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ABSTRACT Overexpression of chromosomal resistance-nodulation-cell division (RND)-type efflux systems with broad sub-
strate specificity contributes to multidrug resistance (MDR) in Acinetobacter baumannii. We have shown that modulation of
expression of the structural genes for the efflux systems AdeABC and AdeIJK confers MDR and results in numerous alterations
of membrane-associated cellular functions, in particular biofilm formation. However, the contribution of these RND pumps to
cell fitness and virulence has not yet been studied. The biological cost of an antibiotic resistance mechanism is a key parameter in
determining its stability and dissemination. From an entirely sequenced susceptible clinical isolate, we have generated a set of
isogenic derivatives having single point mutations resulting in overexpression of each efflux system or with every pump deleted
by allelic replacement. We found that overproduction of the pumps results in a significant decrease in fitness of the bacterial host
when measured by competition experiments in vitro. Fitness and virulence were also evaluated in vivo both in systemic and pul-
monary infection models in immunocompetent mice. A diminished competitiveness of the AdeABC-overexpressing mutant was
observed only after intraperitoneal inoculation, but not after intranasal inoculation, the latter mimicking the most frequent type
of human A. baumannii infection. However, in mice infected intranasally, this mutant was more virulent and stimulated an en-
hanced neutrophil activation in the lungs. Altogether, these data account for the observation that adeABC overexpression is
common in MDR A. baumannii frequently found in ventilator-associated pneumonia.

IMPORTANCE Overproduction of the RND AdeABC efflux system is observed with a high incidence in multidrug-resistant Acin-
etobacter baumannii and results in increased resistance to several antibiotics of choice for the treatment of infections caused by
this nosocomial pathogen. It was therefore important to study the biological cost of the overexpression of the adeABC structural
operon which is normally tightly regulated. Fitness diminution of an overexpressing mutant detected in vitro and in vivo in a
model that mimics sepsis was not observed in a pulmonary infection model in which the mutant was more virulent. This points
out that increased virulence can occur independently from prolonged persistence in the infected organ and can account for the
elevated incidence of this resistance mechanism in clinical isolates. The study also indicates that transposon libraries will iden-
tify only virulence genes that are expressed under physiological conditions but not those that are tightly regulated.
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Acinetobacter baumannii is a major nosocomial pathogen that is
clinically and epidemiologically successful at least in part due

to its ability to persist in the hospital environment (1). Multidrug-
resistant (MDR) strains have recently emerged resulting from the
high capacity of A. baumannii to acquire genetic determinants and
to the overproduction of resistance-nodulation-cell division
(RND) efflux systems with broad substrate specificities (2). Three
Acinetobacter drug efflux (Ade) RND systems, AdeABC (3), Ad-
eFGH (4), and AdeIJK (5), have been reported to contribute to
MDR. Expression of each pump is tightly regulated, AdeABC by
the two-component regulatory system AdeRS (6), AdeFGH by the
LysR-type transcriptional regulator AdeL (4), and AdeIJK by
the TetR transcriptional regulator AdeN (7). Overexpression of
the adeABC operon secondary to mutations in AdeRS plays a ma-

jor role in MDR of clinical isolates (6, 8–10), whereas overexpres-
sion of adeFGH is rarely observed (8, 10); the constitutive expres-
sion of adeIJK is associated with intrinsic resistance (5, 9).

The fitness cost of antibiotic resistance mechanisms is a key
parameter in determining the success of resistant bacteria (11). It
is well established that efflux systems extrude not only antibiotics
but also intracellular metabolites and that they play a role in the
pathogenicity of Gram-negative bacteria (12). Inactivation of
genes for efflux pumps impairs colonization or virulence as re-
ported for acrAB in Salmonella enterica serovar Typhimurium
(13), mexAB-oprM in Pseudomonas aeruginosa (14), acrAB in
Klebsiella pneumoniae (15), and acrAB-tolC disruption in Entero-
bacter cloacae reduces both bacterial fitness and host virulence
(16). Overexpression of efflux pumps has various and contrasting
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consequences on cell fitness and virulence: MtrCDE overproduc-
tion in Neisseria gonorrhoeae leads to increased fitness in vitro and
higher virulence in the mouse vaginal infection model (17),
whereas in Stenotrophomonas maltophilia, SmeDEF overproduc-
tion impairs fitness and decrease virulence (18); MexEF-OprN
overproduction does not alter the fitness of Pseudomonas aerugi-
nosa (19).

We have shown that modulation of expression of the structural
genes for the efflux systems AdeABC and AdeIJK results in numer-
ous alterations of membrane-associated cellular functions, in par-
ticular biofilm formation (9). However, the involvement of these
RND systems in cell fitness and virulence has not yet been studied.

Several animal models are available to study virulence of clin-
ical strains in terms of mortality, tissue bacterial load, histological
score, and inflammatory cytokine levels (20). The most frequent
A. baumannii nosocomial infections are ventilator-associated
pneumonia, and a mouse model of pneumonia is obtained either
through instillation of a bacterial suspension into the trachea (21)
or intranasally (i.n.) (22, 23). The intraperitoneal (i.p.) route of
infection is generally chosen to mimic systemic A. baumannii in-
fections (24–26). While several investigations have been carried
out using either of these experimental models, there are no reports
of systematic comparison of both routes of infection with the
same isolate.

In this study, the contribution of the three Ade RND systems
on the fitness and virulence of A. baumannii was determined using
an entirely sequenced susceptible clinical isolate and a set of iso-
genic derivatives having single point mutations resulting in over-
expression of each of the efflux systems or with deletion of every
pump by allelic replacement (9). We found that overexpression of
the pumps results in a significant decrease in fitness of the bacterial
host when measured by in vitro competition experiments. How-
ever, in vivo in systemic and pulmonary infection models in im-
munocompetent mice, there were different patterns of fitness and
virulence. Altogether, these data account for the observation that
MDR A. baumannii with adeABC overexpression are frequent in
clinical settings.

RESULTS
Impact of overexpression or deletion of RND efflux systems on
in vitro fitness of A. baumannii. Growth rates were determined

in monocultures at the beginning of the exponential phase in the
absence of antibiotics, and the relative growth rates of the pump
mutants are represented relative to that of the A. baumannii
BM4587 parental strain (Table 1).

The two AdeABC-overproducing isogenic mutants, strains
BM4688 and BM4689, presented a moderately reduced relative
growth rate which paralleled the level of overproduction of the
pump (0.96 for 38-fold and 0.91 for 222-fold increased adeB ex-
pression, respectively). No relative growth rate reduction was ob-
served for deletion mutant derivative BM4717.

Two AdeFGH-overproducing mutants, BM4690 and BM4691,
had the largest fitness disadvantage (0.82 � 0.02 and 0.81 � 0.03,
respectively) associated with very high levels (402- and 636-fold)
of adeG expression. Deletion of the adeG gene did not affect the
host fitness.

The BM4666 mutant overexpressing AdeIJK displayed a signif-
icantly diminished relative growth rate, 0.94 � 0.03, although adeJ
was overexpressed only 6-fold. For the deletion mutant BM4719, a
slight growth rate reduction was observed, 0.98 � 0.01.

For a more sensitive fitness evaluation, in vitro competition
experiments were performed by mixing each derivative overex-
pressing a pump with the parent at an initial ratio of 1:1 for ca. 150
generations (Fig. 1). Strains BM4689[madeABC] (BM4689 over-
expressing adeABC) and BM4688[madeABC] had competitive
disadvantages of 3.1% and 2.2% per generation, respectively.
Strains BM4691[madeFGH], BM4690[madeFGH], and BM4666
[madeIJK] had competitive disadvantages of 4.3%, 2.7%, and 2.2%
per generation, respectively.

Comparison of A. baumannii virulence in mice after i.p. or
i.n. inoculation. The i.p. 50% lethal dose (LD50) of A. baumannii
parental strain BM4587 was 4.9 � 105 CFU/mouse, which indi-
cates moderate virulence compared to other strains of A. bauman-
nii with i.p. LD50 values in immunocompetent C57BL/6 mice
ranging from 1.9 � 103 to 7.8 � 106 CFU (24, 25).

Groups of mice were sacrificed at various time points after i.p.
inoculation with ca. 5 � 105 CFU/mouse of the parental strain and
mutant strains, and bacterial loads in blood, lungs, liver, and
spleen were quantified (Fig. 2A, top panels). In mice inoculated
with parental strain BM4587, bacteria disseminated by 4 h from
the peritoneum to blood (8.1 � 102 CFU/ml [median values

TABLE 1 Relative growth rates of A. baumannii BM4587 and derivatives overexpressing each pump or with each pump deleted

A. baumannii
strain Mutationa

Pump overexpression
rate (fold)a,b

Relative growth
rate (min�1)c Reference

BM4587 Wild-type 1 1.00 33
BM4688 AdeSR152K 38 for adeB 0.96 � 0.05 9
BM4689 AdeRA91V 222 for adeB 0.91* � 0.04 9
BM4717 �adeB NA 1.00 � 0.03 9
BM4690 AdeLN334H 402 for adeG 0.82* � 0.02 9
BM4691 AdeLQ332stop 636 for adeG 0.81* � 0.03 9
BM4718 �adeG NA 1.00 � 0.03 9
BM4666 adeN�C584 6 for adeJ 0.94* � 0.03 33
BM4719 �adeJ NA 0.98 � 0.01 9
a Data taken from reference 9.
b The pump overexpression rate values are shown as the fold or number of times the strain overexpressed the indicated gene. For instance, strain BM4688 overexpressed adeB
38-fold compared to the wild-type or parental BM4587 strain. NA, not applicable.
c The growth rates of derivatives overexpressing each RND efflux system or with each efflux system deleted were determined at the beginning of the exponential phase. The relative
growth rate represents the ratio of growth of an isogenic derivative to that of the parental (wild-type) strain taken as 1.00. Every isolate was tested in duplicate in four to six
independent experiments, and the results are presented as means � SD. The mean values that are significantly different (P � 0.05 by the Student t test) from the value for the
parental strain are indicated by an asterisk.

Yoon et al.

2 ® mbio.asm.org May/June 2016 Volume 7 Issue 3 e00697-16

 
m

bio.asm
.org

 on O
ctober 17, 2016 - P

ublished by 
m

bio.asm
.org

D
ow

nloaded from
 

mbio.asm.org
http://mbio.asm.org/
http://mbio.asm.org/


shown in parentheses]), lung (4 � 104 CFU/lung), liver (3.2 �
105 CFU/liver), and spleen (6.5 � 104 CFU/spleen). Bacterial pro-
liferation, of approximately 1 log10 unit, continued by 8 h with
median values of CFU/organ of 2.5 � 103 per ml of blood, 2.6 �
105 per lung, 2.0 � 106 per liver, and 5.1 � 105 per spleen. Finally,

by 24 h, mice either succumbed (less than 10% per experiment) or
survived, and organ bacterial counts were very scattered, with me-
dian values of CFU/organ of 1.2 � 104 per ml of blood, 3.2 � 104

in lung, 4.0 � 106 in liver, and 1.9 � 105 in spleen.
By 4 h after i.p. injection of strain BM4689[madeABC], the

bacterial load per organ increased between 2.3- and 8.4-fold com-
pared to the bacterial load in the parent (Fig. 2A, middle panels).
Bacterial multiplication then lagged by 8 h, and counts were
significantly lower than those of strain BM4587. At 24 h posti-
noculation (p.i.), mean values were similar to those of the
group infected with BM4587, as were the numbers of dead mice
by 24 h. To further assess the early proliferative attenuation of
BM4689[madeABC], randomly selected colonies obtained ex vivo
at each time point were studied, but only nonsignificant differ-
ences in in vitro susceptibility tests and in growth rates were ob-
served.

In the mice inoculated with strain BM4666[madeIJK], initial
bacterial dissemination by 4 h to the liver and spleen was not as
efficient as that of parental BM4587 with smaller bacterial burden
in the spleen and liver. However, bacterial counts increased rap-
idly to reach similar levels by 24 h (Fig. 2A, bottom panels).

After i.n. inoculation of ca. 5 � 107 CFU of strain BM4587,
1.2 � 108 CFU/lung was recovered by 4 h and the CFU/lung grad-
ually dropped with median values of 3.0 � 107 by 24 h and 1.3 �
105 by 48 h (Fig. 2B, top panel). The mice infected with
BM4689[madeABC] or BM4666[madeIJK] displayed similar
bacterial loads in the lungs, and the bacterial loads decreased at the
same pace as in mice infected with parental BM4587 (Fig. 2B,
middle and bottom panels). Extrapulmonary dissemination, ex-
cept for occasional recovery in blood, was not observed at any time
point.

AdeABC overproduction induces a moderate competitive
disadvantage in a systemic infection model. Groups of six mice
were inoculated with a 1:1 mixture of strains BM4587 and
BM4689[madeABC] with ca. 5 � 105 CFU/mouse for i.p. injec-
tion (Fig. 3A) and ca. 5 � 107 CFU/mouse for i.n. inoculation
(Fig. 3B), and bacterial loads in organs were monitored for 48 h
and 72 h, respectively. After i.p. injection, the parental and mutant
mixture kept the initial ratio by 8 h p.i. (Fig. 3A). By 24 h, slightly
lower loads of BM4689[madeABC] were observed in the lungs
and spleen (5.1 � 101 CFU/lung and 6.7 � 101 CFU/spleen, re-
spectively) compared to BM4587 (2.1 � 102 CFU/lung and 8.3 �
101 CFU/spleen, respectively), and a continuous decrease in the
relative loads was observed by 48 h (�10 CFU/lung, �10 CFU/
liver, and 5.3 � 100 CFU/spleen) compared to BM4587 (3.2 �
102 CFU/lung, 2.0 � 102 CFU/liver, and 6.2 � 101 CFU/spleen).
Strain BM4689[madeABC] was moderately less competitive than
the parent during the course of systemic infection in agreement
with the in vitro reduced growth rate and competitive disadvan-
tage. In the lungs of mice infected by i.n. inoculation with a 1:1
mixture of BM4587 and BM4689[madeABC], the initial ratio re-
mained constant during the entire experiment, up to 72 h
(Fig. 3B), indicating no competitive disadvantage in the pulmo-
nary infection model.

Overproduction of AdeABC resulted in enhanced neutrophil
activation after i.n. infection. To study the host immune re-
sponse induced by pulmonary infections with strains BM4587 and
BM4689[madeABC], bronchoalveolar lavage fluid (BALF) sam-
ples were collected from mice 4, 24, and 48 h after i.n. inoculation.
Bacterial loads in BALF decreased steadily: from 1.2 �

FIG 1 Growth competition between the parental strain and RND pump-
overexpressing strains. (A) For adeABC overexpression, parental A. baumannii
BM4587 strain and BM4688[madeABC] or BM4689[madeABC] were used.
(B) For adeFGH overexpression, strains BM4587 and BM4690[madeFGH] or
BM4691[madeFGH] were used. (C) For adeIJK overexpression, strains
BM4587 and BM4666[madeIJK] were used. (A to C) For all experiments
shown, the strains were mixed at a 1:1 ratio at an initial inoculum of 5 �
104 CFU and transferred every 12 h (corresponding to approximately 20 gen-
erations) in fresh medium for up to six passages. The competition index (CI)
was calculated as the CFU ratio of the resistant and susceptible strains (R/S) at
time t1 divided by the same R/S at time t0, and the selection coefficient s was
then calculated as the slope of the following linear regression model s � ln
(CI)/[t � ln (2)], where t is the number of generations. Every experiment was
carried out in du plicate in four independent experiments, and the results are
presented as means � SD (error bars).
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107 CFU/ml at 4 h to 9.1 � 105 at 24 h, and 8.1 � 104 at 48 h p.i.
(Fig. 4A). Bacterial loads in BALF samples from mice infected with
BM4689[madeABC] were indistinguishable from those of mice
infected with BM4587.

Before infection, the number of total BALF cells was 8.2 �
104 � 1.8 � 104, composed of only macrophages. After i.n. inoc-
ulation with strain BM4587, by 4 h the BALF cell number re-
mained constant (7.4 � 104 � 2.3 � 104 cells/ml) and was mainly
composed of neutrophils (83% of total BALF cells). The number
of cells increased from 6.6 � 105 � 1.5 � 105 cells/ml by 24 h to
2.9 � 106 � 2.0 � 106 by 48 h (more than 93% being neutrophils).
Infection with BM4689[madeABC] induced similar changes in
BALF composition. Despite the small difference in neutrophil
populations between the groups infected with BM4587 or
BM4689[madeABC], significant differences (P � 0.01) in the op-
tical density at 450 nm (OD450) of myeloperoxidase (MPO), an
enzyme with antimicrobial activity, between the groups were ob-
served in particular at 48 h p.i., 0.9 � 0.4 and 1.5 � 0.3, respec-
tively (Fig. 4E), indicating more-effective activation of neutro-
phils by BM4689[madeABC].

To further characterize the immune response induced by in-

fection with the parental or mutant strains, we determined the
levels of proinflammatory cytokines in the BALF samples (Fig. 4F
to H). We observed substantial release of all cytokines by bacterial
inoculation. In the BALF samples from mice infected with strain
BM4587, the keratinocyte chemoattractant protein (KC)/chemo-
kine (C-X-C motif) ligand 1 (CXCL1) peaked by 4 h (2.4 � 104 �
3.1 � 103 pg/ml) and rapidly decreased by 24 h. The concentration
of the released tumor necrosis factor alpha (TNF-�) also peaked at
4 h p.i. (6.4 � 103 � 3.6 � 102 pg/ml) and decreased to 9.4 � 102 �
9.0 � 101 pg/ml by 24 h. In the case of interleukin-6 (IL-6), the
concentration increased moderately during infection. The kinet-
ics of chemokine and cytokine production in BALF samples from
mice infected with BM4689[madeABC] were similar, but the con-
centrations at 4 h p.i. of KC/CXCL1 and TNF-� were significantly
lower than those elicited by BM4587 (Fig. 4F and G). The produc-
tion of IL-6 was lower by 4 h but rapidly increased to concentra-
tions higher than those obtained with the parent, although not
reaching statistical significance (Fig. 4H).

After i.p. inoculation, BALF cells were composed of 99% pul-
monary macrophages, and the levels of chemokines (the same
panel of chemokines) were similar to what is found in noninfected

FIG 2 Bacterial loads in organs of mice infected with A. baumannii BM4587 and its derivatives. (A and B) C57BL/6 female mice were infected with A. baumannii
strains given i.p. (A) or i.n. (B). (A) Mice infected i.p. were given 5 � 105 CFU/mouse. Mice infected i.n. were given 5 � 107 CFU/mouse. In the graphs in the top
row in panels A and B, each symbol represents the value for an individual animal infected with strain BM4587 (17 mice infected i.p. and 16 mice infected i.n.),
and the gray bar represents the median value of the group of mice. In the graphs in the middle and bottom rows in panels A and B, the means � SE (error bars)
of bacterial loads in organs of mice infected i.p. with either strain BM4689[madeABC] (13 mice infected i.p. and 6 mice infected i.n. [middle row]) or strain
BM4666[madeIJK] (5 mice infected i.p. and 8 mice infected i.n. [bottom row]) and with parental strain BM4587 are indicated. The inoculating doses are
indicated by small black arrows on the y axis. Values that are significantly different by two-tailed Mann-Whitney U test are indicated as follows: *, P � 0.05; **,
P � 0.01.
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animals. Bacterial loads in the BALF were under the detection
threshold, whereas from 1.1 � 101 to 2.0 � 103 CFU/lung of bac-
teria was recovered. These results indicate that i.p. inoculation did
not result in pulmonary infection and that the bacteria recovered
in lungs after systemic infection were mostly from blood.

Histopathological observations. In mice infected i.n. with
strain BM4587, minimal neutrophil infiltration in alveolar lu-
mens was observed by 4 h (data not shown). The severity of in-
flammatory lesions increased with time: multifocal mild neutro-
phil infiltrates were observed 24 h p.i. (Fig. 5), whereas moderate
neutrophilic inflammation was noted after 48 h (data not shown).
These microscopic changes were parallel and showed a similar
time course in both groups inoculated either with strain BM4587
(Fig. 5A and B) or with strain BM4689[madeABC] (Fig. 5C and
D). In addition, to assess the location of bacteria in the lesions,
lung tissue sections were stained with toluidine blue. Very few
bacteria were present in lungs 4 h p.i. with BM4689[madeABC] or
BM4587. They were observed with both strains within alveolar
macrophages and, very occasionally, in monocytes in blood vessel
lumen or free in the alveolar lumen (Fig. 6A and B). Twenty-
four hours p.i., bacteria were observed within macrophages and
recruited neutrophils (Fig. 6C and D). More infected neutrophils
were found in lungs of mice inoculated with BM4689[madeABC]
compared to those inoculated with BM4587, corresponding to the
elevated level of MPO in the BALF samples from mice infected
with BM4689[madeABC]. After 48 h, bacteria were still present in
macrophages and/or neutrophils in alveoli following inoculation
with BM4587 or BM4689[madeABC]. No microscopic changes
or bacteria were observed in the lung at any time point after i.p.
inoculation of BM4689[madeABC] or BM4587. By inoculating
by this route, we observed bacteria only in blood, and the bacteria

were free or within vascular macrophages, in alveoli, or on the
alveolar wall.

DISCUSSION

Overexpression of chromosomal RND-type efflux systems with
broad substrate specificity contributes to MDR in A. baumannii
(9). Since such strains have emerged as a main concern in clinical
settings, particularly in intensive care units, the role of RND
pumps in antimicrobial resistance has been studied extensively
but not their implications for virulence. We reported that over-
production of AdeABC is mainly responsible for MDR by efflux in
clinical isolates (8). We have also generated, from an entirely se-
quenced susceptible A. baumannii clinical strain, a complete set of
isogenic mutants overexpressing each of the three main RND sys-
tems or with each of the three main RND systems deleted and
systematically evaluated the contribution of each Ade pump to
antibiotic resistance and biofilm formation (9). We have shown
that modulation of expression of the structural genes for these
efflux systems led to several alterations in membrane-associated
cellular functions, in particular overproduction of AdeABC and
AdeIJK resulted in a decrease in biofilm formation (9). Therefore,
a biological cost and an impact on virulence could be anticipated.

The fitness cost of a resistance determinant is best studied by
comparison of isogenic strains differing only by this determinant
(11). Of note, the levels of adeB expression in the mutants were in
the same range as those in the 13 MDR clinical isolates (8). The
biological cost observed for AdeABC overproduction was signifi-
cant (2.2 to 3.1%; Fig. 1) but moderate compared to that associ-
ated with other resistance mechanisms, such as to colistin (8 to
20%) within the same species (27). The relatively low fitness bur-
den associated with adeABC overexpression could be responsible,

FIG 3 In vivo competition between strains BM4587 and BM4689[madeABC]. (A and B) In vivo competition was carried out in groups of six C57BL/6 female
mice inoculated i.p. (A) or i.n. (B). Freshly cultured parent strain BM4587 and mutant strain BM4689[madeABC] were mixed at a 1:1 ratio to inoculate 5 �
105 CFU/mouse for the i.p. route or 5 � 107 CFU/mouse for the i.n. route. Values are means � SD (error bars). The inoculating doses are indicated by small black
arrows on the y axis.
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at least in part, for its high prevalence in MDR clinical isolates; in
our study, 10 out of 13 MDR clinical isolates overexpressed adeB
more than 20-fold (8). Among 444 clinical A. baumannii isolates,
adeB overexpression was also the most common, with similar el-
evated levels, and was generally associated with an MDR pheno-
type (10). The adeIJK-overexpressing mutant had a relatively high
fitness decrease (2.2%; Fig. 1). Such strains are found only occa-
sionally: in a panel of 34 A. baumannii strains (28), a 3- to 4-fold
increase in adeJ expression due to a truncated AdeN regulator was
observed in three strains (unpublished data). In the study of 444
clinical A. baumannii isolates, the levels of adeJ expression in nine
strains were ca. 10 times higher than the levels in the susceptible
ATCC 17978 strain (10). Interestingly, strain BM4719[�adeJ] dis-

played a slightly diminished growth rate (0.98 � 0.01), while the
growth rates of the mutants with either adeB or adeG deleted were
similar to that of the parent (Table 1), suggesting that constitutive
expression of adeIJK is critical for A. baumannii physiology. The
adeFGH-overexpressing mutant displayed the highest fitness cost
(4.3%), but the expression rate of the system in this in vitro mutant
was very high (Table 1), a level that has not been observed in
clinical isolates (from 2- to 15-fold) (8, 10). Overall, there was
good agreement between the burden imposed on the host by over-
expression of an efflux system and its relative occurrence in clin-
ical isolates. In the mutants, as well as in clinical strains, overex-
pression of the structural genes for the efflux pumps resulted from
regulatory mutations. Thus, the biological cost could be due to

FIG 4 Bronchoalveolar lavage fluid analysis. BALF samples from groups of five C57BL/6 mice infected i.n. with 5 � 107 CFU of strain BM4587 (black) or strain
BM4689[madeABC] (white) were analyzed. (A) Bacteria in the BALF samples were quantified. (B to D) Total BALF cells/ml (B), macrophages (C), and
neutrophils (D) were quantified by examining Hema 3-stained cytospin slides. (E to H) Myeloperoxidase was measured by enzyme immunometric assay (E), and
proinflammatory cytokine/chemokine production was determined for KC/CXCL1 (F), TNF-� (G), and IL-6 (H) by using sandwich ELISA. Data are presented
as means plus SD. Values that are significantly different by one-way ANOVA are indicated by bars and asterisks as follows: *, P � 0.05; **, P � 0.01.
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excessive energy consumption by the pumps or too efficient ex-
port of molecules beneficial to the host. Alternatively, the regula-
tory genes may also control other genes that could be responsible
for the fitness burden.

A recent approach to study fitness and virulence of pathogens
is the use of saturated transposon (Tn) libraries to identify genes
that contribute to optimal fitness and therefore virulence in vivo.
As many as 157 A. baumannii genes required for persistence in a
mouse pneumonia model were identified after i.n. injection of a
transposon insertion library of strain ATCC 17978 (23). In the
majority of cases, insertion led to a decrease in persistence. Inser-
tion in two genes (A1S_1649 and A1S_1801) predicted to encode
RND efflux pump determinants resulted in a decrease in the fit-
ness of the mutants in mice (23). A similar result was obtained
after i.p. injection of isogenic mutants of virulent strain AB5075
with Tn insertions in the same genes (26). However, none of these
genes were related to the genes encoding the three components of
the three efflux systems of our study. Growth analysis of a trans-
poson library of AB5057 in the Galleria mellonella larva model
detected 300 genes required for bacterial survival and identified
the genes for AdeIJK (29). Of note, the adeJ deletion mutant was
the only one with a slightly diminished growth rate, but unfortu-
nately, it was not studied in vivo. Proteomic analysis of bacterial
membranes indicated that, in susceptible strains, the AdeABC sys-
tem is detected at very low levels, whereas all three proteins, AdeI,
AdeJ, and AdeK, are easily detected in agreement with their basal
constitutive synthesis (9). This observation points to the notion
that the study of virulence using knockout transposons will iden-

tify only the genes that are expressed under the assay conditions.
Genes with expression under tight regulation, such as adeABC,
and the majority of the antibiotic resistance determinants will not
be detected unless they are negatively regulated or when their in-
duced expression results in a selective advantage under the exper-
imental conditions used (30), which was not the case in this study.

The mouse pulmonary model is widely used to study A. bau-
mannii virulence, although most isolates can induce only a self-
limiting pneumonia with slow local bacterial multiplication. We
have used both intraperitoneal and intranasal routes of infection
with the same set of strains and observed a diminished competi-
tion of strain BM4689[madeABC] after i.p. inoculation, but not
after i.n. inoculation (Fig. 3). However, the pneumonia model
allows us to study the most frequent mode of infection in humans
and to distinguish strains of various degrees of virulence and has
revealed the important role of neutrophils, which are rapidly re-
cruited for control of the respiratory infection (22). Only minor
differences in bacterial growth kinetics were observed between
parental and RND pump overexpression mutants (Fig. 2). How-
ever, BALF analysis and histopathological observations indicated
an increased host defense response to BM4689[madeABC]. In
BALF samples from mice infected with the mutant, a slight in-
crease of neutrophils was observed 48 h p.i. (Fig. 4). TNF-� and
KC/CLCX-1 contribute to neutrophil migration within the lung,
while elevated IL-6 levels are a response to excessive inflammation
(31). Increased MPO activity recovered in the BALF samples 48 h
p.i. is the sign of neutrophil degranulation following activation
(32). Histopathological observations showed that there were more

FIG 5 Histopathology of the lung in mice inoculated i.n. with A. baumannii BM4587 and BM468 9[madeABC]. (A to D) Paraffin-embedded lung sections
stained with H&E from mice inoculated i.n. with 5 � 107 CFU of A. baumannii BM4587 (A and C) or BM4689[madeABC] (B and D) at 24 h p.i. The black arrows
point to foci of neutrophils. The original magnification was �10. Bars, 100 �m (A and C) and 25 �m (B and D).
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infected neutrophils at 24 h after mutant infection (Fig. 5 and 6).
Taken together, pulmonary infection by the adeABC-
overexpressing mutant resulted in a small delay in the onset but in
a more severe inflammation in the lung secondary to a higher
activation of recruited neutrophils. These results indicate that per-
sistence in the lung is dissociated from virulence, the latter being
best appreciated by immunological responses of the host and his-
tological analysis. This observation may explain at least in part, the
success of adeABC-overexpressing MDR A. baumannii in
ventilator-associated pneumonia.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Drug-susceptible parental
A. baumannii BM4587 (33) and its mutant derivatives (9) are described in
Table 1. Bacteria were grown in brain heart infusion (BHI), Luria-Bertani
(LB), or Mueller-Hinton (MH) broth or agar at 37°C. Antibiotic suscep-
tibility was assessed by disk diffusion on MH agar according to the CLSI
guidelines (34).

Determination of growth rates and growth competitions. Growth
rates were determined as described previously (35) in microplates coupled
to a Multiscan spectrophotometer (Thermo Scientific). The strains were
grown overnight, and the cultures were diluted to inoculate ~1 � 103

bacteria into 200 �l of LB in a 96-well microplate which was incubated
with shaking. Absorbance was measured at 595 nm every 3 min. Each
culture was replicated three times in the same microplate. Growth rates,
measured in five independent experiments, were determined at the begin-

ning of the exponential phase, and relative growth rates were calculated as
the ratio of the growth rate of the strains versus that of the parent. Com-
petition experiments were performed in cocultures with 5 � 104 of the
susceptible strain and the resistant strain mixed in 10 ml of LB at an initial
ratio of 1:1 and grown for 12 h (about 20 generations). The mixed culture
was transferred to fresh LB by 106-fold serial dilution every 12 h for up to
six passages. The total number of viable cells was determined at the end of
every transfer on nonselective plates, and the proportion of resistant
strains was determined by replica plating 500 to 1,000 colonies on MH
agar and MH agar supplemented with gentamicin (4 �g/ml and 12 �g/
ml), clindamycin (200 �g/ml), or tetracycline (2 �g/ml), depending on
the pair of strains studied. Each experiment was carried out in duplicate
and performed four times independently.

Mice. Specific-pathogen-free female C57BL/6J mice were purchased
from the Centre d’Elevage R. Janvier (Le Genest Saint-Isle, France) and
were used at 6 to 8 weeks of age with a body weight of 17 to 19 g. The
animals were housed under specific-pathogen-free conditions in a small
animal containment and fed ad libitum with sterile water and certified
mouse chow. All animal studies were approved by the Pasteur Institute
Safety Committee (protocol 12.062) in accordance with French and Eu-
ropean guidelines, and mice were cared for in accordance with the Pasteur
Institute guidelines in compliance with the European Animal Welfare
regulations.

Intraperitoneal and intranasal inoculations. Bacteria grown to the
exponential phase (optical density at 600 nm [OD600] of 0.8 to 0.9) in BHI
broth were centrifuged, resuspended in phosphate-buffered saline (PBS),
and used immediately. To determine the intraperitoneal (i.p.) 50% lethal

FIG 6 Toluidine blue-stained lung sections in mice inoculated i.n. with A. baumannii BM4587 and BM4689[madeABC]. (A to D) Paraffin-embedded sections
of lungs stained with toluidine blue from mice inoculated i.n. with 5 � 107 CFU of A. baumannii BM4587 (A and C) and BM4689[madeABC] (B and D) at 4 h
p.i. (A and B) and 24 h p.i. (C and D). Bacteria appear as intracytoplasmic dark blue spots. The black arrows indicate infected neutrophils, and black arrowheads
indicate infected macrophages.
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dose (LD50), five 3-fold dilutions from 2.0 � 106 to 5.5 � 104 CFU of
strain BM4587 were injected i.p. to groups of six 7-week-old C57BL/6
female mice, and the mice were monitored for 7 days. All survivors
showed a normal clinical score by 4 days postinoculation (p.i.) (see Fig. S1
in the supplemental material). Mice given the highest inoculum died in 1
day, and mice given the two lowest inocula survived until the end of the
experiment. Survival rates of the mice given two intermediate inocula
were 83.3% and 16.7%, respectively. The BM4587 i.p. LD50 value, calcu-
lated by probit analysis, was 4.9 � 105 CFU/mouse. Unless otherwise
specified, mice were inoculated i.p. with ca. 5 � 105 A. baumannii in
100 �l of PBS.

For the intranasal (i.n.) route, groups of mice anesthetized by i.p.
injection of a mixture of ketamine (Imalgène 1000; Merial) and xylazine
(Rompun; Bayer) were inoculated with six inocula from 2.5 � 106 to 1 �
108 CFU in 50 �l of PBS by dropping the inoculum on the tip of the nose.
The mice were clinically monitored and sacrificed by 4, 24, and 48 h. By
12 h, infected mice had ruffled fur but they were all alive, and all mice had
recovered by 24 h. Bacteria were not recovered from the blood, spleen, or
liver of mice at any time point, and bacterial load in the lungs declined by
more than 2 log10 units between 4 h and 48 h. Five log10 units of CFU/lung
were harvested by 48 h after an inoculum of 1 � 107 CFU. Therefore, ca.
5 � 107 of A. baumannii was used for i.n. inoculation.

For bacterial growth kinetics, mice in each group were euthanized by
i.p. administration of a lethal dose of pentobarbital at the indicated times.
Systemic blood was collected by cardiac puncture, and the lungs, liver, and
spleen were aseptically removed, weighed, and homogenized in sterile
PBS using a Glas-Col homogenizer. Aliquots of 10-fold serial dilutions of
the homogenates were cultured on BHI agar to quantify the number of
viable A. baumannii in the respective organs.

For in vivo competition, mice were inoculated with a 1:1 mixture of
parental strain BM4587 and mutant strain BM4689[madeABC] (BM4689
overexpressing adeABC) at a total of ca. 5 � 105 and 5 � 107 bacteria for
i.p. and i.n. inoculation, respectively. The proportion of resistant strains
was determined by replica plating on plates containing gentamicin
(12 �g/ml).

Bronchoalveolar lavage fluid analysis. The trachea of euthanized
mice were cannulated, and the lungs were washed four times with 0.5 ml
PBS, yielding ca. 2 ml of bronchoalveolar lavage fluid (BALF). Cytospin
slides of ca. 1 � 104 BALF cells were prepared using a cytospin centrifuge
and stained with Hema 3 Stat (Fisher, Pittsburgh, PA). The total and
differential numbers of neutrophils and macrophages were determined by
examining 200 cells. Cell-free BALF obtained after centrifugation
(1,500 rpm or 5,000 rpm for 10 min) was used for chemokine measure-
ment. The level of myeloperoxidase (MPO) in BALF was measured by
enzyme immunometric assay, and murine interleukin-6 (IL-6), tumor
necrosis factor alpha (TNF-�), and keratinocyte chemoattractant protein
(KC) in BALF were quantified by a sandwich enzyme-linked immunosor-
bent assay (ELISA) with Duoset ELISA development kits (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instructions.

Histopathological examination. Groups of five mice were inoculated
i.n. or i.p. with A. baumannii BM4587 or BM4689[madeABC]. Mice were
sacrificed by i.p. administration of a lethal dose of pentobarbital on 4, 24,
and 48 h after inoculation. The lungs were perfused by intratracheal in-
stillation of 0.5 ml of 4% neutral buffered formalin. The lungs were re-
moved, and sections were taken, immediately fixed in 4% neutral buffered
formalin, and routinely embedded in paraffin. The sections were 4 �m
thick and stained with hematoxylin and eosin (H&E) or toluidine blue. All
sections were examined by light microscopy. A semiquantitative scoring
system was applied to evaluate the microscopic changes. The scores were
as follows: 1 for minimal, 2 for mild, 3 for moderate, 4 for marked, and 5
for severe. Microphotographs (Fig. 5 and 6) are representative of the his-
tological findings in each group.

Statistical analysis. Data are presented as means � standard devia-
tions (SD) or standard errors (SE) for each group as specified. Differences
in quantitative measurement were assessed by Student’s t test or by two-

way Mann-Whitney analysis of variance (ANOVA) followed by the
Shapiro-Wilk test. A P value of �0.05 was considered significant.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.00697-16/-/DCSupplemental.

Figure S1, DOCX file, 0.1 MB.
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