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ABSTRACT Disruption of the histone-like nucleoid structuring protein (H-NS) was
shown to affect the ability of Gram-negative bacteria to regulate genes associated
with virulence, persistence, stress response, quorum sensing, biosynthesis pathways,
and cell adhesion. Here, we used the expression of metallo-�-lactamases (MBLs),
known to elicit envelope stress by the accumulation of toxic precursors in the
periplasm, to interrogate the role of H-NS in Acinetobacter baumannii, together with
other stressors. Using a multidrug-resistant A. baumannii strain, we observed that
H-NS plays a role in alleviating the stress triggered by MBL toxic precursors and
counteracts the effect of DNA-damaging agents, supporting its role in stress re-
sponse.

IMPORTANCE Carbapenem-resistant A. baumannii (CRAB) is recognized as one of
the most threatening Gram-negative bacilli. H-NS is known to play a role in control-
ling the transcription of a variety of different genes, including those associated with
the stress response, persistence, and virulence. In the present work, we uncovered a
link between the role of H-NS in the A. baumannii stress response and its relation-
ship with the envelope stress response and resistance to DNA-damaging agents.
Overall, we posit a new role of H-NS, showing that H-NS serves to endure envelope
stress and could also be a mechanism that alleviates the stress induced by MBL ex-
pression in A. baumannii. This could be an evolutionary advantage to further resist
the action of carbapenems.

KEYWORDS Acinetobacter baumannii, H-NS, stress, carbapenemases, Acinetobacter,
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Acinetobacter baumannii is a nosocomial pathogen, frequently resistant to multiple
drugs, that causes a wide variety of infections associated with high mortality rates.

Carbapenem-resistant A. baumannii (CRAB) has frequently been reported among hos-
pital patients (1). In addition, the CDC’s 2019 Antibiotic Resistance Threats Report
moved CRAB into the urgent-threats category (2). The expression of carbapenemases is
critical for this organism to thrive under the selection pressure of these antibiotics.
Under permissive conditions (the absence of antibiotics), the expression of some
metal-dependent carbapenemases compromises the fitness of A. baumannii. Produc-
tion of metallo-�-lactamases (MBLs) in uncommon hosts triggers different responses
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associated with envelope stress, such as activation of the periplasmic DegP homeo-
static system and enhancement of outer membrane vesicle production to relieve the
stress generated (3). Despite the increased knowledge gained in recent years
regarding the epidemiology, pathogenicity, and antimicrobial resistance of A.
baumannii (2, 4), the response of this pathogen to stressful environments is still not
completely understood.

H-NS is a histone-like nucleoid structuring protein that serves as a global repressor.
H-NS has been shown to be involved in the stress response in Gram-negative bacilli,
such as Vibrio cholerae and Escherichia coli (5, 6). H-NS is known to protect bacteria from
environmental stresses through regulation of the transcription and translation of
virulence genes, quorum osmolarity, stress, etc. (7, 8).

In A. baumannii, the disruption of H-NS was found to affect the ability of the bacterium
to regulate genes associated with persistence and virulence (9). However, the role of H-NS
in the stress response in A. baumannii has not been addressed yet. Here, we aimed to test
the role of H-NS in the A. baumannii stress response and to discover how this could be
linked with the success of multidrug-resistant A. baumannii in the hospital environment.
Recent studies have shown that the production of MBLs exerts an envelope stress in an A.
baumannii laboratory strain, resulting in growth defects (3). In this way, to study the role of
H-NS in overcoming different kinds of stress, we utilized and evaluated the expression of
three MBLs—NDM-1, VIM-2, and SPM-1—as stressors in the periplasmic space of strain
AB5075, as well as different known DNA-damaging agents.

Lopez et al. have shown that inefficient processing upon translocation of nonfre-
quent carbapenemases in A. baumannii, such as VIM-2 and SPM-1, compromises
bacterial fitness by triggering an envelope stress (3). In contrast, expression of NDM-1
(a common resistance determinant in A. baumannii) is coupled to efficient processing,
without causing any stress (3). In this way, this system represents a unique model for
testing the envelope stress response, since this stress can be regulated by varying the
expression levels of MBLs, which directly affect the accumulation of toxic precursors in
the periplasmic space.

To study the possible role of H-NS in relieving envelope stress and overcoming the
expression of NDM-1, VIM-2, and SPM-1, growth curves of AB5075 and AB5075 Δ-hns
expressing the different MBLs were analyzed. The mutant strain did not show impaired
growth either with the empty vector or when expressing NDM-1 relative to the
wild-type strain (Fig. 1A to C). Instead, the expression of VIM-2 or SPM-1 affected the
growth of AB5075, in line with previous studies (3). This effect was more pronounced
in a Δ-hns background, indicating that a lack of H-NS impairs the growth of strains
expressing SPM-1 and VIM-2 (Fig. 1B and C).

Growth curves were unaltered when MBL expression was not induced (Fig. 1A
and B), suggesting that H-NS plays a role in managing the accumulation of toxic
precursor forms of SPM-1 and VIM-2. Our results also showed that when SPM-1 and
VIM-2 were produced in relatively small amounts (0 and 10 �M isopropyl-�-D-
thiogalactopyranoside [IPTG]), A. baumannii was able to withstand much of the impact
on growth (Fig. 1A to D). The effect of the fitness cost on the induction of SPM-1 and
VIM-2 became evident at 20 �M IPTG (Fig. 1E and F).

We next sought to evaluate whether H-NS is also involved in the ability of A.
baumannii to overcome other stressors, such as the DNA-damaging agents mitomycin
C (MC) and levofloxacin. AB5075 Δ-hns exhibited decreased viability when exposed to
MC (Fig. 2A). Also, the bacterial growth curve in the presence of levofloxacin showed
impaired growth for AB5075 Δ-hns (Fig. 2B). Overall, these data show that H-NS is
involved in different A. baumannii stress responses.

The stress response in A. baumannii is linked to limitation of essential nutrients,
antibiotic treatment, oxidative damage, and exposure to antiseptics, among other
factors (10). When exposed to stress environments such as pleural fluid, A. baumannii
can control the expression of different genes to overcome the stress and persist under
the stressor signals (11).

In some Gram-negative bacilli, the role of H-NS in stress response has been well-
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characterized; e.g., in Vibrio cholerae, the deletion of hns has been shown to induce an
envelope stress response causing increasing expression of rpoE and the regulators rseA,
rseB, and rseC, suggesting a role for hns in cell envelope biogenesis (5). However, data
on A. baumannii are scarce (9, 12).

Recent studies showed that periplasmic stress generated by the production of toxic
MBLs can be alleviated by an increase in the production of outer membrane vesicles
(hypervesiculation phenotype) enclosing non-host-adapted MBLs. Along with mem-
brane vesiculation, the activation of periplasmic proteases also acts to relieve the
accumulation of toxic MBLs in the periplasm in nonfrequent hosts (3). Here, we show
that the H-NS regulator (used by the highly resistant and hypervirulent strain AB5075)
also contributes to coping with the expression of MBLs. We observed that AB5075
expressed NDM-1 without growth defects. In contrast, the expression of VIM-2 and
SPM-1 compromised A. baumannii survival, triggering a stress response that is H-NS
dependent.

To further understand the epidemiology and host specificity of MBLs, we explored
if low expression levels of VIM-2 and SPM-1 could confer carbapenem resistance
without affecting bacterial fitness. We determined the imipenem (IMI) MICs of AB5075
and AB5075 Δ-hns expressing these MBLs at different levels. Interestingly, we observed
that SPM-1 can confer resistance to IMI (see Fig. S1 in the supplemental material) under

FIG 1 Growth curves of strains AB5075 and AB5075 Δ-hns either carrying the empty vector (pMBLe-OA) or expressing blaNDM-1, blaVIM-2, or blaSPM-1. Strains
AB5075 and AB5075 Δ-hns with pMBLe-OA-ArK, pMBLe-VIM-2-ArK, pMBLe-SPM-1-ArK, or pMBLe-NDM-2-ArK were grown in LB broth plus 0 (A and B), 10 (C and
D), or 20 (E and F) �M IPTG. The OD600 of the cultures was recorded every 20 min for 15 h. The data presented are means from three independent experiments.
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tight expression levels (0 �M IPTG). Upon the addition of 10 �M IPTG, instead, we
observed IMI MIC values similar to those for the control strain lacking the lactamase
gene (Fig. S1). In contrast, VIM-2 was not able to confer carbapenem resistance under
any condition assayed. The impact of SPM-1 production by AB5075 might explain in
part why A. baumannii strains carrying blaSPM-1 have rarely been reported, especially in
Brazil, where the SPM-1-producing Pseudomonas aeruginosa ST277 clone is endemic. To
date, only one case of an A. baumannii strain producing SPM-1 has been reported in
that country (13), and such a result is open to question, since the identification at
species level was performed only by a phenotypic automated system, and the blaSPM-1

gene was not sequenced. Finally, when the IMI MICs were determined in AB5075 Δ-hns
expressing the different MBLs, an amplified effect of toxicity and a detrimental impact
on the antibiotic resistance phenotype was observed (Fig. S1), in agreement with
previous results. Overall, our results support the infrequent spread of SPM-1 and VIM-2
in A. baumannii and show that the impact of the expression levels on bacterial fitness
is strongly dependent on each MBL, an observation that deserves further investigation.

We also observed that H-NS is involved in the stress response, not only alleviating
the stress imposed by expression of VIM-2 and SPM-1, but also that imposed by
DNA-damaging agents.

Collectively, our observations suggest that H-NS serves to overcome envelope stress
and could also be a possible mechanism that may allow alleviation of the stress induced
by VIM-2 and SPM-1 in A. baumannii, further increasing its repertoire to resist the action
of carbapenems.

Bacterial strains and plasmids. AB5075 and AB5075 Δ-hns were used in the
present study. For expressing the different bla genes (blaVIM-2, blaSPM-1, and blaNDM-1)
in A. baumannii, plasmid constructions of the MBL variants already containing blaVIM-2,
blaSPM-1, and blaNDM-1, as well as the empty vector pMBLe-OA (3), were used as a
backbone to include the apramycin resistance gene (ArKr) to generate plasmids pMBLe-
OA-ArK, pMBLe-VIM-2-ArK, pMBLe-SPM-1-ArK, and pMBLe-NDM-1-ArK, to be used in
the multidrug-resistant (MDR) strains AB5075 and AB5075 Δ-hns. MBL expression was
induced with low concentrations of IPTG (10 and 20 �M), as indicated.

Electroporation. Electrocompetent A. baumannii AB5075 and AB5075 Δ-hns cells
were prepared as described previously (14). Briefly, isolated colonies of AB5075 and
AB5075 Δ-hns were inoculated into 3 ml of LB broth and placed in a 37°C shaking
incubator overnight. On the following day, 0.5 ml of the AB5075 and AB5075 Δ-hns
cultures were transferred to separate conical tubes containing 50 ml LB broth pre-
warmed to 37°C. The tubes were incubated in a 37°C shaking incubator for 2 h to reach
an optical density at 600 nm (OD600) of 0.3 to 0.5. The cells were then pelleted at
10,000 � g and washed twice with 25 ml of 10% glycerol at room temperature, and the

FIG 2 H-NS role in overcoming DNA damage. (A) Mitomycin C (MC) survival assay of strains AB5075 and AB5075 Δ-hns. The cells
were grown in LB broth overnight and then serially diluted in agar plates containing MC at 0.2 �g/ml. The data presented are
means � standard deviations from three independent experiments. (B) Growth curves of A. baumannii strains AB5075 and
AB5075-�hns in LB broth supplemented with 8 �g/ml levofloxacin. Growth was recorded (OD600) over 24 h. Statistical analysis was
performed using a Mann-Whitney test (n � 3; P � 0.05). The data presented are means from three independent experiments.
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pellet was resuspended in 1.5 ml of 10% glycerol. The electrocompetent cells were
aliquoted and stored at – 80°C.

A. baumannii AB5075 and AB5075 Δ-hns electrocompetent cells were mixed with
25 ng of plasmid DNA followed by electroporation with a Bio-Rad Gene Pulser instru-
ment at 2.5 kV, 200 �, and 25 �F. The electroporated cells were placed in recovery with
1 ml of LB broth for 2 h at 37°C in a shaking incubator, followed by culturing overnight
at 37°C on LB agar containing 15 �g/ml apramycin (15). At least 10 colonies were
picked to confirm the presence of the different plasmids. To confirm their presence,
plasmid extraction followed by gel electrophoresis analysis and PCR using the corre-
sponding primers to amplify either blaVIM-2, blaSPM-1, and blaNDM-1, and ArK (apramycin
resistance gene) were performed.

Growth curves. Growth curves were conducted on 96-well plates in triplicate with
strains AB5075 and AB5075 Δ-hns with pMBLe-OA-ArK, pMBLe-VIM-2-ArK, pMBLe-SPM-
1-ArK, or pMBLe-NDM-1-ArK in LB plus 0, 10, or 20 �M IPTG and as much as 30 �g/ml
apramycin. Overnight cultures were subcultured 1:50 in LB incubated for 15 h at 37°C
with medium shaking. Growth was measured as the OD600 every 20 min using a
Synergy 2 multimode plate reader (BioTek, Winooski, VT, USA) and Gen5 microplate
reader software (BioTek).

DNA-damaging agent susceptibility assays. AB5075 and AB5075 Δ-hns cells were
exposed to 0.2 �g/ml mitomycin C (MC), and a cell count was performed to measure
cell killing as described previously (11). Assays were performed in triplicate, with at least
three technical replicates per biological replicate. In addition, growth curves of strains
AB5075 and AB5075 Δ-hns exposed to 0 or 8 �g/ml of levofloxacin (subinhibitory
concentration) were performed as described above, and bacterial growth was mea-
sured every 20 min using a Synergy 2 multimode plate reader (BioTek, Winooski, VT,
USA) and Gen5 microplate reader software (BioTek).

Antibiotic susceptibility assays. Imipenem (IMI) MICs at 0 and 10 �M IPTG were
determined using liquid microdilution according to CLSI standards (16).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.04 MB.
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