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Summary

The human opportunistic pathogen Acinetobacter
baumannii is a global threat to healthcare institutions
worldwide, since it developed very efficient strategies
to evade host defence and to adapt to the different
environmental conditions of the host. This work
focused on the importance of Na+ homeostasis in A.
baumannii with regards to pathobiological aspects.
In silico studies revealed a homologue of a mul-
ticomponent Na+/H+ antiporter system. Inactivation
of the Mrp antiporter through deletion of the first
gene (mrpA0) resulted in a mutant that was sensitive
to increasing pH values. Furthermore, the strain was
highly sensitive to increasing Na+ and Li+ concentra-
tions. Increasing Na+ sensitivity is thought to be
responsible for growth impairment in human fluids.
Furthermore, deletion of mrpA0 is associated with
energetic defects, inhibition of motility and survival
under anoxic and dry conditions.

Introduction

The Gram-negative human pathogen Acinetobacter
baumannii has become a threat for the global health care
system since the early 1970s (Bergogne-Bérézin and
Towner, 1996). Since then, the impact of A. baumannii
on the global health care system is steadily increasing as
well as the virulence potential and the multi-drug resis-
tance profile of A. baumannii isolates (Poirel et al., 2003;
Dijkshoorn et al., 2007; Falagas and Karveli, 2007; Peleg
et al., 2012; Antunes et al., 2014; Jacobs et al., 2014).
Acinetobacter baumannii is classified by the Infectious
Diseases Society of America as one of the six most

concerning multidrug-resistant nosocomial pathogens
worldwide (Boucher et al., 2009; Antunes et al., 2014)
and the World Health Organization published a list of
concerning antibiotic-resistant ‘priority pathogens’ where
carbapenem-resistant A. baumannii was grouped in the
most critical category (World Health Organization, 2017).

The underlying molecular mechanisms that contribute
to the fitness and success of A. baumannii in hospitals
are more and more uncovered (McConnell et al., 2013;
Harding et al., 2018; Morris et al., 2019). Plenty of differ-
ent mechanisms – including adherence to biotic and abi-
otic surfaces, capsule assembly, desiccation resistance,
nutrition acquisition and utilization, antibiotic resistance,
and the ability to evade the immune systems are
described to be crucial for the success of A. baumannii
as a nosocomial pathogen (Lee et al., 2006; Antunes
et al., 2011; Gebhardt et al., 2015; Stahl et al., 2015;
Weidensdorfer et al., 2019; Zeilder and Müller, 2019a;
Zeidler and Müller, 2019b, a; Chen, 2020; Hubloher
et al., 2021; Talyansky et al., 2021). Furthermore, the
ability to maintain ion homeostasis has been studied
extensively in recent years. The role of potassium ions
has been described to be crucial for A. baumannii pneu-
monia pathogenesis, resistance against reactive oxygen
species and against antibacterial compounds (Samir
et al., 2016; König et al., 2021). Additionally, the role of
iron, manganese and zinc ions has been studied exten-
sively (Hood et al., 2012; Mortensen and Skaar, 2013;
Hesse et al., 2019; Runci et al., 2019; Green et al., 2020;
Sheldon and Skaar, 2020). All these studies provide evi-
dence that ion homeostasis is a crucial key factor for bac-
terial cell physiology and eventually for the success of A.
baumannii in hospital settings.

This work aimed to highlight the role of sodium ions in
the physiology of A. baumannii. Sodium ions are one of
the most abundant ions in the human host reaching con-
centrations of 145 mM in human serum (McKee
et al., 2016) and Na+ concentrations up to a physiological
maximum of 290 mM in human urine (Plough and
Baker, 1959; Wang et al., 2013). High intracellular
sodium ion concentrations are toxic for bacteria and
therefore, the internal Na+ concentrations need to be
strictly regulated (Padan et al., 2005). On the other hand,
sodium ions are essential for a plethora of different
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uptake or efflux processes where they are used as
cosubstrate (Wilson and Ding, 2001). One fundamental
challenge for bacteria is to maintain Na+ and pH homeo-
stasis. Therefore, bacteria usually encode multiple Na+/
H+ antiporter (Hamamoto et al., 1994; Padan
et al., 2005; Krulwich et al., 2009). Na+/H+ antiporter
facilitate the efflux of sodium ions driven by the import of
protons (Padan and Schuldiner, 1994). The transfer of
protons is strictly coupled to pH homeostasis and results
in an overlapping regulation of Na+ and H+ homeostasis
(Padan et al., 2005; Krulwich et al., 2011). Most com-
mon Na+/H+ antiporter are single gene products; how-
ever, the so-called Mrp antiporter systems (also known
as Sha/Mnh/Pha antiporters) are multicomponent sys-
tems (Padan et al., 2005; Ito et al., 2017). The Mrp anti-
porter is a hetero-oligomeric complex in the inner
membrane of bacteria and consists of six to seven
hydrophobic proteins (Ito et al., 2017). All proteins are
usually required for full activity (Ito et al., 2017).
Another outstanding property of the Mrp antiporter is
that three proteins, MrpA, MrpD and MrpC, are similar
to the membrane-spanning subunits of the NADH:ubi-
quinone oxidoreductase (complex I) NuoL, NuoM and
NuoN (Berrisford et al., 2016; Ito et al., 2017; Steiner
and Sazanov, 2020). Here, we studied the physiological
role of the Mrp antiporter in A. baumannii ATCC 19606
and discovered that it is the major Na+/H+ exchange
system in A. baumannii and is responsible for Na+ and
pH homeostasis.

Results

Putative Na+ transporter genes in A. baumannii ATCC
19606

The genome of A. baumannii ATCC 19606 encodes for
different Na+ transport systems. Besides several
unspecific putative outer membrane proteins (F911_
00461, F911_00823, F911_00831, F911_00920, F911_
01824, F911_01836, F911_02072, F911_02491, F911_
02596, F911_02714, F911_02725, F911_03024, F911_
03692) the genome of A. baumannii ATCC 19606
encodes a few genes annotated as putative Na+

symporter, a predicted glutamate:Na+-symporter (F911_
01475), two Na+:proline-symporter (F911_02201 and
F911_00392), two bile acid:Na+-symporter (F911_01887
and F911_00276), a Na+(or H+):dicarboxylate symporter
(F911_02283), a Na+:melibiose symporter (F911_02462)
and a neurotransmitter: Na+-symporter (F911_00236). In
sharp contrast to other bacteria (Padan and Schul-
diner, 1994), we only found two annotated putative Na+/
H+ antiporter encoded in the genome of A. baumannii
ATCC 19606. One is annotated as a putative single sub-
unit Na+/H+ antiporter (F911_00974), but it is also similar

to other monovalent or divalent cation antiporter such as
the NhaP antiporter from Pseudomonas aeruginosa
PAO1 (34% identity, 51% similarity). The second
encodes subunits of a ‘multiple resistance and pH regu-
lation’ antiporter, Mrp (F911_03564–F911_03569). The
putative subunits are very similar to the proteins of group
II Mrp antiporter (MrpA0CDEFG) (Fig. 1). In this group,
the first two genes mrpA and mrpB are fused together to
mrpA0 (Ito et al., 2017). All genes of the putative mrp
gene cluster encode for membrane proteins with
predicted transmembrane helices ranging from 3 to
25 (supplement Table S1).

Markerless deletion of the mrpA 0 gene

To study the role of the Mrp antiporter in the physiology
of A. baumannii ATCC 19606 we decided to generate a
deletion mutant. MrpA is essential for antiport function
(G�orecki et al., 2014; Ito et al., 2017) and thus, we
deleted the mrpA0 via an established insertion duplication
system (Stahl et al., 2015). A scheme of the mrp gene
cluster of the ΔmrpA0 mutant is shown in the supplement
Fig. S1. To this end, the flanking regions of the mrpA0

gene were amplified and cloned in a vector that has a
kanamycin-resistance marker. The plasmid was inserted
via homologous recombination into the genome of A.
baumannii ATCC 19606 and resulting integrants were
subjected to sucrose-based counter-selection. Counter-
selection should either restore the wild type locus or
result in a markerless deletion of mrpA0. Theoretically,
both events should happen with the same probability,
but, after several tries, we were not able to identify a
ΔmrpA0 mutant using L0 medium (5 g L�1 yeast extract,
10 g L�1 tryptone) with 10% sucrose. In addition, all mrp
genes are described to be potentially essential for growth
of A. baylyi ADP1 in minimal medium (31 mM Na+) with
succinate as carbon and energy source (de Berardinis
et al., 2008). We tried several conditions to obtain an
mrpA0 deletion mutant and addition of arabinose as car-
bon and energy source allowed to obtain the deletion
mutant. Even though addition of arabinose seems to be
crucial for deletion of mrpA0 in the first place, the strain
grew comparable to the wild type in L0 medium without
any further sugars (Fig. 2A) and both strains reached a
final optical density (OD600nm) of �5 after approximately
4–5 h. Nevertheless, the growth rate of the wild type
(1.4 h�1) was slightly higher than the growth rate of the
ΔmrpA0 mutant (0.94 h�1). In addition, colonies of the
ΔmrpA0 strain were smaller than wild type colonies on
solid L0 medium (1.8% agar) (Fig. 2B). We assume that
this may be due to a general energetic defect of the
mutant (see below).
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The Mrp antiporter activity is crucial for Na+/Li+ efflux in
A. baumannii ATCC 19606

Na+ and Li+ are taken up by the earlier mentioned pleth-
ora of Na+ transporter, but both are cytotoxic with Li+

being more toxic than Na+ (Inaba et al., 1994; Rimon
et al., 2007). To address the role of the Mrp antiporter in
Na+ tolerance we grew A. baumannii ATCC 19606 and

the ΔmrpA0 mutant in L0 medium and added increasing
amounts of NaCl (Fig. 3A and B). NaCl concentrations
from 50 to 300 mM did not affect the growth of A.
baumannii ATCC 19606. Growth of the wild type started
immediately and proceeded with a growth rate between
1.5 and 1.3 h�1 (Fig. 3A). When no NaCl was added to
the media growth of the ΔmrpA0 mutant started immedi-
ately and proceeded with a growth rate of 0.97 h�1. How-
ever, increasing NaCl concentrations resulted in an
increasing growth inhibition of the ΔmrpA0 mutant until
growth was completely abolished in the presence of
200 and 300 mM NaCl (Fig. 3B).

Since Li+ and Na+ share a very similar radius Na+-
dependent enzymes can often use Li+ instead of Na+

(Boudker et al., 2007). To address the role of the Mrp
antiporter in Li+ tolerance we grew A. baumannii ATCC
19606 and the ΔmrpA0 mutant in L0 medium with
increasing LiCl concentrations (Fig. 3C and D). Growth of
the wild type was not affected by addition of LiCl
(≤50 mM) (Fig. 3C). In contrast deletion of the mrpA0

gene resulted in a strong Li+-dependent growth inhibition
(Fig. 3D). The ΔmrpA0 mutant did not grow in the pres-
ence of ≥5 mM LiCl. To verify that the growth inhibition is
due to increasing Na+/Li+ concentrations, we repeated
the experiment but added increasing KCl concentration
(up to 300 mM) (Fig. 3E and F). Again, growth of the wild

Fig. 1. Genetic organization of mrp gene cluster of A. baumannii and comparison to other Gram-negative bacteria. Identical subunits have the
same lettering and numbers indicate the degree of identity.

Fig. 2. Effect of deletion of mrpA0 in A. baumannii ATCC 19606 on
growth in L0 medium.
A. Acinetobacter baumannii ATCC 19606 (�) and ΔmrpA0 (□) were
grown in liquid L0 medium. Precultures were grown in L0 medium
overnight and were used to inoculate prewarmed L0 medium to an
initial OD600nm of 0.1. Error bars denote the standard deviation calcu-
lated from at least three biological replicates.
B. Comparison of the colony size of A. baumannii ATCC 19606 and
ΔmrpA0 on solid (1.8% agar) L0 medium. One representative experi-
ment is shown.

© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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type was not affected by increasing KCl concentrations
and growth of the mrpA0 mutant was only marginally
affected in presence of increasing KCl concentrations.
This slight impairment of growth of the ΔmrpA0 mutant
may be caused by the high ionic strength. In sum, these
studies are in accordance with the hypothesis that the
Mrp antiporter is essential for Na+ and Li+ efflux in A.
baumannii.

The Mrp antiporter of A. baumannii ATCC 19606 is
essential for adaptation to alkaline environments in a
Na+-dependent manner

Besides their role in efflux of toxic Na+ or Li+, Mrp anti-
porter are known to be crucial for pH homeostasis and
especially growth under alkaline conditions. To address
the role of the Mrp in adaptation to high pH values we

Fig. 3. Effect of deletion of mrpA0 in A. baumannii ATCC 19606 on growth in L0 medium with increasing ion concentrations. Acinetobacter
baumannii ATCC 19606 (A, C, E) and ΔmrpA0 (B, D, F) were grown in L0 medium overnight. The precultures were used to inoculate prewarmed
L0 medium to an initial OD600nm of 0.1. (A + B) L0 medium contained increasing NaCl concentrations: 0 (�), 50 (□), 100 (4), 150 (5), 200 (◊)
and 300 mM (⬡). (C + D) L0 medium contained increasing LiCl concentrations: 0 (�), 5 (□), 10 (4), 20 (5), 30 (◊) 40 mM (⬡) and 50 mM (x).
(E + F) L0 medium contained increasing KCl concentrations: 0 (�), 50 (□), 100 (4), 150 (5), 200 (◊) and 300 mM (⬡). Error bars denote the
standard deviation calculated from at least three biological replicates.
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grew A. baumannii ATCC 19606 and the ΔmrpA0 mutant
in L0 medium with adjusted initial pH values from 6 to
10 (Fig. 4). Growth of the wild type was only slightly
affected by increasing pH values from 6 to 9. The exter-
nal pH did not change significantly during growth. Growth
proceeded with a growth rate of 1.5–1 h�1 (Fig. 4A). Only
at pH 10 there was a lag phase of approximately 2 h and
the growth rate was reduced to 0.7 h�1. This pH sensitiv-
ity was even increased in the ΔmrpA0 mutant. (Fig. 4B).
Growth was strongly reduced at pH 9 and completely
abolished at pH 10. The pH sensitivity of the ΔmrpA0

mutant was even higher in media that contained Na+

(Fig. 4C). Already low (50 mM) NaCl concentrations
resulted in a dramatic growth impairment of the ΔmrpA0

mutant with a growth rate of 0.31 h�1 at pH 8 and a com-
plete growth inhibition at pH 9. In contrast, increasing
NaCl concentrations did not – or only marginally –

decrease the growth rate of the wild type at pH values of
8 or 9. Taken together, the Mrp antiporter of A.
baumannii ATCC 19606 is essential for the adaptation to
alkaline environments in a Na+-dependent manner.

Complementation of the ΔmrpA0 mutant in cis restored
Na+ and pH hypersensitivity

To verify that the observed phenotypes were caused by
the absence of mrpA0 we performed complementation
studies. Therefore, mrpA0 was re-inserted into the geno-
mic locus F911_00233 of the ΔmrpA0 mutant as
described in Experimental procedures. We generated
three strains – a complemented strain
(ΔmrpA0_F911_00233::mrpA0_kanR) and two control
strains (ΔmrpA0_F911_00233::kanR and ATCC
19606_F911_00233::kanR) and analysed the growth
under conditions that impaired growth of the ΔmrpA0

mutant (5 mM LiCl, 300 mM NaCl and pH 10) (Fig. 3). All

strains started to grow immediately in L0 medium with a
growth rate of �1.1 h�1. Growth of the ATCC
19606_F911_00233::kanR strain was not inhibited by LiCl
or NaCl. The increase of the pH value to 10 caused a
prolonged lag phase of �2 h (supplement Fig. S2) as
observed for the wild type (Fig. 4A). Growth of the
ΔmrpA0_F911_00233::kanR strain was impaired at pH 10
or in presence of LiCl/NaCl (supplement Fig. S2) as
observed for the ΔmrpA0 mutant. In contrast, growth inhi-
bition at pH 10 or in presence of LiCl/NaCl was restored
in the complemented strain (ΔmrpA0_F911_00233::
mrpA0_kanR) (supplement Fig. S2). These data provide
evidence that growth impairment of the ΔmrpA0 mutant is
truly due to genetic inactivation of the Mrp antiporter.

The promoter of the mrp gene cluster is constitutively
active

To analyse the effect of Na+ and pH on expression of the
mrp gene cluster we performed reporter gene assays.
Therefore, the reporter gene gusA was fused to 700 bp
upstream of the mrpA0 gene in the plasmid pVRL2.
Acinetobacter baumannii ATCC 19606 was transformed
with the resulting reporter gene construct and grown in
L0 medium at pH 7 with or without 200 mM NaCl or at
pH 9 (Fig. 5A), sodium chloride was added in the expo-
nential growth phase and the β-glucuronidase activity
was measured over time (Fig. 5B). We observed a high
activity of the β-glucuronidase in all experimental setups.
Addition of NaCl or an increased pH did not result in a
significant increase of the β-glucuronidase activity. For a
better interpretation of the data we compared our results
to a described reference. The MtlD promoter of A.
baumannii ATCC 19606 was described to be only mar-
ginally expressed in mineral medium and induced by the
addition of NaCl (Zeidler et al., 2017). We cloned the

Fig. 4. Effect of deletion of mrpA0 in A. baumannii ATCC 19606 on growth in L0 medium with increasing pH values. Acinetobacter baumannii
ATCC 19606 (A) and ΔmrpA0 (B) were grown in L0 medium with increasing pH values. Precultures were grown in L0 medium (pH 7) overnight
and were used to inoculate prewarmed medium to an initial OD600nm of 0.1 with adjusted inital pH values of 6 (�), 7 (□), 8 (4), 9 (5) or 10 (◊).
Error bars denote the standard deviation from at least three biological replicates. (C) Growth rate of A. baumannii ATCC 19606 (closed symbols)
and ΔmrpA0 (open symbols) calculated from grown cells in L0 medium with adjusted initial pH values of 7 (□), 8 (4) or 9 (�) and indicated NaCl
concentrations.
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upstream region of the mtlD gene in front of the reporter
gene and analysed the promoter activity (for full data set
see supplement Fig. S3). In the absence of NaCl the
activity of the β-glucuronidase was very low [approxi-
mately 500 (MU)], but addition of NaCl increased
β-glucuronidase activity to 8000 (MU) (Fig. S3). In com-
parison in the mrp reporter gene strain the
β-glucuronidase activities varied between 5000 and
10 000 (MU). These data provide evidence that Na+ and
pH do not specifically induce expression of the mrp gene
cluster, which is already expressed at a high level.

The Mrp antiporter is involved in ATP homeostasis in A.
baumannii ATCC 19606

Since the ΔmrpA0 colonies were smaller than the wild
type colonies we asked whether the Mrp antiporter has a
role in energy homeostasis. To address the role of the
Mrp antiporter in cellular ATP homeostasis we measured
the ability of wild type and the ΔmrpA0 mutant to generate
and maintain ATP. ATP synthesis was induced after
addition of tryptone and the ATP level was monitored
over a time course of 18 h (Fig. 6). The wild type and the
ΔmrpA0 mutant started to accumulate ATP after addition
of tryptone with a maximum after 2 h. The maximum ATP
yields of the wild type and the ΔmrpA0 mutant were com-
parable. Thereafter, the ATP concentration decreased
over time. This holds true for both strains; however, the
ATP pool decreased more rapidly in the ΔmrpA0 mutant.
After 8 h, the ATP concentration was reduced to
1.8 � 0.2 nmol ATP mg�1 protein in the wild type but to
approximately half (0.8 � 0.1 nmol ATP mg�1 protein) in
the mutant. After 6 more hours the wild type cells
reached a comparable drop of the ATP pool with
0.7 � 0.2 nmol ATP mg�1 protein. These data provide
evidence that deletion of mrpA0 of A. baumannii ATCC
19606 resulted in a mutant that is impaired in ATP
maintenance.

Role of Mrp in energy-consuming processes

Acinetobacter baumannii can spread over surfaces by
twitching motility and can survive under strictly anoxic
conditions in the human gut or on dry surfaces within the
hospital. Both processes are energy (ATP-) dependent.
To analyse the physiological role of the Mrp antiporter on
motility of A. baumannii we generated an AYE-T ΔmrpA0

strain. We used the AYE-T strain (Godeux et al., 2020)
as parental strain since the strain ATCC 19606 is unable
to move across surfaces (Grier et al., 2021). Deletion of
mrpA0 from strain AYE-T was difficult and only possible
in mineral medium with succinate as carbon source. Fur-
thermore, the mrpA0 mutant was impaired in growth in
complex medium (L0 medium or tryptone medium) (data
not shown). Growth impairment could be overcome by
addition of arabinose (data not shown), indicating an

Fig. 5. Promoter activity of the mrp gene cluster as determined by reporter gene assays.
A. Growth and (B) corresponding β-glucuronidase activity of the reporter gene strain ATCC 19606 + pVRL2_up_mrpA0_gusA grown in L0
medium (4) with 200 mM NaCl (�) or at pH 9 (□) in presence of 100 μg ml�1 gentamicin. Error bars denote standard deviation calculated from at
least three biological replicates.

Fig. 6. Intracellular ATP levels in A. baumannii ATCC 19606 and the
ΔmrpA0 mutant. Acinetobacter baumannii ATCC 19606 (white bars)
and ΔmrpA0 (grey bars) were grown overnight in L0 medium, and
cell suspensions were prepared. ATP synthesis was induced by
addition of tryptone. The intracellular ATP content was quantified as
described in Experimental procedures. Error bars denote the stan-
dard deviation calculated from at least three biological replicates.
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energetic defect of the AYE-T ΔmrpA0 mutant. Then, we
analysed twitching motility of the AYE-T strains on motil-
ity plates in the presence of arabinose (0.5% tryptone,
20 mM arabinose and 0.3% agarose). As can be seen in
Fig. 7 the ability of the AYE-T strain to twitch across sur-
faces was completely abolished by deletion of
mrpA0 (Fig. 7).

Survival of a strict aerob like A. baumannii requires the
maintenance of a membrane potential, likely by K+ export
or H+ export driven by ATP hydrolysis. Therefore, we
checked for survival of A. baumannii ATCC 19606 and
ΔmrpA0 under strictly anoxic conditions (Fig. 8). To our
surprise, the strict aerob survived for a long time. After
9 days, still �1 � 104 CFUs ml�1 were present. In con-
trast the tolerance to strictly anoxic conditions was three
orders of magnitude lower in the ΔmrpA0 mutant.

The Mrp antiporter of A. baumannii ATCC 19606 is
essential for growth in Na+ rich human liquids and for
desiccation resistance

One of the major factors for A. baumannii’s success to
conquer the hospital environment is its desiccation resis-
tance. Survival under dry conditions was also affected in
the ATCC 19606 ΔmrpA0 mutant. As can be seen in
Fig. 9, the ΔmrpA0 mutant was highly sensitive to desic-
cation in comparison to the wild type. Whereas
�1 � 106 CFU ml�1 survived in the wild type after 5 days
of desiccation the ΔmrpA0 cells completely lost viability.
The decreased desiccation resistant of the mutant mrpA0

was restored by complementation (supplement Fig. S4).
Acinetobacter baumannii ATCC 19606 can grow in

human urine (Fig. 10), as shown before (Di Venanzio
et al., 2019; Hubloher et al., 2021), but growth of the
ΔmrpA0 mutant was largely impaired (Fig. 10). Comple-
mentation of the ΔmrpA0 mutant restored growth in
human urine (data not shown). A similar observation was
made for growth in heat-inactivated human serum (sup-
plement Fig. S5). We inoculated 5 ml of inactivated
human serum to an initial optical density of 0.1. After
24 h of incubation the wild type reached an OD600nm of
0.75 � 0.05, whereas the ΔmrpA0 mutant did not grow
(OD600nm = 0.16 � 0.04) (supplement Fig. S5). This phe-
notype was restored by complementation (supplement
Fig. S5). A closer examination showed that the ΔmrpA0

mutant is not only impaired in growth but instead the
ΔmrpA0 mutant is fastly inactivated, presumably due to
intracellular Na+ toxification (Fig. 10). In addition, the pro-
moter activity of the mrp gene cluster during growth in
human liquid was quite high demonstrating that the mrp
gene cluster is expressed during growth in human liquids
(Fig. 10). These data provide evidence that the Mrp anti-
porter activity is important for the adaptation to Na+ rich
host conditions.

Fig. 7. Twitching motility of A.
baumannii strain AYE-T and ΔmrpA0.
5 μl of an overnight culture of A.
baumannii AYE-T and ΔmrpA0 were
spotted on a semi-solid motility plate.
A. Representative twitching on motil-
ity plates.
B. Average diameter of twitching
zone from A. baumannii AYE-T and
ΔmrpA0. Error bars denote the stan-
dard deviation calculated from at
least three biological replicates.

Fig. 8. Survival of A. baumannii ATCC 19606 wild type and ΔmrpA0

under anoxic conditions. 50 ml anoxic L0 medium was inoculated
with A. baumannii wild type or ΔmrpA0 overnight cultures and incu-
bated at 37�C and 130 rpm. Cell survival was monitored by deter-
mining the CFU ml�1. Error bars denote the standard deviation
calculated from at least three biological replicates.

© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 24, 4411–4424
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Discussion

Intracellular Na+ homeostasis is crucial for bacteria to
maintain physiological processes. Bacteria couple H+ or
Na+ circulation to generate driving forces for uptake or
efflux of substrates or ions and to maintain physiological
cytoplasmic ion concentrations (Mitchell, 1961;
Skulachev, 1991). Most bacteria generate a primary H+

gradient (Mitchell, 1961) by primary H+ pumps
(e.g. respiratory ion pumps) that is then used by proton
motive force (μH̃+) -consuming processes (e.g. H+-
dependent ATP synthases, motility, solute transport or
reverse electron transport) (Mitchell, 1961;
Skulachev, 1991; Müller and Hess, 2017). Some bacteria
especially anaerobic and marine bacteria also have pri-
mary Na+ pumps such as dicarboxylate decarboxylase,
methyltransferase, NQR complex that generate a primary
Na+ potential across the cytoplasmic membrane that
then drives energy-consuming processes such as ATP
synthesis, substrate uptake, motility and efflux of antibi-
otics (Dimroth, 1980; Skulachev, 1989; Heise
et al., 1992; Müller and Gottschalk, 1992; Müller and
Bowien, 1995; Schuchmann and Müller, 2014; Steuber
et al., 2014; Ito et al., 2017; Müller and Hess, 2017;
Kremp and Müller, 2020). The genome of A. baumannii
does not encode a primary Na+ pump such as the NQR
complex. However, Na+ is cytotoxic and bacteria need to
maintain low internal Na+ concentrations as well as a
Na+ gradient across their membranes to drive solute
transport and motility (Padan and Schuldiner, 1993). This
is achieved by Na+/H+ antiporter (Padan and
Schuldiner, 1994; Farwick et al., 1995; Perez
et al., 2014). In addition every living cell employs Na+/H+

antiport for Na+ homeostasis and pH regulation. As we
report here, A. baumannii is capable to couple Na+ efflux
with H+ influx via the Mrp antiporter. Most neutrophilic
bacteria are capable to grow in a rather broad pH range
usually between 5.5 and 9 (Booth, 1985). The same
seems to be true for A. baumannii as reported here. To
guarantee an internal pH that maintain enzymatic func-
tions bacteria adjust their internal pH in a narrow range of
7.4–7.8 (Padan et al., 2005). Therefore, under alkaline
external conditions bacteria actively acidify their cyto-
plasm via Na+/H+ antiporter by H+ uptake coupled to
Na+ export (Hamamoto et al., 1994; Kosono et al., 1999;
Padan et al., 2005; Schubiger et al., 2020). Thereby, two
birds are killed with one stone: pH regulation and genera-
tion of a sodium motive force. As we describe here MrpA0

of A. baumannii is essential pH regulation as well as
Na+, Li+-dependent manner export.

As reported for other Mrp antiporter (e.g. Bacillus and
Dietzia) (Ito et al., 1999; Kosono et al., 1999; Ito
et al., 2000; Fang et al., 2018) Na+ efflux in an Na+ rich
complex medium is facilitated by the Mrp antiporter in A.
baumannii. Na+ is omnipresent in the human host with
Na+ concentrations above 50 mM within human liquids
[e.g. in urine and blood serum (Plough and Baker, 1959;
Wang et al., 2013; McKee et al., 2016)]. Therefore, Na+

cycling is discussed to be crucial for bacteria during
infection of the human host (Dibrov et al., 2004). Conse-
quently, the dependence on the Mrp antiporter during
growth in human liquids shows that A. baumannii relies
on Mrp-dependent Na+ cycling. This is in line with the
observation of decreased virulence of mrp mutants of
Pseudomonas aeruginosa and Staphylococcus aureus
in a mice infection model (Kosono et al., 2005; Vaish
et al., 2018). The reduced ability of the P. aeruginosa
mrp mutant to colonize and infect mice is thought to be
due to Na+-dependent impairments in host adaptation
(Kosono et al., 2005).

We assume that inactivation of the Mrp antiporter in A.
baumannii causes alterations in Na+ cycling and may
also cause interferences with H+ cycling. This disorder in
H+ cycling might cause alterations in ATP homeostasis
and subsequently impairments in ATP-dependent pro-
cesses like motility and long-term survival. Another expla-
nation for the observed phenotypes might be a
continuous Na+ influx resulting in a self-detoxification
over time that causes depletion of the cellular ATP con-
tent, motility inhibition and decreased viability. This pleio-
tropic has been reported before in an mrp mutant of P.
aeruginosa that is also unable to move across surfaces
(Schubiger et al., 2020).

Our data fit well with the current knowledge about Mrp-
dependent Na+ and H+ homeostasis and we provide evi-
dence that Na+ cycling is crucial for adaption of A.
baumannii to the human host. We assume that A.

Fig. 9. Desiccation resistance of A. baumannii ATCC 19606 and
ΔmrpA0. Acinetobacter baumannii strains were spotted on culture
plates and incubated in a climate chamber at 22�C and 31%
RH. Bacteria were removed from the plates by re-suspending with
360 μl K+ phosphate buffer (10 mM, pH 6.8). Appropriate dilutions
were prepared and cell forming units were determined on solid L0
medium. Error bars denote the standard deviation calculated from at
least three biological replicates.

© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 24, 4411–4424
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baumannii uses Na+ as coupling ion for substrate uptake
during infection and consequently Na+ efflux is essential
for efficient cell growth during infection. Moreover, we
assume that the Mrp antiporter might be essential to gen-
erate the SMF in the first place and second in pH regula-
tion under alkaline conditions.

Experimental procedures

Bacterial strains

Escherichia coli DH5α was used for generation of recom-
binant plasmids. Acinetobacter baumannii strains ATCC
19606 and AYE-T (Godeux et al., 2020) were used as
wild type strains. For growth of the strains LB medium
(5 g L�1 yeast extract, 10 g L�1 tryptone, 5 g L�1 NaCl;
pH 7), L0 medium (5 g L�1 yeast extract, 10 g L�1

tryptone; pH 7) or mineral medium [consisted of
50 mM K+ phosphate buffer, pH 6.8; mineral solution

(Zeidler et al., 2017) and 20 mM succinate] was used.
The Na+ concentration of the L0 medium determined via
a Na+ electrode was �8 mM. Growth experiments were
performed in flasks with 100 ml cell culture at 37�C and
130 rpm. Salts (NaCl, LiCl or KCl) were added individu-
ally as indicated and if necessary, the initial pH was
adjusted by the addition of KOH or HCl. Growth experi-
ments were started by inoculation of prewarmed medium
to an initial optical density at 600 nm (OD600nm) of 0.1
and growth was monitored photometrically by measuring
the OD600nm.

Markerless deletion of mrpA0 in A. baumannii ATCC
19606

Markerless deletion of mrpA0 (F911_03564) in A.
baumannii ATCC 19606 was achieved via the sacB-
based insertion–duplication system as described before
(Stahl et al., 2015). Briefly, 1500 bp up- and downstream

Fig. 10. Growth and survival of A. baumannii wild type and ΔmrpA0 in human liquids.A.
Acinetobacter baumannii wild type (�) and ΔmrpA0 (□) were grown in L0 medium overnight and washed twice in K+ phosphate buffer (10 mM,
pH 6.8) before inoculation of fresh prewarmed human urine. Error bars denote the standard deviation from at least three biological replicates.
B. Survival of A. baumannii wild type (�) and ΔmrpA0 (□) in inactivated human serum. Strains were grown overnight in L0 medium and were incu-
bated with heat-inactivated human serum at 37�C for 1 h. At designated timepoints CFUs were determined on solid L0 medium. Error bars
denote the standard deviation from at least three biological replicates.
C. Promoter activity of the mrp gene cluster as determined by reporter gene assays. The reporter gene strain ATCC 19606 -
+ pVRL2_up_mrpA0_gusA was grown in L0 medium, human urine or in heat-inactivated human serum for 6 h in presence of 100 μg ml�1 genta-
micin. The β-glucuronidase activity was determined. Error bars denote standard deviation calculated from at least three biological replicates.

© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 24, 4411–4424
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of the mrpA0 gene were amplified via PCR. The up- and
downstream regions were cloned into
pBIISK_sacB_kanR vector using Gibson assembly,
according to the instructions of the manufacturer (Gibson
Assembly Master Mix, New England Biolabs, Ipswich,
MA, USA) (primers used are listed in the supporting infor-
mation Table S2). The generated plasmids
pBIISK_sacB_kanR_ΔmrpA0 were transformed in A.
baumannii ATCC 19606 via electroporation (2.5 kV,
200 Ω and 25 μF). Resulting integrants were selected on
LB medium with 1.8% agar and 50 μg ml�1 kanamycin.
Counterselection was applied by the addition of 10%
sucrose to L0 medium supplemented with 20 mM arabi-
nose. Deletion of the mrpA0 gene was verified via PCR.

RecAB-mediated deletion of mrpA0 in A. baumannii
AYE-T

Deletion of mrpA0 in A. baumannii AYE-T was done by
recombineering (Tucker et al., 2014). 300 bp up- und
downstream of the mrpA0 gene were amplified from
genomic DNA of A. baumannii AYE-T. A kanamycin-
resistance marker was amplified from the plasmid pDK4
and the vector pBIISK was used as backbone (all primers
used are listed in Table S2). The resulting PCR products
were assembled using ‘Gibson assembly’ according to
the instructions of the manufacturer (Gibson Assembly
Master Mix, New England Biolabs) resulting in the plas-
mid pBIISK_ΔmrpA0::kanR. A linear PCR fragment was
amplified from the plasmid (primers are listed in
Table S2). The resulting PCR was used for
recombineering (Tucker et al., 2014). Briefly, A.
baumannii ATCC 19606 + pAT04 was transformed with
the PCR product according to the recombineering instruc-
tions (Tucker et al., 2014) and A. baumannii ATCC
19606 ΔmrpA0::kanR was selected on solid (1.8% agar)
mineral medium containing 20 mM succinate and
15 μg ml�1 kanamycin. The genetic exchange was veri-
fied by PCR. The kanamycin cassette was removed from
the genome via the flippase-based deletion according to
the recombineering protocol (Tucker et al., 2014) and
resulted in a markerless deletion of mrpA0 in the A.
baumannii strain AYE-T.

Construction of the inserts for RecAB-mediated gene
insertion

Genetic complementation of the ATCC 19606 ΔmrpA0

mutant was done by insertion of mrpA0 into the genomic
locus F911_00233 of A. baumannii ATCC 19606
ΔmrpA0. In addition, a kanamycin cassette was inte-
grated into the genomic locus F911_00233 of A.
baumannii ATCC 19606 wild type and the ΔmrpA0

mutant. Genetic insertion was mediated via the RecAB-

recombineering system (Tucker et al., 2014) as described
elsewhere (Hubloher et al., 2020).

Briefly, two recombinant plasmids pBIISK_mrpA0_com-
plementation and pBIISK_kanR were generated. We
amplified the mrpA0 coding sequence and the upstream
region of mrpA0 from genomic DNA of A. baumannii
19606 via PCR. A kanamycin resistance marker was
amplified from the pDK4 and 300 bp flanking the insertion
site (genomic locus F911_00233) were amplified from the
genomic DNA of A. baumannii ATCC 19606. The vector
pBIISK was used as backbone (all primers used are
listed in Table S2). The resulting PCR products were
assembled using ‘Gibson assembly’ according to the
instruction of the manufacturer (Gibson Assembly Master
Mix, New England Biolabs), resulting in the plasmid
pBIISK_mrpA0_complementation.

To generate the plasmid pBIISK_kanR, we amplified a
kanamycin-resistance marker from pKD4 and 300 bp
flanking the insertion site (genomic locus F911_00233)
from genomic DNA of A. baumannii ATCC 19606. The
vector pBIISK was used as backbone (all primers used
are listed in Table S2). The resulting PCR products were
assembled using ‘Gibson assembly’ according to the
instruction of the manufacturer (Gibson Assembly Master
Mix, New England Biolabs), resulting in the plasmid
pBIISK_kanR. The two recombinant plasmids
pBIISK_mrpA0_complementation and pBIISK_kanR were
amplified via PCR (primers used are listed in Table S2)
and the PCR products were integrated into the genome
as described below.

RecAB-mediated recombineering for gene insertion

Complementation of the mutant was done by
recombineering as described before with slight modifica-
tions (Tucker et al., 2014; Hubloher et al., 2020). The
RecAB producing strains A. baumannii ATCC
19606 + pAT04 and A. baumannii ATCC 19606 ΔmrpA0 +
pAT04 were transformed via electroporation (2.5 kV,
200 Ω and 25 μF) with 5 μg of the PCR products as
described (Tucker et al., 2014), followed by selection on
L0-medium (1.8% agar) containing kanamycin (7.5, 10 or
15 μg ml�1). Thereby, we generated three strains: a com-
plemented strain (ΔmrpA0_F911_00233::mrpA0_kanR) and
two control strains (ΔmrpA0_F911_00233::kanR and ATCC
19606_F911_00233::kanR). The genotype of the strains
was verified using PCR.

Reporter gene studies

To analyse the promoter activity of the mrp gene cluster
we performed reporter gene assays. Therefore, we ampli-
fied the upstream region of mrpA0 (700 bp) from genomic
DNA of A. baumannii ATCC 19606 and the reporter gene

© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 24, 4411–4424
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gusA from the plasmid pIM1440 (Murin et al., 2012). The
vector pVRL2 (Lucidi et al., 2018) was used as backbone
(all primers used are listed in Table S2). The resulting
PCR products were assembled using ‘Gibson assembly’
according to the instruction of the manufacturer (Gibson
Assembly Master Mix, New England Biolabs) resulting in
the construct pVRL2_upmrpA0_gusA. For generation of
the mtlD reporter gene construct we exchanged the
mrpA0 upstream region against the mtlD upstream region.
Therefore, the reporter gene construct was amplified
omitting the mrpA0 upstream region. The upstream region
of mtlD was amplified from genomic DNA of A.
baumannii ATCC 19606 (primers are listed in Table S2).
The PCR products were assembled using ‘Gibson
assembly’ according to the instruction of the manufac-
turer (Gibson Assembly Master Mix, New England
Biolabs).

Acinetobacter baumannii ATCC 19606 was trans-
formed with the reporter gene constructs via electropora-
tion (2.5 kV, 200 Ω and 25 μF) and transformants were
selected on solid LB-medium (1.8% agar) containing gen-
tamicin (100 μg ml�1). To analyse the pH-dependent pro-
moter activity A. baumannii ATCC 19606 + pVRL2_
upmrpA0_gusA was grown in L0 medium at pH 7 or 9. To
analyse the Na+-dependent promoter activity A.
baumannii ATCC 19606 + pVRL2_upmrpA0_gusA was
grown in L0 medium at pH 7 and 200 mM NaCl was
added in the exponential growth phase. At defined time
points the β-glucuronidase activity was measured as
described previously (Zeidler et al., 2017).

Determination of the cellular ATP concentration

Acinetobacter baumannii ATCC 19606 and ΔmrpA0 were
grown overnight in L0 medium, harvested (4700 rpm,
30 min 4�C), cells were washed in 50 mM Tris–HCl buffer
(pH 7.5) and afterwards re-suspended in Tris buffer
(50 mM pH 7.5). The protein concentration of the cell
suspension was quantified according to Schmidt
et al. (1963) and adjusted to 1 mg ml�1. The cell suspen-
sion was incubated at 37�C and ATP synthesis was
induced by addition of tryptone (5 g L�1). Samples were
taken as indicated. 400 μl of the cell suspension was
mixed with 150 μl perchloric acid (3 M, precooled on ice),
followed by incubation on ice (5 min). The samples were
neutralized by addition of 40 μl saturated K2CO3 solution
and 80 μl TES buffer (400 mM, pH 7.6). After neutraliza-
tion, the samples were centrifugated (3 min, 4�C,
14 400 rpm) and the supernatant was frozen in liquid
nitrogen and stored overnight at �80�C. The ATP content
of the samples was measured the next day using the
ATP Bioluminescence Assay kit CLS II from Roche.
100 μl of the ATP containing sample was mixed with
20 μl of the luciferase containing solution and the ATP-

dependent light emission was measured at the entire
spectra in a microplate reader (Fluo star omega). An ATP
calibration curve (0–500 pmol/assay) was used for
quantification.

Desiccation assay

Desiccation assays were performed as described earlier
with slight modifications (Zeidler and Müller, 2019b). Bac-
teria were grown overnight in 5 ml L0 medium, harvested,
washed twice in H2O and adjusted to an initial OD600nm

of 2. Aliquots of 40 μl were spotted on cell culture plates
[12-well Nunclon Delta surface plate from Thermo scien-
tific (Waltham, MA, USA)] and incubated in a climate
chamber at 22�C and 31% relative humidity (RH). Bacte-
ria were re-suspended in 360 μl K+ phosphate buffer
(10 mM, pH 6.8). Appropriate dilutions were prepared
and colony-forming units were determined on solid L0
medium.

Growth in human urine

Growth studies in human urine were performed as
described (Hubloher et al., 2021) with slight modifica-
tions. Briefly, cells were grown overnight in L0 medium,
harvested by centrifugation (4700 rpm, 5 min), washed
and re-suspended in sterile K+ phosphate buffer (10 mM,
pH 6.8). The cell suspensions were used to inoculate
prewarmed urine (50 ml) to an initial OD600nm of 0.05.
Cells were grown at 37�C and 130 rpm, and growth was
monitored photometrically by measuring the optical den-
sity at 600nm.

Growth of A. baumannii in inactivated human serum

Acinetobacter baumannii strains were grown overnight in
L0 medium. 5 ml heat-inactivated human serum [Sigma
Aldrich (St. Louis, MO, USA)] was inoculated to an initial
OD600nm of 0.1 and incubated at 37�C and 130 rpm for
24 h. Appropriate dilutions were prepared in inactivated
human serum and the OD600nm was measured
photometrically.

Survival of A. baumannii in human serum

For determination of cell survival, cells were grown over-
night in L0 medium and washed twice in K+ phosphate
buffer (10 mM, pH 6.8). Inactivated human serum (100%)
was inoculated with bacteria to an initial CFU ml�1 of
approximately 1 � 107. The bacteria-serum suspension
was incubated at 37�C and CFU ml�1 was determined on
solid L0 medium.

© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 24, 4411–4424
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Twitching motility

Acinetobacter baumannii AYE-T and ΔmrpA0 were
grown for 8 h in liquid mineral medium with 20 mM succi-
nate as carbon source. 5 μl of the culture was placed on
top of a semi-solid motility plate (0.5% tryptone, 20 mM
arabinose and 0.3% agarose). Bacteria were allowed to
move across the semisolid agarose surface at 37�C. The
twitching zone was documented and measured after
24 and 48 h.

Survival of A. baumannii under anoxygenic conditions

120 ml serum bottles were filled with 50 ml L0 medium.
The medium was sparged with N2 (100%) for 20 min and
an N2-atmosphere was applied. The anoxic medium was
inoculated with 5 ml of an A. baumannii overnight culture
grown in L0 medium via injection. Followed by incubation
at 37�C and 130 rpm. Samples were taken, appropriate
dilutions were prepared and cell forming units were deter-
mined on solid L0 medium.
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