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1  | INTRODUC TION

Acinetobacter species cope with low water activities by the accumula-
tion of compatible solutes. The nonpathogen A. baylyi synthesizes glu-
tamate and mannitol de novo in response to increasing osmolarities 

of the medium (Sand, Mingote, Santos, Müller, & Averhoff, 2013). 
If glycine betaine or choline are present they are taken up from the 
environment (Sand et al., 2011). Uptake of compatible solutes is en-
ergetically favored over de novo synthesis (Oren, 1999) and, thus, 
synthesis of mannitol or glutamate is turned off in the presence of 
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Abstract
Mannitol is the major compatible solute, next to glutamate, synthesized by the op-
portunistic human pathogen Acinetobacter baumannii under low water activities. The 
key enzyme for mannitol biosynthesis, MtlD, was identified. MtlD is highly similar to 
the bifunctional mannitol-1-phosphate dehydrogenase/phosphatase from 
Acinetobacter baylyi. After deletion of the mtlD gene from A. baumannii ATCC 19606T 
cells no longer accumulated mannitol and growth was completely impaired at high 
salt. Addition of glycine betaine restored growth, demonstrating that mannitol is an 
important compatible solute in the human pathogen. MtlD was heterologously pro-
duced and purified. Enzyme activity was strictly salt dependent. Highest stimulation 
was reached at 600 mmol/L NaCl. Addition of different sodium as well as potassium 
salts restored activity, with highest stimulations up to 41 U/mg protein by sodium 
glutamate. In contrast, an increase in osmolarity by addition of sugars did not restore 
activity. Regulation of mannitol synthesis was also assayed at the transcriptional 
level. Reporter gene assays revealed that expression of mtlD is strongly dependent 
on high osmolarity, not discriminating between different salts or sugars. The pres-
ence of glycine betaine or its precursor choline repressed promoter activation. These 
data indicate a dual regulation of mannitol production in A. baumannii, at the tran-
scriptional and the enzymatic level, depending on high osmolarity.
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glycine betaine or choline (Sand et al., 2013). The latter is taken up by 
A. baylyi and oxidized to glycine betaine (Scholz, Stahl, de Berardinis, 
Müller, & Averhoff, 2015). The closely related opportunistic patho-
gen A. baumannii has become a major threat in health care institutions 
worldwide. Its increasing success is caused by acquiring resistances to 
different antibiotics, its enormous metabolic potential that allows it to 
adapt to the host environment, the ability to adhere to biotic and abi-
otic surfaces, and its desiccation resistance which allows the cells to 
survive for weeks and even months on inanimate surfaces (Averhoff, 
2015; Dijkshoorn, Nemec, & Seifert, 2007; Lee et al., 2017; Peleg 
et al., 2012; Roca, Espinal, Vila-Farrés, & Vila, 2012). Desiccation re-
sistance of A. baumannii favors survival and spread of the bacterium in 
the health care environment (Dijkshoorn et al., 2007). The enormous 
desiccation resistance is unusual for a gram-negative bacterium and 
its molecular basis is enigmatic (Jawad, Heritage, Snelling, Gascoyne-
Binzi, & Hawkey, 1996). Changes in surface structures, lipid composi-
tion, biofilm formation, and composition of osmolytes inside the cell 
may contribute to this phenotype (Boll et al., 2015; Espinal, Martí, & 
Vila, 2012; Gayoso et al., 2014). We recently identified mannitol and 
glutamate as major compatible solutes of A. baumannii grown under 
low water activities (Zeidler et al., 2017). In addition, minor amounts 
of trehalose are synthesized. Mannitol is the most abundant sugar 
alcohol in nature. It serves as carbon and energy source or rad-
ical scavenger and in plants and fungi it is well known as compati-
ble solute (Chaturvedi, Wong, & Newman, 1996; Stoop, Williamson, 
& Pharr, 1996). In bacteria, only Pseudomonas putida (Kets, Galinski, 
de Wit, de Bont, & Heipieper, 1996), A. baylyi (Sand et al., 2013), and 
Gluconobacter oxydans (Zahid, Schweiger, Galinski, & Deppenmeier, 
2015) have been reported to accumulate the compatible solute man-
nitol. The biosynthetic route for the production of mannitol as com-
patible solute in A. baylyi was unraveled only recently. NMR analysis 
revealed Mtl-1-P as intermediate, that was further dephosphorylated 
leading to mannitol (Sand et al., 2013). Both reactions are catalyzed 
by MtlD, a novel bifunctional mannitol-1-phosphate dehydrogenase/
phosphatase (Sand et al., 2015). Apparently, the enzyme is wide-
spread in members of the genus Acinetobacter but restricted to the 
genus. Here, we have addressed mannitol biosynthesis and its regula-
tion in the opportunistic human pathogen A. baumannii ATCC 19606T.

2  | MATERIAL S AND METHODS

2.1 | Bacterial strains and culture conditions

A. baumannii strain ATCC 19606T was grown at 37°C and 
130 rpm in minimal medium consisting of 50 mmol/L phosphate 
buffer (pH = 6.8), different mineral salts (1 g/L NH4Cl, 580 mg/L 
MgSO4 × 7 H2O, 100 mg/L KNO3, 67 mg/L CaCl2 × 2 H2O, 
2 mg/L (NH4)6MoO24 × 4 H2O), 1 ml of the trace element solu-
tion SL9 (12.8 g/L titriplex, 2 g/L FeSO4 × 7 H2O, 190 mg/L CoCl2 
× 6 H2O, 122 mg/L MnCl2 × 4 H2O, 70 mg/L ZnCl2, 36 mg/L 
MoNa2O4 × 2 H2O, 24 mg/L NiCl2 × 6 H2O, 6 mg/L H3BO3, 2 mg/L 
CuCl2 × H2O, modified after Tschech and Pfennig (1984)) and 
20 mmol/L sodium succinate as carbon source.

E. coli BL21 (DE3) was cultured at 37°C in LB medium (Bertani, 
1951). Antibiotics were added when appropriate (20 μg kanamycin/ml).

2.2 | Markerless mutagenesis

A markerless mtlD deletion mutant of A. baumannii ATCC 19606T 
was generated as described by Stahl, Bergmann, Göttig, Ebersberger, 
and Averhoff (2015). All primers used are listed in the Supporting 
Information (S. 1). 1500 bp up-  and downstream of the mtlD gene 
(HMPREF0010_00722) was amplified from genomic DNA using the 
primer pair mtlD_up_fwd and mtlD_up_rev and the primer pair mtlD_
down_fwd and mtlD_down_rev. The upstream DNA fragment spans 
the first 55 bp of mtlD and the downstream fragment spans the last 
54 bp of mtlD. The PCR fragments were cloned into pBIISK_sacB/
kanR using PstI, BamHI, and NotI. The resulting plasmid pBIISK_
sacB/kanR_mtlD-updown was used for transformation of electro-
competent A. baumannii ATCC 19606T. Transformants were selected 
on LB-agar + 50 μg/ml kanamycin and integration of the plasmid in 
the target locus via single homologous recombination was verified 
by PCR using the primer pairs mtlD_ctr_fwd + mtlD_down_rev and 
mtlD_up_fwd + mtlD_ctr_rev. Integrants were grown overnight in LB 
+ 10% sucrose and subsequently plated on LB-agar + 10% sucrose 
for counterselection of clones that lost the plasmid. Single colonies 
that had lost their ability to grow on kanamycin were verified by PCR 
with the primers mtlD_ctr_up + mtlD_ctr_down. The deletion of the 
target gene was confirmed by sequencing of the PCR product.

2.3 | Solutes extraction and quantification

Analysis of mannitol was performed as described previously (Zeidler 
et al., 2017). Briefly, a modified Bligh-and-Dyer method (Bligh & 
Dyer, 1959; Galinski & Herzog, 1990) was used for extraction of 
freeze-dried cell pellets. A quantity of 570 μl of extraction solution 
(methanol/chloroform/H2Odeion 10:5:4) were added to 15-20 mg of 
lyophilized cells, vigorously vortexed and shaken for 5 min. A quan-
tity of 170 μl chloroform and 170 μl H2Odeion were added prior to 
mixing the sample again (10 min). Phases were separated by centrifu-
gation, the upper aqueous phase was dried in a vacuum concentrator 
and the residue was dissolved in 500 μl H2Odeion.

Mannitol was determined using a DIONEX HPLC system equipped 
with a ligand exchange column (HyperREZ XP Carbohydrate Ca2+, 
Thermo Scientific) with water as eluent. Chromatography was car-
ried out with a flow rate of 0.6 ml/min at 80°C. A refractive index 
detector was coupled to the system for detection.

2.4 | Cloning, enzyme production, and purification

For overproduction of MtlD, the mtlD gene (HMPREF0010_00722) 
was amplified from chromosomal DNA using the primers mtlD_fwd and 
mtlD_rev (Supporting Information S. 1). The PCR product was cloned 
into the expression vector pET21a using the restriction enzymes NdeI 
and NotI, yielding the plasmid pET21a_mtlD. Gene expression in E. coli 
BL21 (DE3) was induced by addition of IPTG to a final concentration of 
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1 mmol/L after the cells reached an OD600 of 0.4. After incubation at 
16°C over night the cells were harvested at 7,000xg for 10 min at 4°C and 
washed and resuspended in 50 mmol/L NaH2PO4 × 2 H2O, 300 mmol/L 
NaCl, and 20 mmol/L imidazole (pH 7.5). The cells were disrupted via 
French Press (two times, 1,000 psi) and the cell debris was removed by 
centrifugation at 17,000xg at 4°C for 15 min. Prior to the column load-
ing, the supernatant was incubated with 5 ml of Ni-NTA material for 1 hr 
at 4°C. In order to purify MtlD, the column was washed with 50 ml of 
washing buffer 2 (50 mmol/L NaH2PO4 × 2 H2O, 300 mmol/L NaCl, 
75 mmol/L imidazole, pH 7.5) before the protein was eluted with 10 ml 
of elution buffer (50 mmol/L NaH2PO4 × 2 H2O, 300 mmol/L NaCl, 
300 mmol/L imidazole, pH 7.5). The protein concentration was deter-
mined by Bradford (1976). Proteins were separated on a 12.5% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) accord-
ing to Laemmli (1970) and stained with Coomassie (0.265 g Serva Blue 
R-250, 50 ml methanol, 50 ml glacial acetic acid, H2Odeion ad. 500 ml).

2.5 | Enzyme assay

MtlD activity was determined by a spectrophotometric assay as de-
scribed before (Sand et al., 2013), following the oxidation of NADPH 
at 340 nm. By default, the reaction was carried out at 37°C in a total 
volume of 1 ml, containing 50 mmol/L MOPS, pH 7.0, 50 mmol/L 
fructose-6-phosphate and 10 μg MtlD. The reaction was started by 
addition of 0.4 mmol/L NADPH.

2.6 | Size exclusion chromatography

For size exclusion chromatography a Superdex 200 10/300 GL 
column (bed volume 24 ml) was used. The run was performed at a 
flow rate of 0.2 ml/min in a buffer containing 20 mmol/L HEPES, 
300 mmol/L NaCl, 5 mmol/L β-mercaptoethanol pH 7.5 in an 
ÄKTAprime plus (Amersham Biosciences). A quantity of 100 μg pro-
tein were applied to the column. The following proteins were used 
for calibration: aprotinine (6.5 kDa), carboanhydrase (29 kDa), oval-
bumine (44 kDa), conalbumine (75 kDa), aldolase (158 kDa), ferritine 
(440 kDa), thyroglobuline (669 kDa).

2.7 | Construction of the reporter gene plasmid

The promoterless β-glucuronidase gene (gusA) was used as reporter 
gene. 699 bp upstream of the mtlD gene were fused with the gusA 
gene. Therefore, the upstream region of mtlD was amplified using 
the primers mtlD_up_gusA_fwd and mtlD_up_gusA_rev (Supporting 
Information S. 1). The pIM1440 plasmid containing gusA was used as 

backbone (Murin, Segal, Bryksin, & Matsumura, 2012). The plasmid 
and the PCR fragment were digested with XbaI and NcoI and then 
ligated. Thereby, the T5-Promotor and lac operator in front of gusA 
were replaced by the upstream region of mtlD. A. baumannii ATCC 
19606T was transformed with the reporter gene plasmid via elec-
troporation (Stahl et al., 2015).

2.8 | Reporter gene assay

Cells containing the pBAV1k_mtlD-up-gusA plasmid were grown in 
minimal medium. In the exponential growth phase (2–2.5 hr, OD600 
0.4–0.5) the extracellular osmolarity was increased as described in 
the results. To monitor mtlD promoter activity, samples (500 μl) were 
taken and analyzed according to Zhang and Bremer (1995). Briefly, 
cells were resuspended and thereby disrupted in 300 μl permeabi-
lization solution (50 mmol/L Na2HPO4, 20 mmol/L KCl, 2 mmol/L 
MgSO4, 2.2 mmol/L CTAB, 1 mmol/L sodium deoxycholate, and 
0.54% (v/v) β-mercaptoethanol), 600 μl of prewarmed (37°C) 
substrate solution (60 mmol/L Na2HPO4, 40 mmol/L NaH2PO4, 
0.27% (v/v) β-mercaptoethanol, 2.77 mmol/L p-nitrophenyl-β-D-
glucuronide) was added to start the β-glucuronidase reaction. The 
reaction was stopped by adding 700 μl 1 mol/L Na2CO3. Miller Units 
were calculated according to Miller (1972).

3  | RESULTS

3.1 | Genomic organization of mtlD of A. baumannii 
and properties of the deduced gene product

mtlD of A. baumannii (Figure 1) is 2148 bp long. 332 bp upstream 
of mtlD, in the same direction of transcription, a gene encod-
ing a potential siderophore biosynthesis protein was detected. 
Downstream of mtlD are two genes encoding conserved hypo-
thetical proteins, one is divergently transcribed from mtlD with an 
overlap of 23 bp and the other is in the same direction of transcrip-
tion (81 bp apart). The GC content of mtlD is 36.5% which is in the 
same range as the overall GC content of the genome of A. baumannii 
(39%–47%) (Baumann, Doudorof, & Stanier, 1968). mtlD codes for a 
hydrophilic protein of 82 kDa. It is 68% identical to MtlD of A baylyi. 
MtlD of A. baylyi is a bifunctional enzyme having a dehydrogenase 
and a phosphatase domain (Sand et al., 2015). The dehydrogenase 
and phosphatase domains are 77 and 64% identical to the analo-
gous domains in MtlD of A. baylyi, indicating that MtlD of A. bau-
mannii is also a bifunctional mannitol-1-phosphate dehydrogenase/
phosphatase.

F IGURE  1 Genetic organization 
of mtlD in A. baumannii ATCC 19606T 
(HMPREF0010_00722). The two 
functional domains are indicated
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3.2 | The gene mtlD is essential for mannitol 
biosynthesis

To address the hypothesis that MtlD of A. baumannii catalyzes mannitol 
formation, a deletion mutant was generated as described in Materials 
and Methods. At low salt the ΔmtlD mutant exhibited a growth pheno-
type comparable to A. baumannii wild-type cells. However, at high salt 
the ΔmtlD mutant showed almost no growth (Figure 2). The wild-type 
growth phenotype at high salt concentrations could be completely re-
stored by addition of 1 mmol/L glycine betaine to the medium (Figure 2), 
which is known to serve as a compatible solute in many bacteria in-
cluding Acinetobacter species, indicating that mannitol is an essential 
compatible solute that cannot be substituted by the other endogenous 
solutes glutamate or trehalose (Sand et al., 2011; Zeidler et al., 2017). 
To prove that MtlD is indeed essential for mannitol biosynthesis, we 
analyzed the intracellular mannitol pool at a lower salt concentration, 
where growth of the ΔmtlD mutant was still possible. At 300 mmol/L 
NaCl, growth occurred up to an OD600 of 1.5 with a growth rate of 
0.37 ± 0.02 hr−1 (data not shown). Indeed, mannitol could not be de-
tected in the mutant cells under these conditions, whereas the wild 
type produced 0.2 μmol/mg protein (Zeidler et al., 2017).

3.3 | Overproduction and purification of MtlD from 
A. baumannii ATCC 19606T

To address the catalytic activity of MtlD, the encoding gene was cloned 
into the expression vector pET21a and expressed in E. coli. The coding 
sequence was fused in frame to a His-tag-encoding sequence at its 3’ 
terminus. The fusion protein was purified via affinity chromatography 
on a Ni-NTA resin. As shown in Figure 3, MtlD had an apparent molec-
ular mass of 82 kDa which corresponds to its deduced molecular mass 
and was purified in one step to apparent homogeneity. This result was 
confirmed by size exclusion chromatography, where one predominant 
peak occurred, corresponding to a molecular mass of 87 kDa.

3.4 | Properties of MtlD

The purified enzyme catalyzed fructose-6-phosphate-dependent 
oxidation of NADPH with a specific activity of 20 U/mg protein in 
the presence of 600 mmol/L NaCl; this is 20% of the activity of MtlD 
from A. baylyi (Sand et al., 2013). NADH was also used as reductant, 
but the activity was fivefold lower. Activity increased with increasing 
fructose-6-phosphate concentrations obeying a Michaelis-Menten 
kinetic (Figure 4). A plateau was reached at 100 mmol/L. MtlD of 
A. baumannii had a rather low affinity for its substrate fructose-6-
phosphate with an apparent KM of 55 mmol/L. The pH optimum was 
rather broad with a maximum at pH 7, however, only 12% of the max-
imal activity were detected at pH 5 and 10. The temperature opti-
mum was at 37°C, with 40% activity at 20 and 45°C (data not shown).

3.5 | Activity of MtlD is strictly salt dependent

The enzymatic assays described before were performed in the pres-
ence of 600 mmol/L NaCl since MtlD of A. baylyi was described to 
require NaCl for activity (Sand et al., 2013). To address and quantify 
a potential salt dependence of MtlD of A. baumannii, the enzyme was 
incubated in buffer containing different amounts of NaCl. As can 

F IGURE  2 Growth of A. baumannii ΔmtlD under osmotic stress. 
A. baumannii ΔmtlD was grown in mineral medium (●), in mineral 
medium with 500 mmol/L NaCl (♦) or with 500 mmol/L NaCl and 
the addition of 1 mM glycine betaine (■). Growth of wild type at 
500 mmol/L NaCl is plotted for comparison (◊). One representative 
experiment out of at least three independent biological replicates 
is shown

F IGURE  3 Purified mannitol dehydrogenase MtlD of 
A. baumannii. The enzyme was purified by Ni-NTA (elution at 
300 mmol/L imidazole) and analyzed on a 12.5% SDS gel. A 
quantity of 5 μg of protein was applied to the gel and stained with 
Coomassie Brilliant Blue R-250
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be seen in Figure 5a, there was no activity in the absence of NaCl. 
Activity was restored by NaCl in a concentration-dependent man-
ner. Maximal activity was detected in buffer with 600–700 mmol/L 
NaCl. Higher NaCl concentration led to a decline in MtlD activity. 
At 1.5 mol/L NaCl, activity was only 24%. These data provide clear 
evidence that MtlD activity is strictly salinity dependent.

When used at 1 mol/L concentration, sodium nitrate and sodium 
sulfate stimulated only weakly. However, sodium gluconate and sodium 
glutamate were superior over NaCl (Figure 5b). The concentrations of the 
different salts required for maximal activity were different: with sodium 
glutamate, maximal activity (200% compared to maximum with NaCl) was 
obtained at 0.8–1.2 mol/L, with sodium gluconate at 1.5 mol/L (135%), 
with Na2SO4 at 1 mol/L (35%), and with NaNO3 at 0.6 mol/L (25%).

To determine whether the stimulatory effect of the sodium salts 
is due to the presence of sodium ions, MtlD activities in the presence 
of different potassium salts were analyzed (data not shown). KCl stim-
ulated activity as well with a maximum at 800 mmol/L KCl (13 U/mg 
protein), at 1.5 mol/L KCl activity was still 52%. Potassium gluconate 
and potassium glutamate also stimulated activity with a maximum at 
1.4 mol/L (28 U/mg protein) and at 1.25 mol/L (41 U/mg protein), re-
spectively. Interestingly, also MgCl2 stimulated activity, but maximal 
activity was detected already with 0.1 mol/L MgCl2 (24 U/mg protein), 
thereafter activity declined and no activity was detected in the pres-
ence of 0.5 mol/L MgCl2. Obviously, the nature of the cation is not 
important for MtlD stimulation.

After it had been established that MtlD requires rather high 
salt concentrations for activity, we tested whether non-ionic com-
pounds could substitute for salt. Glucose, sucrose, fructose or tre-
halose (up to 1 mol/L) did not stimulate activity. Glycine betaine 
taken up from the environment usually represses biosynthesis of 
compatible solutes, but neither glycine betaine nor choline or man-
nitol inhibited fructose-6-phosphate-dependent NADPH oxidation 
catalyzed by MtlD.

Previously it had been surmised that MtlD of A. baylyi specifi-
cally requires chloride ions (Sand et al., 2013). To analyze a poten-
tial chloride stimulation of MtlD from A. baumannii, the total salt 

F IGURE  4 Substrate dependence of MtlD activity. The enzyme 
assay (1 ml) was performed at 37°C in 50 mmol/L MOPS, pH 7.0, 
with 0.6 mol/L NaCl, 10 μg of MtlD and increasing concentrations of 
the substrate fructose-6-phosphate. The mixture was preincubated 
at 37°C for 5 min before the reaction was started by the addition 
of 0.4 mmol/L NADPH. The activity is given in U/mg protein. Each 
measurement was performed as technical duplicate. Standard 
deviation of three biological replicates is given as error bars

FIGURE 5 Salt dependence of MtlD activity. The enzyme assay 
(1 ml) was performed at 37°C in 50 mmol/L MOPS, pH 7.0, with 
50 mmol/L fructose-6-phosphate, varying salt concentrations and 
10 μg of MtlD. The buffer was preincubated at 37°C for 5 min before 
the reaction was started by the addition of 0.4 mmol/L NADPH. The 
activity is given in U/mg protein. Each measurement was performed 
as technical duplicate. Standard deviation of three biological replicates 
is given as error bars. (a): Dependence on NaCl concentrations. (b): 
Dependence on different sodium salts (1 mol/L each). (c): Chloride 
dependence of MtlD activity. Chloride concentrations were adjusted 
by addition of NaCl, the overall salt concentration was kept constant at 
0.5 mol/L by appropriate addition of sodium gluconate
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concentration was kept constant by appropriate addition of another 
sodium salt. When the total salt concentration was kept constant 
at 0.5 mol/L by appropriate addition of sodium gluconate, chloride 
stimulated fructose-6-phosphate-dependent NADPH oxidation by 
530% (Figure 5c). A maximum was observed at 400 mmol/L chlo-
ride. The same stimulation was observed when NaNO3 or Na2SO4 
were used to keep the salt concentration constant (data not shown). 
At a higher total salt concentration of 1 mol/L, chloride also stim-
ulated activity: sixfold when NaNO3 was used to counterbalance 
or twofold when Na2SO4 was used to keep the salt concentration 
constant. These data indicate that MtlD is stimulated by increasing 
chloride concentrations. However, it has to be mentioned in this con-
text that sodium glutamate had an even more stimulating effect on 
the enzyme from A. baumannii, as the highest activity measured with 
sodium glutamate (at 1 mol/L) was 200% of the maximal activity de-
tected with NaCl (0.6 mol/L). Glutamate is more likely the physiolog-
ically active anion than chloride (see discussion).

3.6 | Expression of mtlD is strictly salt dependent

To analyze regulation of expression of mtlD, a reporter gene assay 
was used. Therefore, a 669 bp DNA fragment preceding the mtlD 
gene was fused to a promoterless β-glucuronidase gene in plasmid 
pIM1440. A. baumannii ATCC 19606T was transformed with the 
plasmid and activation of the mtlD promoter was studied using 
β-glucuronidase as reporter enzyme. NaCl activated the mtlD 
promoter very strongly when cells were subjected to an osmotic 
upshock (Figure 6). Activation was concentration dependent with 
a maximum observed at around 400 mmol/L NaCl. NaCl could be 
substituted by sucrose, KCl, sodium gluconate, NaNO3 or Na2SO4 
(Figure 7). The presence of 1 mM glycine betaine repressed the 
NaCl-dependent activity of the mtlD promoter (Figure 7). Same was 
observed for choline, but not for supplied glutamate, trehalose, or 
mannitol. This is consistent with the observation that trehalose and 
mannitol are not taken up by A. baumannii: they do neither serve as 
carbon source nor do they improve growth when added to medium 
with 500 mmol/L NaCl (data not shown). Taken together, these 

data clearly demonstrate that transcription of mtlD is activated by 
increasing osmolarities/decreasing water activities in the medium.

4  | DISCUSSION

The accumulation of compatible solutes is a strategy to combat 
stress caused by hyperosmolarity in the environment (Kempf & 
Bremer, 1998; Roeßler & Müller, 2001). It is a common response 
to high salinities that is conserved in all three domains of life, 
and also A. baumannii has been shown to synthesize compatible 
solutes de novo in the absence of glycine betaine or its precur-
sor (Zeidler et al., 2017). One of the main solutes accumulated by 
biosynthesis is mannitol, which is a polyol widespread in nature, 
but rarely used as a compatible solute in bacteria. One example 
is A. baylyi, a nonpathogenic soil organism and close relative of 
A. baumannii (Sand et al., 2013). As A. baylyi, A. baumannii uses an 
unusual bifunctional mannitol-1-phosphate dehydrogenase/phos-
phatase for mannitol biosynthesis (Sand et al., 2015). Deletion of 
mtlD resulted in a loss of mannitol accumulation at high salt. This 
is clear evidence that mtlD is the key gene for mannitol biosyn-
thesis. However, the growth phenotype of the ΔmtlD mutant in 
the presence of high salt is in sharp contrast to the phenotype of 
the ΔmtlD mutant of A. baylyi. There, growth was only marginally 
affected at high salt (lag phase increased by 1.5 hr at 500 mmol/L 
salt) (Sand et al., 2013). It seems that A. baumannii cannot easily 
compensate for the loss of mannitol by increasing the produc-
tion of another solute, as for example, glutamate. This is consist-
ent with the finding in G. oxydans, where a mutant defective in 
mannitol production was inhibited in growth at high osmolarities 
(Zahid & Deppenmeier, 2016). G. oxydans can, in addition, take 
up mannitol from the medium and exogenous mannitol restores 
growth of the mannitol biosynthesis mutant. A. baumannii is not 
protected by the addition of mannitol to a medium of high osmo-
larity (data not shown), indicating that mannitol can not be taken 
up. However, growth of the mtlD mutant is restored by the ad-
dition of 1 mmol/L glycine betaine to the medium. This indicates 

F IGURE  6 Salt dependence of the mtlD promoter activity. Shown are the growth curves of A. baumannii transformed with pBAV1k_
mtlD-up-gusA in mineral medium (a) and the corresponding expression level of the β-glucuronidase (Miller Units) (b). 200 mmol/L [◊, 
grey], 300 mmol/L [▽], 400 mmol/L [□, grey], 500 mmol/L [○] NaCl or water [Δ] was added at the timepoint indicated by the arrow. One 
representative experiment out of at least three independent biological replicates is shown
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that glycine betaine can substitute mannitol and that deletion of 
mtlD affects osmoregulation.

MtlD catalyzes the oxidation of fructose-6-phosphate and, like in 
A. baylyi, NADPH is preferred over NADH as the reductant (Sand et al., 
2013). The KM value for fructose-6-phosphate is 55 mmol/L which 
is even higher than in A. baylyi (14 mmol/L). This is also quite high 
when compared to other mannitol dehydrogenases, as in the fungus 
Aspergillus niger with a KM of 0.54 mmol/L for fructose-6-phosphate 
(Kiser & Niehaus, 1981) or in brown algae, where mannitol is the 
main product of photosynthesis (0.28 mmol/L) (Ikawa, Watanabe, & 
Nisizawa, 1972), but there are also examples where the KM is in the 
range of Acinetobacter, for example mannitol dehydrogenase from 
Lactobacillus brevis with a KM of 70 mmol/L for fructose (Martinez, 
Barker, & Horecker, 1963). Specific activity of MtlD from A. bauman-
nii was only ca. 20% compared to A. baylyi, which corresponds to the 
lower mannitol content in A. baumannii (Zeidler et al., 2017).

The most intriguing property of MtlD is its complete inactivity in 
the absence of salts. The complete lack of enzymatic activity in the 
absence of salt is quite unusual for a non-halophile. In the red alga 
Caloglossa continua, mannitol dehydrogenase is also regulated by salt, 
but it is not inactive without salt, and comparably small concentra-
tions of 100–200 mmol/L only double activity (Iwamoto, Kawanobe, 
Ikawa, & Shiraiwa, 2003). Addition of different salts fully activates 
MtlD and the effect is ionic since a mere increase in osmolarity by ad-
dition of different sugars did not activate. Since cations and anions are 
not known to be involved in the reaction mechanism, it is obvious that 

MtlD senses the ionic composition of the cytoplasm and responds to 
it by adjusting enzymatic activity. Thus, MtlD is a sensor as well as a 
catalyst. Since bacteria tend to expel Na+ from their cytoplasm and 
non-halophiles also Cl−, neither Na+ nor Cl− seem to be the physiolog-
ical signal. The same is true for gluconate, nitrate or sulfate. The most 
likely candidates for activating MtlD under physiological conditions 
are K+ or glutamate. There is no information with respect to the in-
tracellular ion concentrations in Acinetobacter, but accumulation of K+ 
and glutamate as counter ion in concentrations up to 400 mmol/L is 
usually the first response of bacteria to an osmotic upshock (Sleator 
& Hill, 2002; Tempest, Meers, & Brown, 1970). Many examples are 
known where K+ stimulates the second response, that is, the accu-
mulation of neutral osmoprotectants. In E. coli, K+ stimulates activity 
of both the trehalose-phosphate synthase (Giæver, Styrvold, Kaasen, 
& Strøm, 1988) and the glutamate dehydrogenase, which is up to 10-
fold more active in the presence of 500 mmol/L potassium (Measures, 
1975). Therefore, it is not surprising that K+ is considered as a gen-
eral second messenger for activating enzymes and genes in response 
to extracellular osmolarity (Booth & Higgins, 1990; Epstein, 2003; 
Higgins, Cairney, Stirling, Sutherland, & Booth, 1987; Lee & Gralla, 
2004). As glutamate is usually accumulated together with potassium 
ions and since we could show its presence in A. baumannii, this amino 
acid is another possible candidate for being a second messenger.

Many biosynthesis routes for compatible solutes are also con-
trolled at the transcriptional level. Our reporter gene assays re-
vealed that this is also the case for mtlD of A. baumannii. Nearly 

F IGURE  7 Osmolarity dependence of the mtlD promotor activity. Cells were grown in mineral medium with NaCl, KCl, NaNO3, Na2SO4, 
sucrose or sodium gluconate as indicated. The osmotic active substances were added in the exponential phase (OD600 0.4-0.5). Miller Units 
were calculated 6 hr after the supplementation with the osmolytes (white bars). In another set of experiments, compatible solutes (glycine 
betaine, choline, glutamate, trehalose or mannitol; 1 mmol/L each) were present in the growth medium and 300 mmol/L NaCl was added in 
the exponential phase (OD600 0.4-0.5). Miller Units were calculated 6 hr after the supplementation with NaCl (grey bars). Standard deviation 
of three biological replicates is given as error bars. Indicated statistical significance by unpaired t test *p < .05; **p < .01
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no β-glucuronidase activity was measured in bacteria cultivated 
in medium without additional salt, but with increasing NaCl con-
centrations it increased up to 250-fold. Extreme stimulations are 
common in the context of compatible solutes. High upregulation is 
observed for the transporter ProU (>100-fold) (Cairney, Booth, & 
Higgins, 1985), and many genes involved in biosynthesis of solutes 
are stimulated 20-50-fold, as for example in the case of ectoine in 
H. halophilus (Saum & Müller, 2008). mtlD transcript levels in A. baylyi 
were only 15 times higher in the presence of 500 mmol/L NaCl (Sand 
et al., 2013). However, one must keep in mind that the reporter gene 
assays in this study were performed in trans, so that the activity 
measured depends on the plasmid copy number inside the cells.

The mtlD promoter was not only activated by addition of salts 
such as NaCl, KCl or sodium gluconate to the medium, but also by 
the sugar sucrose. This indicates that, in contrast to regulation at 
the enzymatic level, low water activity in general is sensed, leading 
to transcriptional regulation. As mentioned above, the signal could 
again be glutamate or K+, which may be accumulated in response to 
low water activities independent of the kind of osmolyte present.

In summary, our results identified MtlD as key enzyme in man-
nitol biosynthesis in A. baumannii and unraveled its regulation at the 
activity level and the transcriptional level. mtlD is ubiquitous in A. bau-
mannii strains, including AYE, ACICU and other clinical isolates, but 
whether or not mannitol is also involved in pathobiology of A. bau-
mannii, as is the compatible solute trehalose (Gebhardt et al., 2015; 
Zeidler et al., 2017), remains elusive. Further research is needed to get 
a deeper understanding of the connection between osmotic stress-
related genes and virulence in this bacterium. The knowledge of the 
regulation mechanisms involved, as provided by this work, may help 
in the future to find potential inhibitors of this important nosocomial 
pathogen.
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