety Network Facilities. 2008. NHSN annual

update: antimicrobial-resistant pathogens associated with healthcare-
associated infections: annual summary data reported to the National
Healthcare Safety Network at the Centers for Disease Control and Preven-
tion, 2006—2007. Infect Control Hosp Epidemiol 29:996-1011. http://
dx.doi.org/10.1086/591861.

. Podschun R, Ullmann U. 1998. Klebsiella spp. as nosocomial pathogens:

epidemiology, taxonomy, typing methods, and pathogenicity factors. Clin
Microbiol Rev 11:589—-603.

. Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioin-

formatics 30:2068-2069. http://dx.doi.org/10.1093/bioinformatics/
btul53.

2 genomea.asm.org Genome Announcements January/February 2015 Volume 3 Issue 1 e01385-14


http://genomea.asm.org

Appendix 5



CrossMark
&click for updates

Draft Genome of the Multidrug-Resistant Acinetobacter baumannii

Strain A155 Clinical Isolate

Brock A. Arivett,2 Steven E. Fiester,@ David C. Ream,? Daniela Centron,® Maria S. Ramirez,¢ Marcelo E. Tolmasky,® Luis A. Actis?

Department of Microbiology, Miami University, Oxford, Ohio, USA?; Instituto de Microbiologia y Parasitologia Médica, Universidad de Buenos Aires, Consejo Nacional de
Investigaciones Cientificas y Tecnolégicas, Buenos Aires (IMPaM, UBA-CONICET), Ciudad Auténoma de Buenos Aires, Argentina®; Department of Biological Science,
Center for Applied Biotechnology Studies, California State University Fullerton, Fullerton, California, USA®

Acinetobacter baumannii is a bacterial pathogen with serious implications on human health, due to increasing reports of
multidrug-resistant strains isolated from patients. Total DNA from the multidrug-resistant A. baumannii strain A155 clinical
isolate was sequenced to greater than 65 X coverage, providing high-quality contig assemblies.
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cinetobacter baumannii, a Gram-negative pathogen, causes a

variety of nosocomial infections such as bacteremia, menin-
gitis, skin and soft tissue infections such as necrotizing fasciitis,
ventilator-associated pneumonia, and urinary tract infections (1,
2). These infections are becoming harder to treat due to the rise in
the number of multidrug-resistant A. baumannii strains present in
clinical settings (1, 3). A. baumannii strain A155 is a multidrug-
resistant strain originally isolated from a urinary sample at a hos-
pital in Buenos Aires, Argentina, in 1994 (4). At that time, unlike
in most of the world where clonal complex 109 (CC109) and CC92
(also known as international clonal lineage 1 and 2, respectively)
were predominant, most strains isolated in Argentina belonged to
CC113(5). A. baumannii A155 was among the first CC109 isolates
in Argentina (4). This strain includes the AbaR-type island in-
serted within comM, and the aac(6’)-Ib gene, which confers resis-
tance to numerous aminoglycosides (4, 6, 7).

A. baumannii A155 whole-genome sequencing and annotation
were performed as described previously (8). Briefly, the A155 iso-
late was routinely stored at —80°C in 10% glycerol, passaged to
overnight LB cultures grown with agitation at 37°C, and total
DNA was isolated using the DNeasy blood and tissue kit (Qiagen,
Valencia, CA, USA). DNA quantity and quality were assessed us-
ing Nanodrop 2000 (Thermo Scientific, Wilmington, DE, USA).
The SYBR Green (Life Technologies, Grand Island, NY, USA)
standard curve method was used to estimate DNA concentration
for library preparation in a black 96-well plate (Corning, Tewks-
bury, MA, USA), and fluorescence values were obtained using a
FilterMax F5 spectrophotometer with Multi-Mode Analysis soft-
ware version 3.4.0.25 (Molecular Devices, Sunnyvale, CA, USA).
The Nextera XT kit (Illumina, Inc., San Diego, CA, USA) was used
to simultaneously fragment and construct adapter-tagged librar-
ies per the manufacturer’s instructions. The Bioanalyzer 2100
High Sensitivity DNA analysis kit (Agilent Technologies, Santa
Clara, CA, USA) with version B.02.08.51648 software was used to
determine the fragmentation of the resultant libraries. Individual
libraries were normalized by bead-based affinity, pooled, and then
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sequenced using the MiSeq version 3 600-cycle kit (Illumina) to
perform 300-bp paired-end sequencing on a MiSeq instrument
(Illumina) per the manufacturer’s instructions. De novo assembly
was performed using Genomics Workbench version 7.5 with the
Bacterial Genome Finishing module (CLC bio, Boston, MA, USA)
on a workstation with an AMD Opteron 2.10-GHz 16-core pro-
cessor and 128-GB DDR3 ECC RAM. Genomes were annotated
with Prokka version 1.10 on a quadcore i7 workstation with
32-GB DDR3 running Ubuntu 14.04 LTS (9).

The de novo assembly resulted in a 3,933,455-bp genome en-
coding 55 tRNAs and 3,760 genes with 3,704 proposed CDSs for
the A. baumannii A155 clinical strain.

Nucleotide sequence accession numbers. The first version of
the de novo whole-genome assembly of A. baumannii A155 was
deposited into GenBank under Bioproject ID PRINA261239 with
the accession number JXSV00000000, version JXSV01000000.
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Acinetobacter baumannii is a Gram-negative bacterium capable of causing hospital-acquired infections that have been grouped,
as Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species {ESKAPE} pathogens because their extensive drug resistance phenotypes and increasing risk to human
health. Twenty-four multidrug-resistant A. baumannii strains isolated from wounded military were sequenced and annotated.
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he Gram-negative coccobacillus Acinetobacter baumannii is an

opportunistic human pathogen causing myriad human dis-
eases, including pneumonia, bacteremia, urinary tract infections,
meningitis, and wound infections. A. baumannii is the fifth most
common Gram-negative pathogen associated with nosocomial
infections (1, 2). Of concern is the increasing multidrug resistance
of A. baumannii isolates, which has caused this bacterium to be
included as an ESKAPE (Enterococcus faecium, Staphylococcus au-
reus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomo-
nas aeruginosa, and Enterobacter species) pathogen, underscoring
its ability to “escape” antimicrobials (3). In fact, A. baumannii
strains resistant to all known antibiotics have been encountered,
demonstrating the paramount impact of this pathogen on public
health (2). The genomes of 24 A. baumannii strains isolated from
wounded warriors at Walter Reed Army Medical Center
(WRAMC) and San Antonio Military Medical Center (SAMMC),
Fort Sam, Houston, TX, were sequenced using next-generation
sequencing for future analyses to investigate the resistance and
virulence mechanisms of this emerging pathogen.

As described previously, strains were routinely stored at -80°C
in 10% glycerol (4). DNA was isolated from overnight LB cultures
grown with agitation at 37°C using the DNeasy blood and tissue
kit (Qiagen, Valencia, CA, USA). Absorption at 260 nm and
280 nm was measured for each sample to determine quantity and
quality using the NanoDrop 2000 (Thermo Scientific, Wilming-
ton, DE, USA). DNA concentrations for library preparation were
determined by the SYBR green (Life Technologies, Grand Island,
NY) standard curve method in a black 96-well plate (Corning,
Tewksbury, MA, USA) using a FilterMax F5 spectrophotometer
with multimode analysis software version 3.4.0.25 (Molecular De-
vices, Sunnyvale, CA, USA). Whole DNA was sheared to approx-
imately 500 bp in a microTUBE-50 using an M220 focused ultra-
sonicator (Covaris, Woburn, MA, USA). Fragmentation of the
resultant libraries was examined with a Bioanalyzer 2100 high-
sensitivity DNA analysis kit (Agilent Technologies, Santa Clara,
CA, USA) using version B.02.08.51648 software. Individual librar-
ies were normalized, pooled, and then sequenced using the MiSeq
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version 3 600-cycle kit (Illumina, San Diego, CA, USA) to perform
300-bp paired-end sequencing on a MiSeq instrument (Illumina),
as per the manufacturer’s instructions. De novo assembly was per-
formed using Genomics Workbench 8.0 with the Bacterial Ge-
nome Finishing module (CLC bio, Boston, MA) run on a work-
station with an AMD Opteron 2.10 GHz 16-core processor with
128 Gb DDR3 ECC random access memory (RAM). Genomes
were annotated with Prokka version 1.10 on a quad-core i7 work-
station with 32 Gb DDR3 running Ubuntu 14.04 LTS (5). The de
novo assembly statistics for 24 A. baumannii isolates are shown in
Table 1.

Accession numbers. The whole-genome shotgun projects
were deposited into GenBank under BioProject ID PRINA261239
with accession numbers listed in Table 1.
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TABLE 1 Assembly metrics and accession numbers of A. baumannii genomes

StrainID  No. of contigs  Ns, contig size (bp)  Total size (bp)  Coverage (X) % G+Ccontent No.of ORFs® No.of RNA  Accession no.

AB2828 107 124,070 4,426,896 30 39.21 4,274 53 LRDT000000000
AB3340 76 132,604 4,010,248 28 38.86 3,864 49 LRDU000000000
AB3560 58 247,914 4,012,126 30 38.92 3,894 59 LRDV000000000
AB967 27 401,652 3,795,032 29 38.84 3,633 62 LRDS000000000
AB3785 70 134,647 3,894,584 29 39.01 3,745 58 LRDX000000000
AB3638 78 108,414 4,294,582 31 38.72 4,113 62 LRDW000000000
AB3806 86 96,852 4,295,294 33 38.75 4,117 59 LRDY000000000
AB3927 45 227,995 4,113,781 30 38.82 3,978 58 LRDZ000000000
AB4026 67 160,728 3,905,198 30 38.99 3,749 50 LREB000000000
AB4027 72 152,887 3,903,961 32 39.00 3,749 54 LREC000000000
AB4025 69 152,887 3,902,672 29 39.00 3,741 55 LREA000000000
AB4456 58 182,799 4,001,807 27 38.92 3,857 47 LREF000000000
AB4052 43 262,160 3,921,338 33 39.00 3,739 51 LRED000000000
AB4448 43 369,360 3,992,257 28 38.92 3,854 58 LREE000000000
AB4490 98 84,980 3,947,403 31 38.99 3,786 60 LREG000000000
AB4498 76 128,212 3,905,177 32 39.00 3,753 57 LREH000000000
AB4795 78 113,293 3,882,341 33 39.03 3,727 62 LREI0O00000000
AB4878 45 223,470 3,862,567 26 38.98 3,685 50 LREJ000000000
AB4957 50 223,470 3,882,040 33 38.97 3,722 60 LREL0O00000000
AB4932 39 237,199 3,865,974 33 38.99 3,703 60 LREK000000000
AB5001 33 223,470 3,789,469 30 38.99 3,586 52 LREN000000000
AB4991 52 310,788 3,877,107 28 39.09 3,686 58 LREM000000000
AB5674 34 419,504 3,869,253 29 39.03 3,679 52 LREP000000000
AB5197 58 184,472 3,959,484 33 39.04 3,799 58 LREO000000000

@ ORFs, open reading frames.
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Members of the Escherichia coli bacterial family have been grouped as ESKAPE (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) pathogens because of
their extensive drug resistance phenotypes and increasing threat to human health. The genomes of six extended-spectrum
B-lactamase (ESBL)-producing E. coli strains isolated from wounded military personnel were sequenced and annotated.
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scherichia coli is a Gram-negative bacillus that is a component

of the normal bacterial flora of the human colonic tract (1-3).
E. coli within the intestinal tract is typically nonpathogenic unless
the intestinal tract barriers have been violated or the host has been
immunocompromised; however, there are also several highly
adapted E. coli clones that have evolved to cause human diseases
including meningitis, diarrhea, sepsis, and urinary tract infections
(3). In fact, E. coli is the most common Gram-negative pathogen
associated with nosocomial infections, and isolates with the ability
to produce extended-spectrum B-lactamase (ESBL) continue to
increase in frequency and severity (4, 5). The genomes of six
ESBL-producing isolates obtained from wounded soldiers at the
Walter Reed Army Medical Center (WRAMC) were sequenced
using next-generation sequencing methods for future analyses to
elucidate their virulence mechanisms.

As described previously, strains were routinely stored at —80°C
in 10% glycerol (6). DNA was isolated from overnight LB cultures
grown with agitation at 37°C using the DNeasy blood and tissue
kit (Qiagen, Valencia, CA, USA). Absorption at 260 nm and
280 nm was measured for each sample to determine DNA quantity
and quality using a Nanodrop 2000 (Thermo Scientific, Wilming-
ton, DE, USA). DNA concentrations for library preparation were
determined by the SYBR green (Life Technologies, Grand Island,
NY, USA) standard curve method in black 96-well plates (Corn-
ing, Tewksbury, MA, USA) using a FilterMax F5 spectrophotom-
eter with Multi-Mode Analysis software version 3.4.0.25 (Molec-

ular Devices, Sunnyvale, CA, USA). Whole DNA was sheared to
approximately 500 bp in a microTUBE-50 using the M220
Focused-ultrasonicator (Covaris, Woburn, MA, USA). Fragmen-
tation of resultant libraries was examined with a Bioanalyzer 2100
high sensitivity DNA analysis kit (Agilent Technologies, Santa
Clara, CA, USA) using version B.02.08.S51648 software. Individual
libraries were normalized, pooled, and then sequenced using
MiSeq v3 600-cycle kit (Illumina, San Diego, CA, USA) to perform
300-bp paired-end sequencing on a MiSeq instrument (Illumina)
per manufacturer’s instructions. De novo assembly was performed
using Genomics Workbench 8.0 with the bacterial genome finish-
ing module (CLCbio, Boston, MA, USA) on a workstation with an
AMD Opteron 2.10 GHz 16-core processor with 128 GB DDR3
ECCRAM. Prokka version 1.10 on a quadcore i7 workstation with
32 GB DDR3 running Ubuntu 14.04 LTS (7) was used for genome
annotation. The de novo assembly statistics for the sequenced
E. coli isolates are shown in Table 1.

Accession number(s). The whole-genome shotgun projects
were deposited into GenBank under Bioproject ID PRINA261239
with the accession numbers listed in Table 1.
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Pseudomonas aeruginosa, a Gram-negative bacterium that causes severe hospital-acquired infections, is grouped as an ESKAPE
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,

and Enterobacter species) pathogen because of its extensive drug resistance phenotypes and effects on human health worldwide.
Five multidrug resistant P. aeruginosa strains isolated from wounded military personnel were sequenced and annotated in this

work.

Received 17 June 2016 Accepted 17 June 2016 Published XXX

Citation Arivett BA, Ream DC, Fiester SE, Kidane D, Actis LA. 2016. Draft genome sequences of Pseudomonas aeruginosa isolates from wounded military personnel. Genome

Announc 4(4):e00829-16. doi:10.1128/genomeA.00829-16.

Copyright © 2016 Arivett et al. This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International license.

Address correspondence to Luis A. Actis, actisla@MiamiOH.edu.

seudomonas aeruginosa is a common environmental Gram-

negative bacillus bacterium often associated with nosocomial
infections including chronic lung infections in cystic fibrosis pa-
tients and bacteremia in burn victims. Human infections with
P. aeruginosa can likely be traced back to 1862 when Luke ob-
served rod-shaped particles in the blue-green pus of infections
allowing this bacterium the opportunity to develop into a formi-
dable human pathogen (1). Nosocomial pathogens, such as
P. aeruginosa, have developed sophisticated resistance mecha-
nisms since the introduction of antibiotics into the clinical setting
(2). P. aeruginosa is currently the second most prevalent Gram-
negative nosocomial pathogen preceded by Escherichia coli with as
many as 2% of P. aeruginosa isolates specifically presenting with
carbapenem-resistance (3). P. aeruginosa is referred to as an ES-
KAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species) pathogen due to its ability to escape the
lethal action of antibiotics (4). In order to develop a broader un-
derstanding of the mechanisms by which nosocomial P. aerugi-
nosa strains escape death by antibiotics, the genome sequences of
five P. aeruginosa strains isolated from wounded soldiers at the
Walter Reed Army Medical Center (WRAMC) were determined
using next-generation sequencing methods for future bioinfor-
matic analyses.

Strains routinely stored at —80°C in 10% glycerol (5) were
used to isolate total DNA from overnight LB cultures grown with

agitation at 37°C using the DNeasy blood and tissue kit (Qiagen,
Valencia, CA, USA). Absorption at 260 nm and 280 nm was mea-
sured for each sample to determine quantity and quality using the
Nanodrop 2000 (Thermo Scientific, Wilmington, DE, USA).
DNA concentrations for library preparation were determined by
the SYBR green (Life Technologies, Grand Island, NY, USA) stan-
dard curve method in black 96-well plates (Corning, Tewksbury,
MA, USA) using a FilterMax F5 spectrophotometer with Multi-
Mode Analysis software version 3.4.0.25 (Molecular Devices,
Sunnyvale, CA, USA). Whole DNA was sheared to approximately
500 bp in microTUBE-50 using M220 Focused-ultrasonicator
(Covaris, Woburn, MA, USA). Fragmentation of resultant librar-
ies was examined with a Bioanalyzer 2100 High Sensitivity DNA
analysis kit (Agilent Technologies, Santa Clara, CA, USA) using
version B.02.08.51648 software. Individual libraries were normal-
ized, pooled and then sequenced using MiSeq v3 600-cycle kit
(Illumina, San Diego, CA, USA) to perform 300-bp paired-end
sequencing on a MiSeq instrument (Illumina) per manufacturer’s
instructions. De novo assembly was performed using Genomics
Workbench 8.0 with the bacterial genome finishing module (CLC
bio, Boston, MA, USA) on a workstation with an AMD Opteron
2.10 GHz 16-core processor with 128 GB DDR3 ECC RAM. Ge-
nomes were annotated with Prokka version 1.10 on a quadcore i7
workstation with 32 GB DDR3 running Ubuntu 14.04 LTS (6).
The de novo assembly statistics for the five P. aeruginosa sequenced
isolates are shown in Table 1.

TABLE 1 Assembly metrics and accession numbers of Pseudomonas aeruginosa Genomes

StrainID  No. of contigs ~ Nj, contigs (bp) Total size (bp) Coverage (X) % G+C  No.of ORFs*  No.of RNAs  Accession no.
105777 105 179,475 7,408,561 30 65.33 7,012 67 LODH000000000
105819 63 302,533 7,208,927 26 65.65 6,703 68 LOHH000000000
105880 86 215,191 6,914,271 17 65.98 6,490 60 LOHI000000000
105857 93 304,460 6,933,765 27 65.99 6,563 67 LOHJ000000000
105738 137 102,664 6,783,146 39 66.06 6,269 67 LOHK000000000
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Accession number(s). The whole-genome shotgun projects
were deposited into GenBank under Bioproject ID PRJNA261239
with accession numbers listed in Table 1.
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