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1 Introduction  

The term ESKAPE organisms (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) 

was introduced in 2008 to summarize a group of bacterial organisms, which developed an ex-

ceptional significance, since their increasing prevalence and their ability to escape the action 

of antimicrobials became one of the most concerning challenges in healthcare.1 Growing anti-

microbial resistance and virulence enabled these organisms to cope with harmful external in-

fluences and favored their persistence throughout the hospital environment.2, 3 Inappropriate 

use and overconsumption of antimicrobials in livestock, agriculture, and health-care facilitated 

the emergence and spread of resistant isolates resulting in the evolution of multi-drug resistant 

(MDR, non-susceptibility to one or more agents of at least three antimicrobial classes), exten-

sive drug resistant (XDR, non-susceptibility to at least one agent in all but two or fewer anti-

microbial classes) and even pan-drug resistant (PDR, non-susceptibility to all currently avail-

able agents in all antimicrobial categories) bacteria.4-6 Finally, the loss of treatment options 

prompted the World Health Organization (WHO) in 2017 to call for novel antimicrobial agents 

against priority pathogens including the ESKAPE group. Within this scope, carbapenem-re-

sistant A. baumannii was assigned priority level 1: critical.7  

1.1 The genus Acinetobacter 

The discovery of the genus Acinetobacter goes back to 1911 when Beijerinck cultivated an 

organism isolated from soil, which was initially named Micrococcus calcoaceticus.8 In 1954, 

the term Acinetobacter was introduced to separate the non-motile organisms from the genus 

Achromobacter.9 Advanced characterization eventually grouped several organisms under the 

genus Acinetobacter.10 Acinetobacter spp. are Gram-negative, strictly aerobic, non-fermenta-

tive coccobacilli.11 Because of their multiple habitats, they are considered as ubiquitous organ-

isms, which have been isolated from water and soil, from food products, from animals and as 

a part of the physiological skin flora.12-14 Remarkably, the carriage rate is particularly high 

among hospitalized patients, at up to 75%.14 Currently the genus Acinetobacter comprises 72 

validly named species.15
 Of these Acinetobacter spp., Acinetobacter baumannii, Acinetobacter 

calcoaceticus, Acinetobacter dijkshoorniae, Acinetobacter nosocomialis, Acinetobacter pittii , 

and Acinetobacter seifertii have a DNA-sequence homology of about 70% but cannot be phe-

notypically distinguished from each other in diagnostic settings using standard laboratory 
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based tests, therefore the species were combined in the A. calcoaceticus-A. baumannii-complex 

(ACBcomplex).16  

1.2 Epidemiology of A. baumannii 

Although natural habitats like avian populations and soil, as well as presence in domestic ani-

mals like cattle and pets have been discovered, A. baumannii is mainly associated with the 

healthcare setting.17 Moreover, intensive care units (ICU) are known reservoirs for MDR iso-

lates.11 In particular, carbapenem-resistant A. baumannii is assigned a special role, as treatment 

options are severely limited. Following the rankings of the WHO from 2017, the U.S. Centers 

for Disease Control and Prevention has listed carbapenem-resistant A. baumannii as one of the 

urgent threats among antimicrobial resistant organisms in their most recent antibiotic threats 

report from 2019.7, 18 According to the European Centre for Disease Prevention and Control, 

carbapenem-resistant A. baumannii causes sporadic hospital outbreaks in Germany, whereas it 

is already endemic in southern European countries like Portugal, Italy, and Greece (Figure 1).19 

 

Figure 1. Epidemiological stage of carbapenem resistant A. baumannii.19 
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1.3 Pathogenicity and virulence in A. baumannii 

Since A. baumannii is mainly recovered from specimens obtained from patients in intensive 

care units, it is associated with various nosocomial infections, especially among patients with 

severe comorbidities. The most common clinical manifestations associated with A. baumannii 

are ventilator-associated-pneumonia, bloodstream infections following invasive procedures, as 

well as wound and urinary tract infections, meningitis, and soft-tissue infections.11 However, 

since colonization with A. baumannii is more likely than infection, it is generally considered 

as an organism of low pathogenicity. Nevertheless, the course of infection can be serious. A. 

baumannii possesses several properties that confer pathogenicity, including lipopolysaccha-

rides (LPS) acting as ligands for Toll-like receptor 4,20 capsular polysaccharides that protect 

bacterial cells from complement-mediated killing,21 phospholipases C and D, which facilitate 

epithelial cell invasion and evasion of the host immune response,22 outer membrane vesicles 

secreting outer membrane protein A,23, 24 which induces adherence and invasion of epithelial 

cells as well as apoptosis in host cells,25 and siderophore systems such as acinetobactin that 

scavenges iron.26  

Adherence to abiotic surfaces like glass, polycarbonate, polystyrene, and stainless steel favors 

the emerge of biofilms even on medical equipment, as A. baumannii biofilms were detected on 

ventilation tubes, catheters, and consequently on artificial heart valves and orthopedic devices, 

as well within skin and soft tissue, wounds and occlusive dressings.27-30 Biofilms are complex 

surface-associated cell communities, induced by primary binding of single cells which are in-

fluenced by the negative charge of the bacteria as well as the hydrophobicity of components of 

the cell surface.31 This is followed by proliferation and accumulation. The cells encase them-

selves in an extracellular polysaccharide substance separated by fluid-filled channels, which 

results in the final formation of biofilms. An established biofilm has a complex three-dimen-

sional architecture enclosed in a protecting matrix creating an optimal environment for ex-

change of genetic material (e.g. resistance plasmids) between cells.32 An important step for 

propagation and persistence of the bacterial cell community is the ability of some cells to de-

tach from biofilm regions and disperse, thereby forming biofilms in new environmental niches. 

Moreover, mechanisms of antibiotic resistance in a biofilm differ from the mechanisms ob-

served in individual cells. Bacteria are less susceptible to antimicrobial agents when grown in 

a biofilm, because of poor agent penetration, as well as to other harmful conditions such as 

ultra-violet (UV) light, acid exposure, dehydration, and phagocytosis in comparison to plank-

tonic growing cells.33, 34 Analyses of mRNA expression have shown that the gene expression 
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pattern of biofilm forming A. baumannii cells is distinct from that of other modes of growth, 

including gene overexpression as well as genes expressed only in biofilms.35 

However, on wet surfaces many A. baumannii isolates reveal a motile phenotype, which is 

associated with virulence.36 A. baumannii motility is flagella-independent and driven by retrac-

tion of type IV pili.37 These appendages emanating from the surface of the outer membrane 

generate motor forces by assembling and disassembling.38 Furthermore, type IV pili are par-

ticipating in processes such as adherence to surfaces and biofilm formation.39 The dynamic 

nature of these filaments to elongate by polymerization and retract by depolymerization induce 

changes in the outer membrane and contributes to uptake of naked DNA from the extracellular 

environment, followed by transport across the cell envelope into the cytoplasm resulting in 

genetic transformation.40 This mechanism, described as natural competence, facilitates the ac-

quisition of novel resistance determinants by horizontal gene transfer. 

Moreover, its high propensity to environmental persistence has enabled A. baumannii to thrive 

in the hospital environment facilitating its dissemination.20, 41 Adaptation to stresses like des-

iccation was observed in clinical A. baumannii isolates, which still were viable after a period 

of about 100 days under dry conditions.42, 43 The composition of the outer membrane and the 

capsule, especially the presence of capsular polysaccharides enables A. baumannii to retain 

water and prevent desiccation.44, 45 

1.4 Antimicrobial resistance mechanisms in A. baumannii 

The fundamental mechanism of action of antimicrobial agents is to bind to its bacterial target 

site and to interfere with cellular processes like cell wall synthesis, protein biosynthesis, or 

nucleic acid replication (Figure 2). In this way, the various classes of antimicrobials available 

cause a slowdown of bacterial cell growth (bacteriostatic action) or lead to bacterial cell death 

(bactericidal action).  

A. baumannii has revealed a diverse set of intrinsic and acquired resistance mechanisms, which 

are based on enzymatic inactivation of the drug, alterations in the structure of antimicrobial 

target sites preventing binding of antimicrobial agents, and properties or devices that deny ac-

cess of an adequate amount of the antimicrobial agent to its target site.46  

Many resistance mechanisms act very specifically and accordingly confer resistance only to a 

single antimicrobial, or a single class of antimicrobial.47 This applies, for example, in the case 

of enzymatic inactivation. Prominent representatives of this mechanism are ɓ-lactamases, 
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which inactivate ɓ-lactam agents by hydrolysis of the amide bond of the ɓ-lactam ring. Thereby 

ɓ-lactamases prevent the inhibition of peptidoglycan crosslinking, which would otherwise 

cause impaired cell wall synthesis resulting in cell lysis. According to their mode of action, ɓ-

lactamases are divided into serine- and metallo-ɓ-lactamases, which either need a serine resi-

due or one or two zinc ions in their active centre, respectively.48 Every class of ɓ-lactamases 

can be present in A. baumannii, either chromosomally encoded and/or encoded on plasmids.49 

As the ɓ-lactam subclass of carbapenems is of particular importance for the treatment of A. 

baumannii infections, the emergence of carbapenem hydrolyzing ɓ-lactamases (car-

bapenemases) is concerning.50  

Furthermore, antimicrobial resistance can be caused by enzymatic modification of antimicro-

bials. This mechanism is based on the transfer of chemical groups like acyl-, phosphate-, nu-

cleotidyl-, and ribitoyl groups.51 Because they form large molecules with many hydroxyl and 

amide groups, aminoglycosides are particularly affected by these modifying enzymes. The an-

timicrobial action of aminoglycosides is caused by inhibition of protein synthesis induced by 

binding of aminoglycoside molecules to the 16S ribosomal RNA of the ribosomal 30S subunit. 

Drug modification inhibits binding to the ribosome and therefore decreases antimicrobial ac-

tivity of the drug. Three main classes of aminoglycoside-modifying enzymes have been de-

scribed: acetyltransferases, phosphotransferases and nucleotidyltransferases. These enzymes 

are highly diverse and rather specific to few agents.52  

An additional mechanism of resistance is the alteration of antimicrobial targets. This mecha-

nism is associated with resistance to compounds like quinolones and the subsequent fluoro-

quinolones. Quinolones inhibit DNA synthesis by binding to bacterial topoisomerases. Ac-

quired quinolone resistance genes encode pentapeptide repeat proteins that bind to topoisomer-

ases and thus protect them against binding of quinolones.53 However, in A. baumannii it is 

amino acid substitutions within the topoisomerase genes gyrA, gyrB, parC, and parE that are 

responsible for fluoroquinolone resistance.54  

Polymyxins like colistin are cyclic antimicrobial peptides used to treat infections caused by 

Gram-negative bacteria. Polymyxins bind to LPS and cause disruption of both cell membranes 

because of their hydrophobic tail.55 Modifications of LPS affect the binding of colistin. In par-

ticular, the addition of phosphoethanolamine to lipid A caused by overexpression of pmrC, 

which is induced by mutations within the two-component regulatory-system PmrAB, is asso-

ciated with colistin resistance.56, 57 
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As these mechanisms require specific adjustments of antimicrobial agents or targets, they are 

accordingly specific  to single antimicrobials or antimicrobial classes. Contrary to this, mecha-

nisms reducing the concentration of antimicrobials on their site of action affect a broad range 

of drugs. This can be established either by increased efflux activity or by reduced permeability. 

Due to rather small porins, which generally occur in relatively small numbers, the permeability 

of the A. baumannii outer membrane is strongly reduced compared to other Gram-negative 

organisms.58 Accordingly, reduced expression of outer membrane porins (OMPs) like CarO or 

OprD has been shown to be associated with antimicrobial resistance in A. baumannii.59, 60 

Efflux plays a major role in reduced susceptibility to tetracyclines and glycylcyclines. These 

antibiotics inhibit protein synthesis by binding to the 16S rRNA and inhibiting the binding of 

aminoacyl-tRNA to the mRNA-ribosome complex.61 Tigecycline was developed to overcome 

the main mechanisms of tetracycline resistance, such as acquisition of specific efflux pumps 

like TetA.62 However, A. baumannii tolerance to tigecycline is associated with overexpression 

of efflux pumps.63, 64 Additionally, modifications of tigecycline induced by the mono-oxygen-

ase TetX has been reported in various Gram-negative bacteria as a tigecycline resistance mech-

anism.65 

 

Figure 2. Antimicrobial resistance mechanisms. Bacterial strategies to reduce the harmful impact of antimicro-

bials: enzymatic antibiotic inactivation, modification of the antimicrobial target, target amplification, decreased 

antimicrobial influx, increased antimicrobial efflux. Reprinted with permission.66 

1.5  Acquisition of antimicrobial resistance 

The mechanisms of antimicrobial resistance are basically the result of the acquisition of anti-

microbial resistance genes or mutations in existing genetic information.67 The transmission of 
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nucleic acids is termed as horizontal gene transfer. This mechanism promotes the intra- and 

interspecies spread of antimicrobial resistance genes and is therefore of great importance for 

the emergence of MDR bacteria. Horizontal gene transfer takes place through conjugation, 

transduction, or transformation. Conjugation requires direct cell-to-cell contact by cell surface 

pili or adhesins and occurs unidirectionally. Accordingly, DNA, predominantly in the form of 

plasmids, is transferred from a donor to a recipient.68 Transduction is a bacteriophage-depend-

ent mechanism of transfer, whereas transformation describes the uptake of exogenous DNA, a 

process that has been observed in A. baumannii during motility (1.3).40, 69 

Depending on their location, insertion sequences (IS) like ISAba1 can act as resistance deter-

minants and are therefore also involved in the spread of antimicrobial resistance. IS are DNA 

sections, which contain a recombinase flanked by inverted repeats, and thus can be exchanged 

and spread between different genetic segments.70 IS elements exhibit different forms of re-

sistance conveyance. For example, a pair of IS elements can bracket a resistance gene and can 

be transmitted as a continuous transposon.71 In addition, some IS elements can increase the 

expression of genes whose natural expression does not confer resistance. If an IS element har-

boring a potent promoter is inserted upstream of a potential resistance gene, overexpression 

and subsequent resistance occurs. This form of resistance acquisition has been observed in 

carbapenem-resistant A. baumannii isolates that revealed IS-induced overexpression of the in-

trinsic blaOXA-51.
72 Furthermore, IS can insert themselves into genes, causing disruption and 

inactivation, and consequently affect the bacterial phenotype in terms of virulence and antimi-

crobial susceptibility.73 

In addition to IS elements, spontaneous mutations play an important role in the resistance-

correlated modification of existing genetic information. Desiccation and rehydration is associ-

ated with a substantial increase in mutation frequency, as these processes are associated with 

DNA lesions, such as alkylation, oxidation, cross-linking, base removal, and strand breaks.74 

In this regard, mutations altering promoter or regulator activity are connected to antimicrobial 

resistance.56, 57, 75 Hence, DNA altering mechanisms are a potential trigger for the development 

of antimicrobial resistance.76, 77  

1.6 Bacterial efflux pumps 

Efflux pumps were first characterized in Gram-negative bacteria in 1993.78 They are compo-

nents of the bacterial membrane that secrete intracellular metabolic waste products and harmful 

compounds out of the cell into the extracellular environment.79 More importantly, efflux pumps 
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increase bacterial tolerance to environmental conditions such as bile salts, detergents, dyes, 

heavy metals, organic pollutants, plant-produced compounds, and solvents.80-85 Furthermore, 

efflux pumps are suggested to lower the intracellular concentration of quorum sensing inducer 

molecules and therefore modulate virulence and pathogenesis.86 Since efflux pumps addition-

ally enable bacteria to survive high antimicrobial concentrations, they contribute to the re-

sistance phenotype. According to their amino acid composition and energy source, bacterial 

efflux pumps are categorized into six major groups, the adenosine triphosphate (ATP)-binding 

cassette (ABC) superfamily, the multi-drug and toxic compound extrusion (MATE) family, the 

major facilitator superfamily (MFS), the small multi-drug resistance (SMR) family, the prote-

obacterial antimicrobial compound efflux (PACE) family, and the resistance nodulation-cell 

division (RND) family (Figure 3).87-89 Although many efflux pumps are intrinsic to A. bau-

mannii and therefore chromosomally encoded, several examples for acquired efflux pumps are 

known.81, 90 Genes encoding for efflux pump proteins have been identified on mobile genetic 

elements, such as plasmids and transposons, or on resistance islands like AbaR1, which carries 

antimicrobial resistance associated efflux genes such as tetA and cmlA.91  

 

Figure 3. Schematic depiction of bacterial efflux families. The required energy for efflux activity provided by 

ATP hydrolysis (ABC family) or by ion antiport. The figure was adapted from Microbial Pathogenesis.92 

1.6.1 RND-efflux pumps 

Of the efflux families characterized so far, RND pumps have the highest clinical relevance. In 

particular, their broad substrate spectrum, including detergents, bile salts, and dyes and fre-

quently used antimicrobials, as well as antiseptics and disinfectants used in health care, assigns 
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this class a significant role.79, 93 RND-efflux pumps function as a tripartite complex containing 

an inner membrane transporter, an outer membrane channel or outer membrane factor (OMF), 

and a membrane fusion protein (MFP). The inner membrane transporter is essential for the 

function of the efflux system as it harbors three periplasmic binding pockets and consequently 

participates in substrate recognition, binding, and transport.94 They are structured as an asym-

metric homotrimer of which each monomer takes a different conformation corresponding to 

one of the three functional states (access, binding, and extrusion) of the transport cycle.95, 96 

These switch-like conformational changes of the transporter protomers are energized by the 

proton motive force across the cell membrane causing a functional rotation mechanism, which 

leads to an extrusion of the substrate through the distal part of the transporter into the outer 

membrane channel and consequently out of the bacterial cell.97  

In A. baumannii three chromosomally encoded RND-type efflux pumps (Ade-Acinetobacter 

drug efflux) have been characterized: AdeABC, AdeIJK, and AdeFGH. 

AdeABC efflux pumps 

AdeABC was the first characterized RND efflux pump in A. baumannii.98 AdeABC comprises 

the proteins AdeA (MFP), AdeB (transporter) and AdeC (OMF), which are encoded in an op-

eron consisting of the genes adeA, adeB, and adeC. However, previous studies have reported 

that the role of the outer membrane factor AdeC is not crucial for the functionality of the pump. 

Furthermore, the recruitment of another outer membrane component instead of AdeC to form 

a functional tripartite complex and similarly serve the purpose, as seen in a study about 

MexXY-OprM efflux pumps in P. aeruginosa, was suggested.99-101 AdeABC is polyspecific, 

and substrates included are aminoglycosides, fluoroquinolones, ɓ-lactams, chloramphenicol, 

trimethoprim, erythromycin, tetracyclines, glycylcyclines and ethidium bromide.100, 102, 103 

Therefore, AdeABC is considered as the major contributing factor to MDR among RND efflux 

pumps. This is particularly true when AdeABC is overexpressed. Although carbapenems are 

reportedly substrates of the pump, the role of the AdeABC in carbapenem resistance is still 

under debate and studies are inconclusive.104 Moreover, studies based on carbapenem suscep-

tibility testing in the presence and absence of efflux pump inhibitors, to enlighten the role of 

AdeABC in carbapenem resistance, came to contradictory results.59, 105-108 Carbapenem re-

sistance is mainly associated with the presence or overproduction of carbapenemases, but some 

studies revealed a correlation of carbapenemases with overexpression of RND efflux pumps. 

A study on OXA-23 producing A. baumannii isolates reported that an adeB deleterious mutant 
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lost resistance to meropenem.109 However, additional studies revealed that overexpression of 

AdeABC is proportional to the level of resistance in clinical isolates.107, 110  

 

Figure 4. Regulation of AdeABC by the two-component regulatory system AdeRS. External signals cause 

autophosphorylation of AdeS followed by phosphorylation of AdeR. Functional AdeR binds to the specific DNA 

sequence within a 168 bp intercistronic spacer between the start codons of adeA and adeR, which are encoded in 

opposite directions, to initiate gene transcription. Adapted from Ouyang et al. 2021 with permission.111 

The expression of AdeABC depends on the two-component regulatory system AdeRS, which 

is transcribed upstream, and in the opposite direction of AdeABC (Figure 4). Two-component 

regulatory systems are ubiquitous signal transduction proteins allowing cells to sense and re-

spond to environmental stimuli.112 The transmembrane sensor kinase undergoes conforma-

tional changes upon binding of an environmental stimulus causing ATP dependent autophos-

phorylation at a conserved histidine residue. Subsequently, the phosphate group is transferred 

to an aspartate residue of the corresponding response regulator, which then initiates expression 

of the respective gene.113 With regard to AdeRS, AdeS represents the sensor histidine kinase, 

which comprises two transmembrane N-terminal helices linked by a extracellular sensor do-

main (residue 34 ï 61), a histidine kinase, adenylyl cyclase, methyl-accepting chemotaxis pro-

tein and phosphatase (HAMP) domain (residue 84 ï 138), a dimerization histidine phos-

photransfer (DHp) domain (residue 146 ï 204), and a C-terminal catalytic ATP binding domain 

(residue 204 ï 357).111 To exhibit full histidine kinase activity, AdeS forms a homo-hexamer. 

In the event of activation induced by external stimuli, ATP hydrolysis of the catalytic domain 

is followed by an autophosphorylation at the conserved phosphorylation site histidine 149. The 

ƛƴǘŜǊŎƛǎǘǊƻƴƛŎǎǇŀŎŜǊ

мсу ōǇ
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corresponding response regulator AdeR consists of a receiver domain (residue 1 ï 127) and a 

DNA binding domain (residue 138 - 247) and is functional as a dimer. AdeR is activated by 

phosphoryl transfer from the AdeS histidine 149 residue to the AdeR phosphorylation site as-

partate 63 within the receiver domain (Figure 5). Finally, the DNA binding domain recognizes 

a 10 bp direct-repeat DNA sequence (AAGTGTGGAGNAAGTGTGGAG) of a 168 bp inter-

cistronic region between adeR and adeABC and acts as transcriptional activator.114, 115 The ex-

ternal signal responsible for transcription activation has to date not been identified. Moreover, 

studies revealed that the number of adeRS transcripts is not crucial for regulation of adeABC 

expression, as no linear correlation between expression levels of adeRS and adeB was identi-

fied.116 However, some mutations within adeRS are associated with increased adeABC expres-

sion and consequently antimicrobial resistance including amino acid substitutions in the re-

ceiver domain and the DNA binding domain of AdeR, as well as in the sensor domain, the 

HAMP domain, and the DHp domain of AdeS.63, 64, 87, 100, 117, 118 Additionally, truncation of 

AdeS by ISAba1 insertion has been shown to increase adeB expression and reduce antimicro-

bial susceptibility.63, 119, 120 

 

Figure 5. Schematic illustration of AdeS and AdeR activation. Upon external stimuli the AdeS catalytic domain 

induces autophosphorylation in the DHp domain at residue H149. Phosphoryl transfer to D63 of the receiver 

domain activates AdeR. Adapted from Ouyang et al. 2021 with permission.111   
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AdeIJK efflux pumps 

An additional common RND efflux pump in A. baumannii is AdeIJK composed of AdeI 

(MFP), AdeJ (transporter), and AdeK (OMF).67 This efflux pump has a comparably broad sub-

strate specificity including a partial overlap with AdeABC.102 Moreover, these two efflux 

pumps are found to show synergism for multiple antimicrobials. Knockouts of either AdeABC 

or AdeIJK led to increased antimicrobial susceptibility. Subsequently, the inactivation of both 

the efflux pumps showed a further increased susceptibility to antibiotics such as fluoroquin-

olones, tetracyclines, and tigecycline.87, 121 AdeIJK is assumed to be constitutively expressed 

and to contribute to reduced susceptibility to ɓ-lactams, such as ticarcillin, cephalosporins, and 

aztreonam, fluoroquinolones, tetracyclines, tigecycline, lincosamides, rifampin, chloramphen-

icol, cotrimoxazole, novobiocin, erythromycin, and fusidic acid. Additional substrates of 

AdeIJK are acridine, pyronine, safranine and sodium dodecyl sulfate.87, 121 Overexpression of 

AdeIJK above a certain threshold has been shown to be toxic.122 However, increased expres-

sion levels have been identified recently in clinical isolates associated with reduced antimicro-

bial susceptibility.63  

 

Figure 6. Structure of the TetRïDNA complex. Structures of homodimeric TetR. Blue: DNA-binding domains 

(helices Ŭ1 to Ŭ3). Green: helices affected by conformational changes upon binding of tetracycline (Ŭ4, Ŭ6, Ŭ9 

and to some extent Ŭ7). Red and grey: DNA.123 

The expression of adeIJK is regulated by constitutively expressed TetR-like repressor AdeN, 

which is encoded in a distance of 813 kb.122 The TetR-family represents a group of widespread 

transcriptional repressors of bacterial multi-drug efflux genes.124 TetR was first described as 

repressor of the MFS tetracycline resistance gene tetA.125 Similar to AdeIJK, TetA is toxic 

when overexpressed. Therefore, TetR represses the transcription very tightly in the absence of 

tetracycline by binding to the operator upstream of tetA.126 TetR harbors an N-terminal DNA-

binding domain presented by helices Ŭ1 to Ŭ3 containing a helix-turn-helix motif (Ŭ2 and 
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Ŭ3).127 Binding of tetracycline by hydrogen bonds to TetR residues 64 (Ŭ4), 82, 86 (Ŭ5) and 

116 (Ŭ7) induces conformal changes in helices Ŭ4, Ŭ6, Ŭ7, and Ŭ9, causing dissociation of the 

repressor DNA complex and subsequently induces transcription.123 Up to now, the detailed 

repression and dissociation mechanism of AdeN has not been characterized. However, it was 

shown that disruption by IS or deletion of adeN causes reduced antimicrobial susceptibility 

and elevated virulence in A. baumannii.63, 128  

AdeFGH efflux pumps 

The third RND efflux pump discovered in A. baumannii is AdeFGH, which also has the poten-

tial to affect antimicrobial susceptibility when overexpressed. Studies revealed that in strains 

missing AdeABC and AdeIJK, expression of AdeFGH was increased up to 300-fold but did 

not cause an MDR phenotype. On the other hand, a mutant exhibiting AdeFGH overexpression, 

in the presence of wildtype AdeABC and AdeIJK expression, revealed resistance to chloram-

phenicol, fluoroquinolones, and trimethoprim. Additionally, susceptibility to ɓ-lactams, tetra-

cyclines, tigecycline, and rifampin was decreased.129 Other substrates of AdeFGH are nalidixic 

acid, ethidium bromide, erythromycin and sodium dodecyl sulphate (SDS). Furthermore, it has 

been suggested that AdeFGH driven extrusion of quorum sensing molecules into the environ-

ment induces biofilm formation in an A. baumannii population.130  

 

Figure 7. Schematic representation of LTTR gene regulation. (1) Each one LTTR dimer bound at the RBS and 

at the ABS. (2) Interaction between the two LTTR dimers causes formation of a tetrameric protein and DNA 

bending. (3) Binding of RNA polymerase at the promoter region of the target gene. Transcription is not induced 

in the absence of a co-inducer. (4) Co-inducer binding to the LTTR tetramer causes reduction of DNA bend. 

Consequently, the LTTR tetramer is brought into contact with the RNA polymerase at the promoter site of the 

target gene initiating its transcription.131 
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The expression of AdeFGH is controlled by the LysR-type transcriptional regulator (LTTR) 

AdeL, which is encoded directly upstream of adeFGH and transcribed in opposite direction. 

LTTR are the most common transcriptional regulators among prokaryotes. LTTR are autoreg-

ulated and consist of a conserved N-terminal helix-turn-helix DNA-binding domain connect 

by a flexible hinge to a less conserved C-terminal effector-binding domain, which is divided 

in two subdomains (RD1 and RD2). Transcription is initiated by each one LTTR dimer binding 

to a regulatory binding site (RBS) and the adjacent activation binding site (ABS), forming a 

tetramer. Subsequently, an effector-mediated structural change within the tetramer finally in-

duces transcription by DNA-bending (Figure 7).131 It has been shown that mutations within 

adeL, as the deletion of the last 11 C-terminal residues, as well as the amino acid substitutions 

V139G and T319K, can cause overexpression of AdeFGH and consequently reduce suscepti-

bility to chloramphenicol, fluoroquinolones, tetracyclines, and tigecycline.129 

1.6.2 MATE  

Efflux pumps of the MATE superfamily can be found in eukaryotes and prokaryotes. These 

transporters form 12 transmembrane helices and depend on a Na+/cation or proton gradient.132 

The chromosomally encoded proton antiporter AbeM is the most prevalent 

MATE transporter in A. baumannii. AbeM displays a wide range of substrates including anti-

microbials such as fluoroquinolones, aminoglycosides, macrolides, and chloramphenicol.133  

1.6.3 MFS 

The major facilitator superfamily is ubiquitous in prokaryotes and eukaryotes. MFS pumps are 

gradient-dependent antiporters that usually are rather substrate specific. Examples of MFS ef-

flux pumps in A. baumannii are AmvA, CmlA, CraA, FloR, TetA, and TetB. AmvA mainly 

contributes to efflux of substrates like detergents, disinfectants, and dyes. Additionally, it was 

shown that erythromycin belongs to its substrates, as inactivation of the amvA gene decreased 

the erythromycin minimum inhibitory concentration (MIC).134 CmlA and FloR are encoded on 

the AbaR1 resistance island in A. baumannii and are associated with resistance to chloram-

phenicol and florfenicol, respectively.91 The efflux activity of CraA is limited to chloramphen-

icol only and is assumed to contribute to intrinsic chloramphenicol resistance of A. baumannii 

as it is found in the majority of isolates.135 TetA and TetB are acquired MFS pumps and the 

most prevalent tetracycline efflux pumps in A. baumannii.136-138 TetA is mainly associated with 

tetracycline resistance only, but it was shown recently that some TetA variants may contribute 
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to efflux of tigecycline in synergy with RND pumps.87, 139 TetB on the other hand, mediates 

resistance to tetracycline and minocycline.87  

1.6.4 SMR 

SMR efflux pumps are small dimers exhibiting different orientation for each monomer.140 The 

chromosomally encoded SMR pump AbeS has been shown to efflux acriflavine, acridine or-

ange, benzalkonium, deoxycholate, and SDS as well as conferring resistance to the antimicro-

bials chloramphenicol, fluoroquinolones, erythromycin, and novobiocin.141 Another SMR ef-

flux pump in A. baumannii is QacE which is associated with resistance to quaternary ammo-

nium compounds and is encoded as part of the AbaR1 resistance island.91, 142  

1.6.5 ABC 

ABC transporters are one of the most common efflux pump types and are present in eukaryotes 

and prokaryotes. They represent the only transporter family using ATP hydrolysis as an energy 

source.143, 144 ABC transporters contribute to efflux of amino acids, peptides, lipids, polysac-

charides, and oligonucleotides as well  as antimicrobials.145, 146 The ABC transporter MacAB 

was first described in E. coli and is also the main ABC efflux pump in A. baumannii.147 It is 

regulated by the two-component regulatory system BaeSR and consists of the membrane fusion 

protein MacA, the ABC transporter protein MacB, and the outer membrane protein TolC.148 

The main substrates of the MacAB-TolC complex are erythromycin and gramicidin.149 

1.6.6 PACE 

PACE family efflux pumps are the most recent type of efflux pumps identified in A. bau-

mannii.150 PACE efflux pumps are widespread in many Gram-negative bacteria and are mainly 

associated with increased tolerance to biocides used as disinfectants and antiseptics.151 AceI 

was the first discovered PACE efflux pump and was identified in response to chlorhexidine, 

which is needed to induce formation of a functional AceI dimer.89, 152  

1.7 Efflux  pump inhibition  

Efflux pump inhibitors (EPIs) are compounds that inhibit efflux pumps, reduce substrate ex-

port, and therefore induce intercellular accumulation of the corresponding compound. Conse-

quently, EPIs have the potential to increase antimicrobial activity in MDR bacteria.117, 121, 129 

However, the use of EPIs as a combination therapy with antibiotics is extremely difficult, as 

many efflux pump families are also essential in eukaryotes and inhibition would have harmful 
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implications for patients. There are two main mechanisms of EPIs, either by direct binding to 

the efflux pump or by energy dissipation.153 Binding of EPIs can be competitive on the sub-

strates binding site, or non-competitive if binding of the inhibitor causes a decrease on the 

affinity of the pump towards its substrate. 

Phenylalanine-arginine-ɓ-naphthylamide (PAɓN) was the first synthetic RND pump inhibitor 

increasing levofloxacin, erythromycin, and chloramphenicol but not tetracycline MICs in P. 

aeruginosa by binding to MexAB, MexCD, and MexEF pumps in a competitive manner.154 

Verapamil is usually used as in the treatment of hypertension and acts as ion channel blocker. 

It was found to inhibit MATE efflux in Mycobacterium tuberculosis by binding to the active 

site of the efflux protein.155 1-(1-napthylmethyl)-piperazine (NMP) was first described to in-

hibit the E. coli AcrAB-TolC RND efflux pump by inducing conformational changes by bind-

ing.156 In A. baumannii, NMP was shown to increase susceptibility to fluoroquinolones and 

tigecycline.157, 158  

Since efflux pumps depend on cellular energy, decoupling of energy sources is an effective 

way to impair efflux activity. This kind of inhibition does not require direct interaction between 

inhibitor and efflux pump. Carbonyl cyanide m-chlorophenyl-hydrazone (CCCP) is an iono-

phore that disrupts the proton motive force, which also inactivates bacterial metabolism. CCCP 

has been shown to restore ciprofloxacin susceptibility in A. baumannii.159 However, its toxicity 

to mammalian cells prevents the clinical use of CCCP.153 

The substance IITR08027 has been reported as a possible inhibiter against the MATE efflux 

pump AbeM in A. baumannii, as it restores fluoroquinolone susceptibility in resistant isolates 

by disrupting the proton gradient. Moreover, the compound is found to exhibit low cytotoxi-

city.160  

Next to synthetic efflux pumps, several naturally derived efflux pump inhibitors have been 

described. Epigallocatechin 3-gallate (EGCG), reserpine, and polyamine agents are thought to 

hinder efflux by direct binding to the outer membrane channel or the pump section, respec-

tively.161, 162 163 

As nanoparticles are associated with antimicrobial activity, studies have been carried out to 

determine their role as efflux pump inhibitors. Tocopherol polyethylene glycol succinate-

capped silver nanoparticles have been reported to inhibit efflux in A. baumannii by addressing 

the expression of RND efflux pump genes adeB and adeJ.164 Furthermore, copper nanoparticle-



Introduction 

17 

capped with N-lauryltyramine are implied to exhibit efflux inhibition, since they caused re-

duced ciprofloxacin and ethidium bromide MIC in A. baumannii and E. coli.165 

An additional approach to inhibit efflux activity is the use of bacteriophages. Bacteriophages 

might become an alternative to antimicrobials and represent a possibility to overcome antimi-

crobial resistance. They bind to bacterial host cells at membrane proteins. Therefore, OMF of 

RND-type efflux pumps are potential receptors for bacteriophages, causing impaired efflux 

activity.166 

1.8 Aim of the study 

Efflux of A. baumannii, particularly that driven by pumps of the RND family, is of high clinical 

relevance because it mediates tolerance to a broad spectrum of potentially harmful substrates, 

including antimicrobials along with antiseptics and disinfectants widely applied in healthcare 

facilities. Therefore, gaining insight into regulatory mechanisms of RND efflux is of critical 

importance. 

The aim of this thesis was to investigate the regulation of the AdeABC, AdeIJK, and the  

AdeFGH efflux pumps in A. baumannii. Specifically, the following topics were addressed: 

¶ Identification of alterations within regulatory genes associated with increased RND ef-

flux activity and determination of their respective prevalence based on a comprehensive 

collection of worldwide obtained isolates. 

¶ Characterization of frequently identified alterations in terms of antimicrobial suscepti-

bility, RND pump expression, and efflux activity, based on genetical modification of 

well characterized A. baumannii reference strains.  

¶ Application of various reporter systems to investigate the expression of regulatory 

genes under different conditions of growth. 

 



Experimental concepts 

18 

2 Experimental concepts 

The results of this thesis are based on the step-by-step development and execution of a work-

flow algorithm enabling the identification and characterization of mutations within RND-type 

efflux regulatory genes. Additionally, experiments to investigate regulator expression were 

carried out. The methodological approach will be described below. 

2.1 Identification of RND-type regulatory mutations 

In order to identify mutations within RND efflux regulatory genes that may cause increased 

efflux pump expression, and thereby contribute to the antimicrobial resistance phenotype, a 

workflow based on the detection algorithm by Gerson et al. was used, which aimed to identify 

mutations contributing to colistin resistance.56 

Tigecycline tolerance is a reliable indicator of increased efflux activity, as efflux is the main 

mechanism for increased tolerance to tigecycline in A. baumannii. Up to now, no tigecycline 

breakpoints for A. baumannii are available and therefore the tested isolates were categorized 

as exhibiting low (Ò 0.5 mg/l) or high (> 0.5 mg/l) tigecycline MICs based on the EUCAST 

breakpoints for Enterobacterales.167 

The phenotypic classification of the A. baumannii isolates was combined with analysis of cor-

responding DNA sequences obtained by whole-genome sequencing (WGS). Therefore, total 

DNA from the bacterial isolates was extracted and used for short-read sequencing on an Illu-

mina MiSeq platform. The obtained raw reads were de novo assembled with the Velvet assem-

bler (version 1.1.04). The molecular epidemiology was investigated using a validated core ge-

nome MLST (cgMLST) scheme, using SeqSphere+ version 7.0.4 software (Ridom, Münster, 

Germany).168  

2.1.1 Initial assessment of genetic polymorphisms  

Identification of alterations in the genes encoding RND-type efflux regulators associated with 

increased tigecycline MICs was performed by comparing DNA and amino acid sequences of 

isolates with high tigecycline MIC to low tigecycline MIC isolates of the same collection. DNA 

and amino acid sequences of RND-type efflux pump regulatory genes adeRS, adeN and adeL 

were analyzed using MultAlin. 169 Any alteration not identified exclusively in high tigecycline 

MIC isolates (for example also found in a reference strain or a low tigecycline MIC isolate), 

was classified as a genetic polymorphism not contributing to increased efflux activity and was 



Experimental concepts 

19 

therefore excluded. Mutations within regulatory genes that only occurred in high tigecycline 

MIC isolates were assessed as putative resistance mutations and subsequently further analyzed. 

Furthermore, the bacterial genomes were screened for the most prevalent IS elements in A. 

baumannii using the bioinformatics tools IS-Finder and IS-Mapper.170, 171  

2.2 Methodological approaches for analyzing putative resistance mutations 

Characterization of amino acid substitutions suspected to increase the expression of RND ef-

flux pumps was based on two different approaches. One way is the comparison of clinical 

isolate pairs, which were genetically identical apart from a single nucleotide exchange causing 

a relevant amino acid substitution within a RND efflux regulator. If no suitable isolate couple 

was available, characterization was carried out by genetic manipulation of reference strains, 

which is described in the following. 

2.2.1 Genetic modification of A. baumannii reference strains 

The wildtype regulator of A. baumannii reference strains ATCC 17978 and ATCC 19606 was 

deleted via markerless mutagenesis.172 For recomplementation of knockout strains, the adeRS 

backbones of the A. baumannii reference strains ACICU and ATCC 17978 were fused to the 

shuttle vector pJN17/04.64 The obtained adeRS shuttle plasmids were subjected to site-directed 

mutagenesis to exchange single nucleotides within the sequence of adeRS to induce the desired 

amino acid substitutions. Primers for PCR amplification of the plasmid including the corre-

sponding nucleotide exchange were designed using the online tool NEBaseChanger.173 Sanger 

sequencing (LGC Genomics GmbH Berlin, Germany) was used to confirm the correct nucleo-

tide exchange. Subsequently, wildtype and modified adeRS shuttle vectors were transformed 

into A. baumannii ATCC 17978 æadeRS. 

2.2.2 Characterization of putative resistance mutations 

To analyze the impact of the specific regulator alterations, complementary isolate couples were 

compared in terms of antimicrobial susceptibility, expression of the RND efflux pump, and 

efflux activity. 

Antimicrobial susceptibility testing 

Susceptibility to tetracycline, gentamicin (SigmaïAldrich, Steinheim, Germany), meropenem,  

amikacin, minocycline, rifampicin (Molekula, Newcastle upon Tyne, UK), levofloxacin 

(Sanofi Aventis, Frankfurt, Germany), ciprofloxacin (Bayer Pharma AG, Berlin, Germany), 
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azithromycin (Pfizer Pharma GmbH, Münster, Germany), chloramphenicol (Serva, Heidel-

berg, Germany) and erythromycin (AppliChem, Darmstadt, Germany) was tested by agar di-

lution following the current CLSI guidelines.174 Minimal inhibitory concentrations for tigecy-

cline (Molekula, Newcastle upon Tyne, UK) were determined by broth microdilution following 

the CLSI guidelines.174 

Quantification of gene expression  

Expression of adeB was evaluated by semi-quantitative real-time PCR (qRT-PCR) as described 

previously.175 The DNA-directed RNA polymerase subunit beta gene rpoB was used as a ref-

erence gene, and its expression was quantified simultaneously with adeB expression. Statistical 

analysis was based on an unpaired t-test using the recorded absolute values. 

Determination of efflux activity  

The AdeABC substrate ethidium bromide was used to investigate efflux activity. Correspond-

ingly, the fluorescence of prepared cell suspensions containing 10 µM ethidium bromide was 

measured in an Infinite M1000 PRO plate reader (Tecan, Crailsheim, Germany) every 15 s 

over a period of 30 min. The plate reader was set to an excitation wavelength of 530 nm and 

an emission wavelength of 600 nm. Accumulation studies were carried out with and without 

the proton motive force uncoupler CCCP (Sigma-Aldrich), used at a final concentration of 

500 µM.  
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Figure 8. Schematic overview of the course of mutation analyses. Isolates were subjected to WGS and antimi-

crobial susceptibility testing. RND efflux pump and regulatory genes were compared between low and high 

tigecycline MIC isolates. Genetic alterations limited to high tigecycline MIC isolates were considered to be asso-

ciated with increased RND efflux pump expression and therefore investigated further. This detailed characteriza-

tion was either based on induction of the specific mutation in reference strains, or clinical isolate pairs, which 

were identical except from the mutation that was to be analyzed. Characterization was performed by determining 

the change in RND efflux pump expression, efflux activity, and antibiotic susceptibility. 

2.3 Expression studies 

Expression of RND efflux pumps or regulators was investigated by using different reporter 

systems, i.e. LacZ, luciferase, and GFP. The A. baumannii ATCC 17978 genome sequence was 

used for primer design for reporter plasmid generation. The designed primers amplify the up-

stream region of RND efflux pump or regulator operons containing the putative promoters. 

Primers were designed so that after the fusion of the target promoter-region and the reporter 

gene does not disturb the open reading frame of the respective promoterless reporter gene (lacZ, 
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luxCDABE, sfgfp). An empty vector control and a carO transformant was included as negative 

and positive control, respectively, for each reporter system. 

LacZ 

One reporter appointed in this way was the ɓ-galactosidase gene lacZ of the reporter plasmid 

pIG14/09. For visualization of gene expression, the lactose analogue X-gal (5-bromo-4-chloro-

3-indolyl-ɓ-D-galactopyranoside) was used, which is hydrolyzed by ɓ-galactosidase to galac-

tose and 5-bromo-4-chloro-3-hydroxyindole. This by-product in turn forms dimers and is oxi-

dized to the insoluble dark blue colored precipitate 5,5ô-dibromo-4,4ô-dichloro-indigo. The ɓ-

galactosidase activity was determined in combination with different growth media like Luria 

Bertani (LB) and Mueller Hinton (MH) agar plates and broth, as well as motility agarose, sup-

plemented with X-gal (40 mg/ml). Correspondingly, expression of the respective genes of in-

terest was indicated by formation of blue colonies. 

GFP 

Additionally, the green fluorescent protein (GFP) was used to investigate gene expression. Pro-

moter regions were fused to the reporter plasmid pWH1266::sfgfp.176 GFP is a small protein 

originally obtained from the jellyfish Aequorea Victoria, which emits a fluorescent signal when 

excited by UV light without the dependency of exogenous substrates. In this study, an advanced 

GFP version was used. Since the temperature factor affects the reliability of the original GFP 

reporters, a more robust GFP derivative was developed, which is called superfolder GFP 

(sfGFP). This protein exhibits increased thermal stability and better resistance to chemical de-

naturation compared to conventional GFP.177 Detection of gene expression using this sfGFP 

reporter system requires detection of emission at 535 nm after excitation at 483 nm. 

Luciferase 

The luciferase reporter plasmid pLPV1Z was kindly provided by Massimiliano Lucidi (De-

partment of Engineering, University Roma Tre, Rome, Italy).178 The genes of the luciferase 

operon luxCDABE originate from Xenorhabdus luminescens. This bioluminescence reporter 

has the advantage that both the luciferase (encoded by luxAB) and the machinery responsible 

for synthesis of the long-chain aldehyde substrate that is essential in the bioluminescence re-

action (encoded by luxCDE) are located on one operon and no additional substrate is re-

quired.179 In this way the expression of luciferase complies with the genes to be investigated. 
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Figure 9. Reporters used to monitor RND efflux pump and regulator expression under different modes of 

growth.  

2.4 Investigation of the motile phenotype in A.baumannii 

Motility describes the movement-dependent spread of bacteria over wet surfaces. In A. bau-

mannii, motility can exhibit different forms such as surface motility and twitching motility, 

which can be observed at the interphase between the bottom of the petri dish and the medium.40 

Motility experiments were carried out using a semi-solid growth medium composed of 0.5% 

agarose, 5 g/l tryptone, and 2.5 g/l NaCl.37 Depending on the applied assay (gene expression 

analysis, antimicrobial susceptibility testing, and investigation of natural competence) addi-

tional supplements were added. If not stated otherwise, 2 µl of McFarland (McF) 0.5 bacterial 

suspensions were inoculated on the surface of the agarose or stab-inoculated. Motility was 

observed after 24 h incubation at 37 °C with increased humidity to prevent the medium from 

drying out. 
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3 Results 

Since the present thesis constitutes a cumulative dissertation, some of the results are presented 

in the form of the corresponding prepared publications in the respective sections. The following 

provides a summary of the individual subchapters. 

In the course of this work the regulatory aspect of increased RND efflux in A. baumannii was 

investigated. Therefore, a worldwide collection of clinical carbapenem-resistant A. baumannii 

isolates was analyzed for mutations causing increased tigecycline tolerance, which is an indi-

cator for increased efflux activity (3.1). Subsequently, a selection of RND regulator amino acid 

substitutions were characterized in terms of their impact on RND efflux pump expression, ef-

flux activity, and antimicrobial susceptibility (3.2. and 3.3). Additionally, studies to analyze 

the impact of the regulatory genes adeN and adeL were carried out based on genetic knockouts 

in A. baumannii ATCC 19606 (3.4). Moreover, expression of RND regulatory genes was de-

termined under different growth conditions using reporter plasmids (3.5) and the relation be-

tween the two-component regulatory system AdeRS, motility, and natural competence was 

investigated (3.6). 

3.1 Prevalence of RND efflux pump regulator variants associated with tigecycline  

resistance in carbapenem-resistant A. baumannii from a worldwide survey 

Purpose of the study presented in the publication attached below, was to detect mechanisms 

causing reduced tigecycline susceptibility in 113 genetically unique carbapenem-resistant A. 

baumannii isolates obtained from a global collection between 2012 and 2016. The main focus 

was on RND-type efflux regulatory genes that were investigated for putative efflux increasing 

mutations. The most frequently identified mechanism associated with reduced tigecycline sus-

ceptibility was the disruption of the AdeIJK repressor adeN, either by IS elements or nucleotide 

deletions causing premature stop codons. However, less frequent amino acid substitutions and 

disruption by IS elements within the two-component regulatory system adeRS, which regulates 

expression of the AdeABC efflux pump, were found to correlate with comparatively higher 

tigecycline MICs. Furthermore, an altered version of tviB, which contributes to capsular poly-

saccharide synthesis, was identified. Other previously identified mechanisms, as for example 

the presence of tet(A) and tet(X), as well as mutations in putative resistance determinants trm, 

plsC, rrf , msbA and genes encoding 30S ribosomal proteins, were not identified in any isolate. 
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Our data provide the foundation for further investigation of regulator alterations and their con-

tribution to increased efflux and reduced antimicrobial susceptibility. 

My contribution to the following publication was conception of the analysis, antimicrobial sus-

ceptibility testing, sequencing data analysis, data interpretation and composing the manuscript. 

Preliminary data of this study were presented at the 29th ECCMID, Amsterdam, April 2019, 

and the 71st DGHM-Conference, Leipzig, March 2020. 
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Supplementary data 

Figure S1. Relative distribution of tigecycline MICs assigned to adeN and adeRS alterations. 

 

Figure S2. Distribution of tigecycline MICs assigned to RND-type efflux regulatory gene  

alterations. 
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Figure S3. Analysis of tviB using MultAlin. Resistant (R) and susceptible isolates (S) of  

different international lineages (IC) have been aligned for detection of resistance patterns. 

 

 


