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Abstract 

The antimicrobial resistance (AMR) crisis represents one of the greatest challenges to modern 

medicine this century and threatens a return to the pre-antimicrobial era. It is evident that novel 

therapeutic options are required. Multidrug efflux pumps are ancient integral membrane 

transporters that provide a direct avenue for the polyspecific export of noxious compounds out of 

the cell, including antimicrobial therapeutics, thus promoting cell survival under antimicrobial 

challenge. Advances in genome sequencing and genomic techniques have allowed researchers to 

sequence, screen, identify and characterise drug efflux systems of novel bacterial isolates at 

exceptional rates. Furthermore, advances in single cell technology have provided a unique 

opportunity to study subtleties in heterogeneous efflux function at the single-cell level. 

Acinetobacter baumannii is a Gram-negative coccobacillus that is classified as a global top priority 

for the development of novel antimicrobials. A. baumannii infections are opportunistic and 

primarily affect the most critically ill patients. The emergence of multidrug resistant A. baumannii 

isolates is a significant unsolved public health problem.  

The work presented in this thesis explores a range of high-throughput genomic techniques to 

further understand antimicrobial resistance in this pathogen. Transposon directed insertion 

sequencing was used to investigate the core fitness genes that confer biocide tolerance in 

A. baumannii. Transcriptomics explored the global gene response to subinhibitory concentration 

exposure of tetracycline and ciprofloxacin on planktonic and biofilm cultures of A. baumannii.  

The high-throughput genomic analyses identified various hypothetical membrane proteins of 

unknown function that were important for antimicrobial fitness that could potentially represent 

new drug efflux pumps. Investigations in this thesis focused on three novel membrane proteins 

that were important for fitness under subinhibitory silver nitrate exposure in A. baumannii. The 

ABC-2 transporter, YadGH, the ArAE transport protein, ABUW_0700 and the DUF817 family 

protein, ABUW_1191 were found to be highly conserved in regions related to cell envelope 

homeostasis, redox and virulence respectively. Heterologous expression in Escherichia coli 
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provided evidence for multidrug resistance phenotype and acriflavine efflux activity in comparison 

to the empty vector controls. Microscopy, flow cytometry and lipid composition analyses 

suggested that YadGH conferred various pleiotropic effects on the cell envelope. Further 

experimental work will be required to clarify whether these membrane proteins are multidrug 

efflux pumps or confer drug resistance via indirect effects on the cell envelope.  

Advances in single-cell technology provide a unique opportunity to study heterogeneity of efflux 

activity at the individual cell level. In this thesis, we provide a proof-of-concept study where we 

designed a microfluidic chip that allows for the direct visualisation and quantitation of 

heterogeneous efflux rates of individual cells in an isogenic bacterial population. To validate this, 

we studied real-time R6G efflux heterogeneity in a wild-type population of E. coli cells and 

discover a broad distribution of different efflux rates in individual cells. Furthermore, our 

technique enabled visualisation of heterogeneous R6G efflux cycles at the single-molecule level.  
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Chapter 1: General Introduction 

1.1 Antimicrobial resistance 

Antimicrobial resistance (AMR) is defined as the ability of once susceptible microbes, including 

bacteria, to develop molecular mechanisms to confer resistance to once effective therapeutic 

antimicrobial compounds used in the treatment of infectious disease. In 1929, the first clinical 

antibiotic, penicillin, was discovered (1). In 1940, the first mechanism concerning penicillin 

resistance was attributed to the presence of an endogenous hydrolytic enzyme, known as 

penicillinase (2). Since this point, there has been an exponential rise in the emergence of multi-

drug resistant (MDR) bacterial pathogens, non-susceptible to three or more antimicrobial classes, 

and pan-drug resistant (PDR) bacterial pathogens, non-susceptible to all antimicrobial categories 

isolated from clinical environments (3, 4). In 2019, 1.27 million deaths worldwide were attributed 

to AMR infections, where 73% of total deaths were attributed to infections caused by Escherichia 

coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Pseudomonas 

aeruginosa or Acinetobacter baumannii (3). MDR resistant isolates have been reported for all 

species listed above (5–10). Recently, the World Health Organisation published a list of priority 

bacterial pathogens for which there is an urgent and essential need for novel therapeutics, due to 

the limited prevention opportunities and therapeutic options available today to effectively treat 

infections caused by these pathogens (11). The top three priority pathogens listed includes 

carbapenem-resistant A. baumannii and P. aeruginosa and extended-spectrum β-lactamase 

producing Enterobacteriaceae spp. (11). Furthermore, pan-drug resistant (PDR) isolates of 

A. baumannii and P. aeruginosa have been reported (5, 6). Regrettably, these organisms act as 

opportunistic pathogens that afflict the most vulnerable patients with high rates of morbidity and 

mortality. Therefore, the emergence of PDR isolates of these species is of grave concern (5, 6).  
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A large number of therapeutic options used to treat bacterial infections today were discovered 

between 1950-1960, known as the golden era of antibiotic discovery (12). Research and discovery 

into novel therapeutic options has stalled since this era, despite the rise and prevalence of AMR. 

This is partly due to the fact that antimicrobial research and development are not a profitable 

venture for many major pharmaceutical companies; prescription lifetimes are expected to be short, 

strict pricing regulations exist and the rate of antimicrobial resistance development is extremely 

fast, hence, any novel therapeutics developed are likely to become irrelevant, and thus 

unprofitable, within a very short period of time (13). In addition, the abundance and misuse of 

remaining antimicrobials by humans and in livestock industry has rapidly accelerated the 

emergence of AMR worldwide (14). The current shortage in novel antimicrobial therapeutic 

options and rise of antibiotic misuse in clinical and community environments threatens the return 

of modern medicine back to the pre-antibiotic era (14). It is evident that novel therapeutics are 

essential to combat AMR. However, it is also imperative to investigate the specific mechanisms 

which drive and confer drug resistance to these pathogens to identify novel therapeutic targets for 

antibiotic research and development, and rational design of novel and effective antimicrobial 

therapies to combat AMR. 

1.2 Mechanisms of antimicrobial resistance in bacteria 

To defend against antimicrobial challenge, bacteria can achieve antimicrobial resistance through 

several distinct mechanisms. These mechanisms can either be intrinsic — through structural and 

functional differences that allow the bacteria to be inherently insensitive to certain antimicrobials 

— or adaptive — through mutational changes in the chromosome or acquired from the 

environment by horizontal gene transfer of mobile genetic elements harbouring resistance genes. 

Mechanisms in which drug resistance can be accomplished includes antimicrobial inactivation and 

modification, target modification, protection, and bypass, as well as reduced permeability of the 

cell envelope and increased drug efflux activity by transporters. These different mechanisms of 

antimicrobial resistance are briefly described below and surmised in Figure 1. 
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Figure 1: Schematic overview of antimicrobial resistance mechanisms in bacteria. Antimicrobials 

that penetrate the cell membrane to enter the cytoplasmic space can be inactivated in three distinct 

methods: expression or acquisition of enzymes that catalyse the degradation of an antimicrobial 

compound (1); expression or acquisition of enzymes modify the chemistry of the molecules and 

prevent target binding (2); and antimicrobial inactivation through drug-binding proteins to 

sequester the antibiotic and prevent access to the target (3). Accumulation of antimicrobial can be 

reduced by three methods: active drug efflux through direct transport of an antimicrobial out of 

the cell (4); lowered permeability through decreased expression and modification of non-specific 

outer-membrane proteins (5); and intrinsic and adaptive resistance due to presence and 

modification of outer-membrane lipids to reduce antimicrobial entry (6). Antimicrobial resistance 

can also be achieved through modification of protein target to prevent antibiotic binding (7); target 

protection to release and rescue protein targets from antimicrobial action when bound (8); and 

overproduction of target to minimise toxic effects of antimicrobials within the cell cytoplasm (9). 
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AMR can be intrinsic, adaptive through selective pressures or acquired from foreign DNA and 

resistance plasmids that carry AMR genes (10, 11). Figure created with BioRender.com. 

1.2.1 Drug inactivation and modification 

One of the first mechanisms of antibiotic resistance reported was the direct inactivation and 

degradation of an antibiotic compound to mediate resistance (2). In this mechanism, drug 

inactivation is mediated by degrading or modifying an antimicrobial by expressing endogenous 

enzymes to break covalent bonds (hydrolases, lyases, epoxidases and mono-oxidases), reduce 

antibiotics to ineffective forms (reductases), form inactive mutants to prevent pro-drug activation 

or transfer bulky functional groups to prevent target binding by means of steric hinderance 

(transferases) (15). Due to the diversity of drug inactivating enzymes reported, specific examples 

of antibiotic degradation and modification are provided in Table 1. Drug inactivation can also be 

achieved through antimicrobial sequestration where drug-binding proteins bind an antimicrobial 

with high-affinity to prevent the antimicrobial from binding to the target. Drug sequestration 

examples include the bleomycin binding genes tmlA, blmA and zmbA of Streptoalloteichus 

hindustanus, Streptomyces verticillus and Streptomyces flavoviridis (16). 
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Table 1: Examples of drug degradation and modification mechanisms 

Antimicrobial  Degradation Mechanism Source 
β-lactams Hydrolysis via β-lactamases Hydrolysis of the amide of the four-membered β-lactam ring (17) 

Macrolides Hydrolysis by macrolide esterases  Hydrolysis of macrolactone ring  (18) 

Fosfomycin Hydrolysis by fosfomycin epoxidases or 
thiol transferases 

Hydration of oxirane ring by epoxidase activity or thiol 
transfer and oxirane ring degradation by (FosA/B)  

(19) 

Tetracycline Mono-oxidation by tetX 
monooxygenase enzymes 

Incorporation of -OH and degradation of unstable 
intermediate 11A-hydroxyltetracycline  

(20) 

Rifamycins Mono-oxidation by rox monooxygenase 
enzymes 

Linearisation by incorporation of -OH in naphthyl group of 
rifamycin 

(21) 

Streptogramins Ester bond cleavage via ring opening 
lyases  

C-O bond cleavage and linearisation of streptogramin B (22) 

Antimicrobial  Reduction Mechanism Source 
Nitrofurans Loss-of-function nitro-reductase activity Pro-drug remains inactivated and unable to exert 

antimicrobial activity 
(23) 

Nitroimidazoles Loss-of-function nitro-reductase activity Pro-drug remains inactivated and unable to exert 
antimicrobial activity 

(24) 

Chloramphenicol Nitroreduction  Reduction of nitro-group to inactive form of amino-
chloramphenicol 

(25) 

Antimicrobial  Modification Mechanism Source 
Aminoglycoside Acylation by aminoglycoside N-

acetyltransferases 
Acetylation of aminoglycoside amine (-NH2) groups at 
position 1’, 2’,3’ or 6’ in the presence of acetyl coenzyme A 

(26) 

 Phosphorylation by aminoglycoside O- 
phosphotransferases 

Phosphorylation of aminoglycoside at hydroxyl groups in 
position 2,3,4,6,7 and 9 by transfer of phosphate group 

(26) 

 Nucleotidylation by aminoglycoside O-
nucleotidyltransferases 

Adenylation of aminoglycoside hydroxyl moieties at position 
2,3,4,6 and 9 by transfer of AMP in the presence of ATP 
donor molecule 

(26) 
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Table 1 (continued) 

Antimicrobial  Modification Mechanism Source 
Macrolides Phosphorylation Phosphorylation at the macrolide hydroxyl moiety in the 

desosamine sugar 
(27) 

 Glycosylation Transfer of UDP-glucose to glycosylate 6-deoxyhexose of the 
macrolactone ring 

(28) 

Lincosamides Nucleotidylation by lincosamide o-
nucleotidyltransferases  

Nucleotidylation of lincosamide hydroxyl moiety at position 
3 or 4, in the presence of nucleotide 5’ triphosphate and 
magnesium co-factor 

(29, 30) 

Rifamycin Glycosylation Glycosylation at hydroxyl moiety at carbon 23 by rgt genes 
to form inactive glycosylated derivative 

(31) 

 Phosphorylation Phosphorylation at hydroxyl group at carbon 21 to form 
inactive phosphorylated derivative by rph genes 

(32) 

 ADP-ribosylation by ADP-
ribosyltransferase enzymes (arr) 

Arr enzyme stabilises the hydroxyl group at C-23 to form an 
oxocarbenium intermediate state to allow for ribosylation to 
form an inactive ADP-ribosyl-rifampicin derivative 

(33) 

Chloramphenicol Acetylation by chloramphenicol 
acetyltransferase (CAT) 

Acetylation by chloramphenicol hydroxyl moiety at position 
3 in the presence of acetyl coenzyme A by CAT enzymes 

(34) 

Streptogramins Acetylation Acetylation of hydroxyl moiety at C14 of streptogramin A 
antibiotics 

(35) 
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1.2.2 Target modification, protection, and bypass 

In addition to direct modification and inactivation of antimicrobial compounds, bacteria can also 

achieve resistance by changing the antimicrobial target to become insensitive to antimicrobial 

challenge. This can be achieved by three main mechanisms of resistance: i) target protection, ii) 

target modification and iii) target bypass. 

Target protection 

Target protection is a mechanism that explicitly involves the use of a protein to protect a target by 

complete displacement of the antibiotic, allosteric antibiotic displacement, or target rescue by 

allosteric binding and restoration of target function in the presence of bound antibiotic (36). 

Prototypical examples of target protection mediated resistance include the expression of quinolone 

resistance pentapeptide repeat proteins (PRPs) that recognise quinolone bound DNA-gyrase and 

topoisomerase IV to trigger the release of the quinolone antibiotic to rescue DNA transcription 

activity (37). Additionally, expression of the tetracycline resistance gene, tetM, rescues translation 

activity of the ribosome by direct displacement of the tetracycline antibiotic by the homologous 

elongation factor G (EF-G) and induced conformational change when bound to EF-G binding site 

of the ribosome (38). Further examples of target protection mediated resistance are provided in a 

recent review by Wilson et al., 2020 (36). 

Target modification 

Bacteria can also become resistant to antimicrobial action by modification of an antimicrobial 

target under selective pressure driven by antimicrobial exposure.  Spontaneous mutation can occur 

in an antimicrobial target to lower binding affinity and antimicrobial activity within bacteria, 

which can become the primary population under antimicrobial selection. Mutations in 

chromosomally encoded target genes that can alter the conformation and chemical properties of a 

binding site to lower binding affinity have been shown to be important mechanisms of resistance 

against DNA transcription inhibitors (quinolones), RNA polymerase inhibitors (rifamycin) and 

translation inhibitors (aminoglycosides, tetracycline, macrolides, lincosamides and 

oxazolidinones) (39–41). Mutations in gene regulators can also confer resistance to antimicrobials 
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by differential expression of a target, resulting in loss of susceptibility to an antimicrobial. This 

method of mutagenesis is best represented by resistance to cell-disrupting antimicrobials, where 

mutations in phospholipid biosynthesis genes can result in altered phospholipid composition and 

modification that can lead to overall changes in the net charge of the cell envelope (42). This 

mechanism is reported in polymyxin resistant Gram-negative pathogens, including A. baumannii, 

P. aeruginosa and K. pneumoniae (43–45). 

Target modification can also occur through the expression of endogenous target modifying 

enzymes. This mechanism of resistance is primarily associated with the expression of ribosome 

modifying methyltransferases that alter the antimicrobial binding site to avert antimicrobial 

activity. The major methyltransferases recognised include: the erythromycin ribosome 

methyltransferase (erm) gene, which methylates the adenine 2058 of 23S rRNA, conferring 

resistance to antimicrobials including macrolides, lincosamides and streptogramins (46); and the 

chloramphenicol-florfenicol resistance (cfr) gene, which methylates adenine at position 2053, 

contributing resistance to phenicols, lincosamides, oxazolidinones, pleuromutilins and 

streptogramins (47).  

Target replacement and bypass 

Bacteria can substitute antimicrobial targets to avoid antimicrobial activity. For example, 

glycopeptide resistance is mediated through the acquisition of van gene clusters that remodel the 

peptidoglycan pentapeptide repeat sequence D-Ala-D-Ala to D-Ala-D-Lactate or D-Ala-D-Serine 

is effective at reducing glycopeptide-mediated peptidoglycan binding and inhibition of 

peptidoglycan cross-linking, and is an important mechanism of resistance in vancomycin-resistant 

Enterococci (48). Acquisition of antimicrobial insensitive variants of a target is often associated 

with target bypass, including: the acquisition of β-lactam insensitive penicillin binding protein, 

PBP2a, as associated with methicillin resistance in S. aureus (MRSA) (49); and the acquisition of 

insensitive variants of dihydrofolate reductase (DHFR) and dihydropteroic acid synthase (DHPS) 

within the folate biosynthesis pathway to promote trimethoprim and sulfonamide resistance (50). 

Bypass can also be achieved by overproduction of a target to limit toxicity and resume activity. In 
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an E. coli isolate resistant to trimethoprim, overproduction of DHFR by 100-fold allows for 

continued folate biosynthesis and high-level trimethoprim resistance (51).  

1.2.3  Reduced permeability 

Antimicrobials often have intracellular targets and require transport processes to enter the cell to 

exert their activity. Limiting the import of antimicrobial substrates directly from the extracellular 

environment is a first-line of defence for many bacterial species. Hydrophilic antimicrobials, 

including β-lactam, tetracyclines and fluoroquinolones, find opportunity to enter the bacterial cell 

through passive transport using non-specific water-filled channels (52). Antimicrobial resistance 

in porin channels can be mediated by porin loss and porin exchange. Porin loss is associated with 

carbapenem resistance in Gram-negative pathogens, for example the loss of OmpK35 has been 

identified in broad-spectrum carbapenem resistant K. pneumoniae isolates (53). Exposure to an 

antimicrobial can induce porin-exchange where large, non-specific porins are downregulated and 

‘exchanged’ for the upregulation of smaller, more specific porin channels that reduce permeability 

to large, bulky antimicrobial compounds. Exposure to β-lactam antibiotics was found to induce 

porin-exchange between Omp35, a large, non-specific porin, for Omp36, resulting in imipenem 

resistance in a clinical isolate of Enterobacter aerogenes (54). Mutation of the porin genes 

themselves and/or regulators can also contribute to such resistance (42).  

1.2.4 Increased efflux activity 

Integral membrane transporters play an important role in the import and export of bioactive 

compounds required for survival. Transporters associated with the direct export of noxious 

compounds including antimicrobials and antibiotics are aptly named drug efflux pumps. Drug 

efflux systems can be substrate specific, including the tetracycline efflux transporters, tet of E. coli 

and macrolide resistance efflux pumps, mef of Streptococcus pneumoniae (55, 56). However, 

many drug efflux pumps exhibit a broad substrate specificity, often recognising a diverse range of 

unrelated antimicrobial classes, which contributes to multidrug resistance phenotypes when 

expressed in bacteria. The AcrAB-TolC drug efflux pump is an example of an efflux system that 

can recognise and transport a diverse range of antibiotics, including; phenicols, β-lactam, 
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quinolones, tetracyclines, rifampicin, novobiocin, fusidic acid, and antiseptics triclosan and 

acriflavine (57, 58). The AcrAB-TolC efflux pump is capable of pumping substrates from the outer 

leaflet of the inner membrane and periplasmic space of the E. coli cell envelope and has been 

linked to MDR phenotypes in bacterial strains overexpressing this transport system (59, 60). 

1.3 Drug efflux systems of bacteria 

Efflux pumps represent an important mechanism of drug resistance in bacterial pathogens and can 

lead to intrinsic or adaptive multidrug resistant phenotype through the overexpression of 

chromosomally encoded transporters or acquisition of multidrug efflux systems from mobile 

genetic elements. Currently, there are seven phylogenetically and mechanistically distinct families 

of transporters with defined drug efflux pump activity; the ATP-binding cassette (ABC) 

superfamily (61), the Resistance-Nodulation-Division (RND) superfamily (62), the Major 

Facilitator Superfamily (MFS) (63), the Small Multidrug Resistance (SMR) family of the Drug-

Metabolite Transporter (DMT) superfamily (64, 65), the Multidrug and Toxin Extrusion (MATE) 

family of the Multidrug/Oligosaccharidyl-Lipid/Polysaccharide (MOP) Superfamily (66, 67), the 

p-Aminobenzoylglutamate transporter (AbgT) family and the Proteobacterial Antimicrobial 

Compound Extrusion (PACE) family (68, 69). A representative example from each of these 

transporter families is shown in Figure 2. 
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Figure 2: Representative structures of seven classes of efflux pumps in bacteria. The structural 

and mechanistic differences between all seven drug efflux families are shown, including; the 

tripartite RND transporter shown with MFP and OMP as represented by AcrAB-TolC 

(PDB:5O66) (70), ATP-binding cassette (ABC) transporter SAV1866 (PDB: 2ONJ) (71), the MFS 

transporter MdfA (PDB: 4ZP0) (72), the MATE transporter DinF-BH (4LZ6) (73), the SMR 

transporter EmrE (PDB: 2I68) (74), the AbgT transporter, MtrF (PDB: 4R1I) (75) and PACE 

transport protein, AceI (predicted structure provided by Dr. Bhumika Shah). MFS and ABC 

transporters can also associate with a MFP and OMP to form tripartite efflux pump structures (not 

shown). Single-component transporters transport antimicrobials from the cytoplasmic space and 

release it to the periplasmic environment in Gram-negative organisms or extracellular environment 

in Gram-positive organisms. Tripartite efflux pumps, such as RND, MFS and ABC, can export 

antimicrobials from the periplasmic space or cytoplasmic space directly across the double 

membrane to the extracellular space of Gram-negatives (76, 77). Figure created with 

BioRender.com 
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1.3.1 The ATP-binding cassette family 

The ABC transport superfamily represent one of the largest families of transport proteins across 

all domains of life (61). Bacterial ABC transporter can perform either substrate import or export 

of a diverse range of substrates including; ions, small metabolites, lipids, antimicrobials and 

macromolecular substrates, including proteins, siderophore and polysaccharides (61). ABC 

transporters are often 1000-2500 amino acids in length, comprising of two highly conserved 

nucleotide binding domains (NBD) and two α-helical transmembrane domains (TMDs) which 

contain 6 or 12 transmembrane helices that provide a translocation pathway and substrate 

selectivity (61, 78, 79). ABC transport proteins can be encoded by a single polypeptide, half-

transporter (comprising one NBD and one TMH domain) or as two independent genes encoding 

the nucleotide binding domain and transmembrane permease separately. ABC import proteins also 

encode for an additional periplasmic binding protein to deliver substrate to the ABC transport 

complex; whereas exporters do not associate with a periplasmic binding protein (61). However, in 

Gram-negative bacteria, ABC exporters can also form tripartite ABC efflux systems in association 

with a membrane fusion protein (MFP) and outer membrane protein (OMP) to export substrates 

from the periplasm to the extracellular space (80, 81). 

ABC efflux pumps are proposed to undergo an alternating access mechanism of transport, based 

on significant structural evidence of a range of ABC efflux pumps (79, 82–84). In this mechanism, 

substrate transport by ABC exporters is proposed to begin in the inward-facing conformation, 

allowing substrate loading into the transmembrane permease domain in the absence of ATP or 

with ADP bound (79). ATP-binding at the NBD interface triggers dimerization and strong 

conformational change from the inward-facing to outward-facing position of the transmembrane 

permease via an occluded state (79). Substrate is released to the periplasm or extracellular space 

due to loss of substrate affinity at the binding site (79). Subsequent ATP-hydrolysis and release of 

inorganic phosphate weakens dimerization of the NBD domain and the transporter transitions back 

to the inward-open conformational state for another cycle of transport (79). A prototypical 

example of multi-drug resistant ABC efflux pump includes the SAV1866 transporter from 
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S. aureus, reported to export a diverse range of chemotherapeutics and antimicrobial dyes 

including doxorubicin, vinblastine, verapamil, ethidium bromide and Hoechst 33342 (82, 85). 

1.3.2 Resistance-nodulation-division superfamily 

The Resistance-Nodulation-Division superfamily of transporters are a ubiquitous transporter 

family, found across all domains of life (62). RND efflux systems are typically 650–1000 amino 

acids in length and contain twelve integral membrane transmembrane helices connected by large 

periplasmic loop regions. In Gram-negative bacteria, the RND permease often associates with an 

additional MFP (also known as a periplasmic adaptor protein) and OMP to form a tripartite 

structure that spans across the inner membrane and outer membrane of the cell envelope. In 

Enterobacteria, an additional small protein <50 amino acids in length is conserved (86, 87). In E. 

coli, this protein is known as AcrZ and has been characterised to bind to AcrB to modulate 

substrate preference of the AcrAB-TolC efflux pump (86, 87). RND transporters are known for 

members hosting extensively diverse substrate profiles (see AcrAB-TolC in Section 1.2.4) (88). 

RND transport permease functions as a rotational trimer, in which each protomer rotates between 

access, binding and extrusion conformational states to achieve drug efflux through a peristaltic 

mechanism of substrate transport (89). In E. coli AcrB, a substrate can enter the RND transport 

permease through four separate entry channels via the periplasmic space or inner leaflet of the 

outer membrane, in the access state (90). The protomer responds to substrate binding in the 

occluded state which allows the substrate to travel to the appropriate binding site within the RND 

protomer (91, 92). The last protomer of the efflux system is in the extrusion state, where the 

substrate binding cavity is protonated, triggering substrate release to the extracellular space (91, 

92).  

1.3.3 The major facilitator superfamily 

The MFS family is an ancient and diverse transport family, ubiquitously found across all domains 

of life (63). MFS transporters are typically 400–600 amino acids in length and contain 12 or 14 

transmembrane helices connected by short hydrophilic loops forming a deep, hydrophobic 
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substrate cavity for substrate binding (93–95). MFS transporters can achieve transport via uniport, 

symport and antiport transport mechanisms to transport a diverse range of substrates, including 

ions, sugars, amino acids, nucleotides, peptides and a diverse range of antimicrobial compounds 

(63, 96, 97). The minimal functional unit of an MFS transporter is a single monomeric unit that 

drives transport across a single cell membrane interface. MFS transporters have been reported to 

form trimeric structures that span the double-membrane of Gram-negative bacteria for direct 

substrate transport from the cytoplasm across the double membrane into the extracellular space 

(76, 98). MFS exporters primarily use the proton-motive force to drive drug export via a rocker-

switch model of alternating access mechanism of transport (99). In this mechanism, deprotonation 

of the substrate binding cavity in the inward-facing conformation triggers substrate loading and 

conformational change to the outward-facing state, via an occluded intermediate state for 

directional transport (99). MdfA is a prototypical example of a multidrug resistant MFS drug efflux 

pump. Expression of this MFS transporter is associated with resistance to a range of important 

antimicrobials including aminoglycosides, phenicols, fluoroquinolones, macrolides, rifampicin, 

tetracycline, puromycin and daunomycin and the antiseptic benzalkonium chloride, in addition to 

a variety of antimicrobial dyes (100). 

1.3.4 The multidrug and toxin extrusion family. 

The MATE transporters are a large and diverse family of drug efflux pumps of the greater 

multidrug/oligosaccharide-lipid/polysaccharide (MOP) superfamily that function exclusively as 

lipophilic and cation compound exporters (67). MATE transporters have been reported in bacteria, 

archaea, and eukaryotes. Typical MATE transporters are 400–700 amino acids in length 

comprising of twelve transmembrane helices connected by short hydrophilic loops (101). MATE 

transporters are monomeric and transport small cationic compounds using either proton- or 

sodium-motive force gradients operated by a predicted rocker-switch mechanism of transport as 

described for MFS transporters (Section 1.3.3), with the exception that loss of sodium ion binding 

to the substrate cavity can trigger conformational changes for sodium-coupled MATE transporters 

(73, 102, 103). MATE transporters also have more limited antimicrobial substrate ranges, selecting 
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for exclusively cationic antimicrobial compounds. The MATE transporters NorM of Vibrio 

cholera and NorM of Neisseria gonorrhoea contribute to resistance to aminoglycosides and 

fluoroquinolones, in addition to the cationic antimicrobial dye, ethidium bromide (102, 104). 

1.3.5 Small multidrug resistance family 

The small multidrug resistance family are a drug export subfamily within the greater 

drug/metabolite transport (DMT) superfamily (65). SMR transporters are small integral membrane 

transporters and are typically 110–140 amino acids in length comprised of four transmembrane 

helices (64). The SMR functional unit is proposed to be a dimer, where two protomers associate 

non-covalently in an antiparallel fashion to yield an eight transmembrane helical bundle for 

quaternary ammonium compound (QAC) export (105, 106). Transport is predicted to occur as a 

2H+/drug antiport mechanism using a single-site alternating access mechanism of transport (105). 

In this mechanism, two protons bind to an SMR transporter to trigger a conformational change 

from outward-facing to inward-facing, where the bound substrate undergoes cation exchange via 

direct competition between substrate and cation at the binding site (105). This exchange of 

substrates triggers the conformational change back to the outward-facing state for substrate release 

(105). SMR transporters are restricted to prokaryotes (107). The major SMR transporter of E. coli, 

EmrE, is associated with conferred resistance to diverse range of cationic antimicrobial 

compounds including; acriflavine, ethidium bromide, tetraphenylphosphonium chloride, 

aminoglycosides, macrolides, tetracycline, methyl viologen, sulphonamides, crystal violet, 

benzalkonium chloride. cetyltrimethylammonium bromide and osmoprotectants, choline and 

betaine (108–113).  

1.3.6 The p-Aminobenzoyl glutamate transport family 

The AbgT family of transporters are a family of transporters present across bacteria and yeast 

species (68). In bacteria, members of the AbgT family have been reported to function in the import 

and export of folic acid intermediates. AbgT transporters are typically 475–525 amino acids in 

length, comprising a protomer that includes nine transmembrane helices (68). Recent crystal 

structures of two independent AbgT efflux pumps reveal a unique, concave bowl-like structure 
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formed by the dimerization of two protomers (75, 114). The concave basin formed by both 

protomers on the cytoplasmic side of the membrane is solvent accessible and reaches from the 

cytoplasmic space into the inner leaflet of the phospholipid bilayer. An entrance from the concave 

basin into a channel like structure is predicted to be the site of substrate binding and transport to 

the periplasmic space (75, 114). The AbgT family efflux pump is predicted to achieve transport 

across this channel by a proposed elevator-access mechanism (115, 116). Originally the AbgT 

family was named after the E. coli (AbgT) importer involved in p-aminobenzoyl glutamate uptake, 

an important intermediate for the de novo synthesis of folic acid (117). However, high-level 

characterisation of MtrF and YdaH revealed that these transporters are incapable of 

p-aminobenzoyl glutamate or p-aminobenzoic acid uptake and function in ion-motive force 

coupled p-aminobenzoic and sulfonamide efflux (68).  

1.3.7 Proteobacterial antimicrobial compound efflux family 

The PACE family of drug transport systems represents the first novel efflux family to be identified 

in the 15 years since discovery of the MATE family (118). PACE family members are restricted 

to the bacterial kingdom and are comprised of only approximately 150 amino acids arranged into 

four transmembrane α-helices (119). Like the SMR transport family, PACE family members are 

predicted to form a small homodimer to allow selective transport of QACs, primarily biocides and 

antimicrobial dyes (120). However, although the stoichiometry and predicted mechanism of PACE 

transport proteins is yet to be determined the physiological role of at least one PACE transport 

family member has been identified. AceI, a prototypical PACE transporter from Acinetobacter 

baumannii known for chlorhexidine efflux, was purified and reconstituted into proteoliposome 

and shown to export the polyamines cadaverine and putrescine (121, 122) and exclusively confer 

resistance to chlorhexidine (118). However, homologues of the PACE transporter across 

proteobacterial species are known to have broader substrate profiles, including VP1155, an AceI 

homologue from Vibrio parahaemolyticus, which shows conferred resistance to acriflavine, 

proflavine, chlorhexidine and benzalkonium chloride (120). 
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1.4 Physiological roles of drug efflux systems 

The drug efflux families described above are phylogenetically, structurally, and mechanistically 

distinct from each other. The genes for multiple different drug efflux pumps are commonly 

encoded chromosomally in the core genome of most bacterial strains. However, many of these 

efflux systems share similar antimicrobial substrate profiles to each other (123).  It is hypothesised 

that drug efflux systems may have arisen from the need for polyspecific substrate transport through 

convergent evolution multiple times throughout the history of the bacterial kingdom in order to 

survival a range of biologically unfavourable conditions (124). The evolution of these ancient 

transport systems may have incidentally provided a strong survival mechanism against substantial 

antimicrobial selection pressures in the mid-last century of modern medicine (107, 124, 125). 

These physiological roles of multidrug efflux pumps may differ between species, even within the 

same efflux family (124, 126). Some of these physiological phenotypes, such as biofilm formation 

and bile salt efflux are clearly linked to bacterial virulence (124). Examples of important 

physiological roles from known antimicrobial drug efflux pumps are discussed below. 

1.4.1. Arabinose export 

Arabinose is an important pentose sugar central to carbon metabolism in bacteria. Arabinose 

metabolite homeostasis can fluctuate vary considerably due to metabolic flux or changes in 

environmental conditions (127). Accumulation of excess arabinose or toxic metabolite 

intermediates can be detrimental to cell survival. Removal of excess arabinose from the bacterial 

cell is regulated by the sugar transport family, the SET subfamily of the MFS transport group (124, 

127). However, few MFS drug efflux pumps, including MdfA, EmrD and MdtD have also been 

characterised with arabinose efflux phenotype (124, 127). It is implicated that arabinose efflux 

function of these transporters may act as metabolic relief valves in the presence of toxic levels of 

arabinose and/or arabinose metabolism intermediates and assist in osmoregulation and prevention 

of the sugar-phosphate stress response respectively (127).  
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1.4.2 L-cysteine export 

Amino acids are a prime example of endogenous metabolites that require precise intracellular 

regulation for optimised cell function (128). The presence of extracellular amino acids within the 

bacterial cell environment has been linked to biofilm dispersal, bacterial cell growth and decline 

and adherence to mammalian cells during infection (129). The MFS transporter, Bcr, is an 

antimicrobial efflux pump known to confer resistance to acriflavine, tetracycline, kanamycin and 

fosfomycin (111). A recent study dedicated to the discovery of L-cysteine exporters found that 

Bcr is capable of efficient L-cysteine export out of bacterial cells (130). Additionally, known RND 

transport systems, AcrD and AcrEF and MFS tripartite EmrAB, may represent putative cysteine 

export proteins (130). Furthermore, TolC, an outer-membrane protein that associates with AcrD, 

AcrEF and EmrAB efflux systems in E. coli was found to play an important role in L-cysteine 

resistance and export out of E. coli (131, 132). Low concentrations of L-cysteine are cytotoxic to 

the bacterial cell (133). Therefore, these multidrug efflux systems may play an important role in 

L-cysteine homeostasis by preventing noxious accumulation of L-cysteine and preventing 

insufficient concentrations of such a biologically important amino acid from occurring (133). 

1.4.3 Polyamine export 

Polyamines are ancient metabolites defined by an aliphatic carbon chain with two or more amine 

groups. Polyamides play a critical role in cell function across all domains of life (134). In bacteria, 

polyamines perform central roles in a multitude of important physiological functions, including; 

cell metabolism, oxidative stress response, nucleic acid and protein metabolism, pH homeostasis, 

cell-cell communication and biofilm formation (121). High intracellular concentrations of 

polyamines, that can be encountered through dysregulation of endogenous polyamine metabolism 

or exposure to polyamine-rich conditions, are toxic to the bacterial cell. Several antimicrobial 

multidrug efflux pumps have been characterised as polyamine efflux systems that alleviate such 

polyamine toxicity. For example, the recently discovered PACE transporter AceI of A. baumannii 

was determined to directly export putrescine and cadaverine under short-chain diamine stress 

(122). The MFS transporter AmvA from A. baumannii was also found to be induced under 
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spermidine and spermine exposure to promote fitness against these polyamines, where lack of 

AmvA was linked to reduced tolerance to exogeneous spermine and spermidine that would 

naturally be present in the gut of a human host (135). The E. coli SMR transporter, MdtJI, and 

Bacillus subtilis MFS transporter, Blt, have also been characterised as multidrug resistance efflux 

systems that play a physiological role in the export of the polyamide spermidine (136, 137).   

1.4.4 Guanidinium ion transport 

Guanidine riboswitches are a group of regulatory regions in mRNA that bind guanidine to elicit 

post-transcriptional control of downstream genes (138). Guanidinium controlled RNA is proposed 

to be an ancient form of gene regulation in the primordial RNA world (124, 139). SMR family 

transporters have been found in gene clusters encoding for riboswitches in the B. subtilis genome 

(140). The guanidine moiety is found in many substrates of SMR drug efflux pumps including 

spermidine, arginine, guanine and biocides including ethidium and methyl viologen. Hence, it has 

been proposed that guanidine is the physiological substrate of the SMR efflux pumps, with 

happenstance export of these guanidine-like compounds (141). Recently, the MATE transporter, 

MepA, involved in tigecycline resistance was also found to be closely associated with a new class 

guanidine-controlled riboswitch (142, 143), suggesting MATE drug efflux transporters may also 

play a physiological role in a guanidinium ion transport (143).  

1.4.5 Secondary metabolite export  

Bacteria live in many environments where competition between bacterial species for limited 

resources is necessary for survival. Efflux pumps play an important role in the export of 

endogenously synthesised antimicrobials and efflux of cell permeating toxic metabolites from 

neighbouring microbes. Many antibiotics used to treat bacterial infections have been discovered 

from antibiotic producing environmental microbes, including Streptomyces spp., Micromonospora 

spp., Bacillus spp. and Pseudomonas spp. (144). It is possible that selection for polyspecific 

antimicrobial efflux pumps may have arisen from microbial competition events in the environment 

(124). The dissemination of efflux pumps from antibiotic producers to non-producers was shown 

in a recent study where two drug transporters from the MFS transport family, the MFS 
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chloramphenicol efflux pump (cmx) and the ABC lincosamide efflux pump (lmrA) from 

proteobacteria, were found to more similar to producer-strain homologs in the Actinobacteria 

phylum than any other phylum of bacteria (145).  

1.4.6 Human antimicrobial peptide resistance 

Antimicrobial peptides (AMPs) are an essential part of the human innate immunity. Over 

one-hundred structurally unique AMPs have been characterised across a diverse range of human 

tissue environments (146). Most AMPs can self-insert into the cell membrane to disrupt bacterial 

membranes and induce cell lysis due to their charged and amphiphilic nature (147). Efflux pumps 

can also recognise AMPs as native substrates for transport out of the cell. A recent example of 

AMP resistance includes the ABC tripartite efflux system, MacAB-TolC. MacAB-TolC is known 

for conferring macrolide resistance in Gram-negative pathogens (148–150), however, it has also 

been characterised to play a physiological role in exporting endogenous produced heat-stable 

enterotoxin II in enterotoxigenic E. coli during gut colonisation and invasion of the host (151). 

Recently, an outbreak of invasive non-typhoidal Salmonella was linked to the overexpression of 

MacAB-TolC in this strain due to mutation in regulation, leading to increased levels of resistance 

to human AMP, C18G, allowing for higher-levels of infection and invasion of the gut epithelium 

into bloodstream with high rates of mortality and morbidity (152).  

1.4.7 Bile acid and salt resistance. 

Bile acids and salts are steroid compounds that primarily function as surfactants to solubilize lipid 

soluble nutrients in a relatively hydrophilic gut environment (153). Due to their detergent-like 

amphipathic nature, bile salts also have demonstrable antimicrobial activity against bacteria, 

including cell membrane disruption, DNA damage, protein damage and metal chelation (154). 

LmrCD, is a major ABC multidrug efflux system of non-pathogenic probiotic bacterium, 

Lactococcus lactis. LmrCD is associated with ATP-dependent efflux of Hoechst 33342, 

daunomycin, rhodamine 6G and ethidium bromide (155, 156). Knockouts of LmrCD revealed the 

ABC transporter was an important resistance factor against bile salts is specifically important for 
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glycodeoxycholate resistance in the gastrointestinal tract, colonisation and survival in mammalian 

intestine (155).  

1.4.8 Steroid hormone tolerance. 

Steroid hormones such as progesterone play an important role in the mammalian endocrine and 

immune system and have been documented to both promote and inhibit growth in bacteria (157–

162). The sexually transmitted pathogen Neissseria gonorrhoea colonises progesterone-rich 

mucosal surfaces of the female reproductive tract (163). The RND tripartite system, MtrCDE of 

N. gonorrhoeae, confers resistance to a diverse range of compounds including β-lactams, 

macrolides, ethidium bromide and cationic antimicrobial peptides (164, 165). N. gonorrhoeae 

strains lacking the MtrCDE efflux pump were found to be cleared from the genital tract of female 

mice more quickly than the wild-type control (163). This result suggests the importance of the 

MtrCDE efflux pump for colonisation and survival during gonorrhoeal infection, consistent with 

a role in progesterone export and tolerance, in addition to a multidrug resistance phenotype in this 

organism (163).  

1.4.9 Plant colonisation, pathogenesis, and toxin resistance. 

Plants depend on the secretion of diverse range of phytotoxins to defend against bacterial infection 

(166–168). Antimicrobial drug efflux pumps can confer tolerance to phytotoxins to assist with the 

colonisation of pathogenic bacteria and/or assist in export of toxins produced by competitive 

bacteria and other microbes during plant colonisation (169). The RND efflux system, AcrAB-TolC 

of plant pathogen Erwinia amylovora responsible for fire blight in apple blossoms, was found to 

play a critical role in plant colonisation and virulence by conferring resistance to phytoalexin 

compounds phloretin, quercetin, (+)-catechin and naringenin (170). The MATE transporter, NorM 

of E. amylovora, mediates resistance to antimicrobials norfloxacin and ethidium bromide, in 

addition to plant phytotoxin, berberine (171). NorM was determined to export antimicrobial toxins 

produced by co-colonising epiphytic bacteria, allowing for high density populations to be formed 

during plant colonisation and infection of rosaceous plants (171).  
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1.4.10 Lipid transport and antimicrobial fatty acid tolerance. 

The bacterial cell envelope is rich in a diverse range of hydrophobic lipids, fatty acids, 

lipopolysaccharides (LPS), lipooligosaccharides (LOS) and extracellular polysaccharides (EPS). 

Membrane transporters have evolved to export many different lipid species for cell envelope 

biosynthesis and homeostasis. Several multidrug efflux pumps have also been reported to play 

significant, physiological roles in lipid transport (124). In Mycobacteria spp., a large set of 

dedicated RND transport systems, known as the MmpL transport family, is dedicated to the export 

of phospholipids and cell wall components unique to the organism, in addition to characterised 

roles in antimicrobial compound efflux and siderophore export (172). Outside of lipid export of 

cell membrane components, efflux of lipid species, such as antimicrobial fatty acids, can play an 

important role in skin colonisation and infection of certain pathogens. S. aureus, a commensal skin 

microbe known to cause difficult to treat skin infections, was found to overexpress the tetracycline-

specific MFS transporter, Tet38, in staphylococcal subcutaneous abscesses (173). Free fatty acids 

are found in high concentrations common within staphylococcal subcutaneous abscesses (173). 

Tet38 efflux pump expression was found to be induced in the presence of human antimicrobial 

fatty acids, including palmitoleic, oleic, linoleic and undecanoic acids, and was found to directly 

transport palmitoleic acid and undecanoic acid out of membrane vesicles (173). Mouse skin 

colonisation models revealed that S. aureus strains lacking the Tet38 efflux pump had 5-fold lower 

colonisation rates than the wild-type S. aureus strain (173). Together, these results suggest that the 

tetracycline specific efflux MFS transporter plays a physiological role in fatty acid export and skin 

colonisation in S. aureus (173). 

1.4.11 Quorum sensing 

Bacteria populations often live as a collective population and require the use of quorum sensing to 

coordinate a range of important physiological functions such as cell survival, motility, adhesion 

and pathogenicity (174). Quorum sensing is dependent on the secretion of autoinducing signals 

throughout cell growth, allowing for co-ordinated responses at sufficient cell density and quorum 

signal concentrations within a population (175). In P. aeruginosa, the quorum sensing signal 
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molecule, N-(3-oxo)-dodecanoyl L-homoserine is an important autoinducer signal for co-

ordinating virulence response and controlling biofilm development (175, 176). However, unlike 

many of the N-Acyl homoserine lactones (AHLs) molecules involved in bacterial quorum sensing, 

N-(3-oxo)-dodecanoyl L-homoserine is not membrane permeable. This, in turn, led to the 

discovery that the MexAB-OprM efflux system plays a key role in quorum sensing in P. 

aeruginosa (176).  

1.4.12 Biofilm formation and nitrosative stress tolerance 

Biofilms are a predominant form of lifestyle for many bacterial organisms present in moist 

environmental conditions such as chronic wound and indwelling device infections (177). The 

biofilm matrix is a highly hydrophobic, anoxic environment comprised of cells with decreased 

growth rate compared to planktonic cultures. Biofilm communities can confer up to 1000 × higher 

resistance to antimicrobial compounds compared to isogenic strains in planktonic culture (178, 

179). Furthermore, biofilms have also been identified to express a higher level of antimicrobial 

efflux systems compared to planktonic cultures, suggesting an important, physiological role for 

efflux pumps in the biofilm lifecycle (179). Biofilm formation within a bacterial community is 

highly regulated by quorum sensing, mediated by the secretion of autoinducer (AI) signal 

compounds and highly regulated by the secretion of signal N-(3-oxo)-dodecanoyl L-homoserine 

lactone in P. aeruginosa biofilms (124). Secretion of N-(3-oxo)-dodecanoyl L-homoserine lactone 

in P. aeruginosa biofilms is largely mediated by the RND efflux pump MexAB-OprM (124). 

MexAB-OprM expression in biofilm communities has also been linked to biofilm-specific 

resistance to azithromycin is not observed to occur when expressed in planktonic cultures, thus 

conferring biofilm-specific antibiotic resistance in P. aeruginosa biofilms (180). Furthermore, 

biofilms are highly anoxic, and many biofilm-producing species often need to transition from 

aerobic to anaerobic respiration to adapt. Nitrosative stress can be induced by the formation of 

radical nitrogen species, including nitrosyl indole derivatives, via the anaerobic respiration 

pathway. The E. coli RND efflux pump, MdtEF, is found to be induced under anaerobic growth 

conditions and export reactive nitrosyl indole derivatives to support growth under anaerobic 
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growth conditions in biofilms (181–184). In K. pneumoniae, export of toxic nitrosyl indole 

derivatives during nitrosative stress is mediated by the SMR drug efflux system, KpnEF (185). In 

the case of P. aeruginosa, the RND efflux pump, MexEF-OprN is typically dormant under normal 

physiological conditions. However, in the presence of NO-generating compounds, s-

nitrosoglutathione and diethylenetriamine, MexEF-OprN expression was inducible (186). The 

MexEF-OprN efflux pump has been proposed to have native, physiological role as a metabolic 

stress relieve pump (187). 

1.4.13 Oxidative stress tolerance 

Reactive oxygen species (ROS) such as superoxides, hydrogen peroxide and hydrogen radicals are 

a product of aerobic respiration, are generated upon exposure to radical forming antimicrobials or 

as innate defence against plant/mammalian host upon infection by the bacterium (188–190). Free 

radicals act upon bacteria by damaging nucleic acids (DNA/RNA), lipids (cell membranes) and 

proteins. The ROS stress response usually involves the expression of detoxification enzymes 

including peroxidases, catalases and superoxide mutases (188). Efflux pump expression have been 

shown to correlate with oxidative stress response. The E. coli MATE drug efflux transporter, 

NorM, is known for conferring resistance to a range of fluoroquinolones, aminoglycosides toxic 

organic cations (111, 191). Expression of NorM efflux pump was found to reduce mutagenesis 

and accumulation of ROS species upon H2O2-killing by direct export of ROS reactive species, 

conferring heightened protection against oxidative stress in E. coli (192).  

1.4.14 Metal acquisition  

Metal ions are also important co-factors for many enzymes required for normal bacterial function 

that cannot be synthesised by the cell (193). As a result, bioactive metals ions that are extremely 

valuable are tightly sequestered and regulated across the kingdom of life (193). Siderophores are 

important metal chelators that function to bind iron with high affinity, assisting in solubilising and 

transporting iron to the producing organism (194, 195). Genes encoding siderophores (small 

molecular ion chelators), siderophore export proteins and their synthesis intermediate are often 

organised in gene clusters (196–198). The RND efflux pump, MmpL5 of Mycobacterium 
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tuberculosis, confers resistance to azole antibiotics and antituberculosis antimicrobials, 

bedaquiline and clofazimine. MmpL5 was also shown to play an important function in transport 

of mycobacterial specific siderophores, mycobactin and carboxymycobactin (172, 199, 200).  

1.4.15 pH and osmoregulation tolerance 

Bacteria often inhabit niche environments that are not necessarily physiologically favourable to 

the organism, such as high pH conditions (alkaliphiles), low pH conditions (acidophiles) and high 

salt concentrations (halophiles) (201), and hence, have required adaptive evolution to survive in 

these conditions. Many bacteria also require adaptive responses to survive fluctuations in these 

conditions temporarily for survival. MdfA is an E. coli MFS drug efflux pump and is known for 

chloramphenicol resistance as well as a broad-substate specificity to a diverse range of antibiotics 

(100). In experiments investigating the impact of altered pH on drug transport activity, it was found 

that MdfA elevated survival in alkali pH conditions in the absence of antibiotic (202). Transport 

experiments in membrane vesicles revealed MdfA mediated the exchange of Na+/K+ ions for H+ 

to confer alkali tolerance in neutralophilic organism E. coli under pH stress (202). Alternatively, 

in acid-tolerance based experiments, TolC-dependent tripartite systems were found to be important 

for cell survival in extremely low pH environments, where the tripartite multidrug efflux pumps 

EmrAB-TolC (MFS) and MdtAB-TolC (RND) were important for tolerance to cell envelope stress 

and acid stress conditions (203). The SMR efflux pump of E. coli, EmrE, is known for 

antimicrobial quaternary cation compound efflux and biocide resistance (204). EmrE was also 

shown to confer a role in osmoregulation via the direct export of osmoprotective quaternary cation 

compounds, choline and betaine, and to regulate cell homeostasis and protect osmotic shock in the 

incidence of salt or pH stress in the environment (113).  

1.4.16 Heavy metal tolerance  

Bacteria can inhabit niche environments where the total concentration of heavy metal ions can be 

toxic to cell survival. Heavy metals act as important co-factors but cannot be synthesized or 

degraded within bacterial cells. Hence, metal efflux is a primary mechanism for the release of 

excess toxic metal accumulation from within the cell (193). Direct metal efflux often occurs via 
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metal-specific transport systems such as the heavy metal efflux (HME) transport family of the 

RND superfamily (205). However, a few antimicrobial multidrug efflux pumps have also been 

associated with heavy-metal tolerance in bacteria (205). For example, the RND transporter 

CusCFBA transport of E. coli, is important for the efflux of copper and silver ions, but also 

demonstrates the capacity to confer heightened resistance to chloramphenicol, fusaric acid, 

cefmetazole, oxalinic acid and lincomycin (206).  

1.4.17 Solvent and hydrocarbon tolerance.  

Polycyclic aromatic hydrocarbons are toxic pollutants that can occur naturally in the environment 

or can accumulate in the environment from industrial and anthropogenic pollution (207). Aromatic 

hydrocarbons are highly hydrophobic and planar in nature and exert toxicity by inserting into 

bacterial cell membranes to disrupt several processes including cell respiration processes, 

membrane protein functions and cell membrane integrity (207). Tolerance to toxic hydrocarbons 

and solvents have been associated with multidrug efflux pump expression. For example, the RND 

efflux systems MexAB-OprM, MexCD-OprJ and MexEF-OprN have been found to have 

physiological roles in polycyclic aromatic hydrocarbon and toluene export in solvent tolerant 

strains of P. aeruginosa and Pseudomonas putida (208–212).  

1.5 Methods to study drug efflux systems 

Drug efflux systems are found across all domains of life. The capability for drug efflux systems to 

perform polyspecific transport of bioactive molecules across a diverse range of chemical space 

makes drug efflux pumps a valuable target for membrane transport research. Generally, drug efflux 

pumps have primarily been investigated for their role in antimicrobial resistance (213). More 

recently, investigations have included the role of these transport proteins in bacterial virulence, 

fundamental cell biology and applications to harness bacterial efflux pumps for industrial 

processes (124, 214–216). Today, a range of computational, phenotypic, biophysical, and 

structural techniques have contributed to the improved identification and characterisation of drug 

efflux pumps of bacteria. A summary of these methods is provided in herein. 
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1.5.1 Bioinformatic tools to discover novel efflux candidates 

Today, a range of bioinformatic tools have made identification of integral membrane transport 

proteins and putative efflux homologues more convenient. Due to the sequence similarity shared 

amongst the RND, ABC, MFS, PACE, SMR and AbgT families, it is possible to identify shared 

homologues amongst bacterial strains of interest. Such homologues can be readily identified using 

free to use webservers such as BlastP (217), PSI-BLAST (218) and HMMER (219, 220). Sequence 

homology of approximately 20% is sufficient for inferred similarity in structure and putative 

function. Expansive protein databases including UniProt (221), Pfam (222) and Interpro (223), 

and more specialised transporter databases such as TCDB (224), TransportDB (225) and mpstruc, 

provide a valuable knowledgebase of transport protein classification, structure and function. 

Phylogeny can also provide a powerful tool to identify the evolutionary history of a new protein 

target, and are potentially capable of identifying putative substrate specific classes within an efflux 

family, including the ABC, RND, MFS, MOP and DMT superfamilies (226–228).  

In addition to seeking out homologues to guide putative function annotation, it is also important 

to analyse the host genome to investigate the genetic context of the protein of interest. Localisation 

of a gene of interest in an operon involved in a metabolic function may provide clues to the native 

role of the new efflux system. For example, the MFS family transporter Blt of Bacillus subtillis is 

co-transcribed with spermine/spermidine acetyltransferase and has a physiological role in the 

direct export of spermidine from the cell (137). The ABC transporter, BarAB of A. baumannii is 

immediately upstream of the acinetobactin biosynthesis cluster and functions in acinetobactin 

siderophore efflux (198). Recently, free-to-use software such as Clinker (229) and FlaGs (230) 

have been designed to visualise the level of gene conservation across local and distant homologue 

genetic clusters.   

1.5.2 Conventional methods of efflux pump discovery 

Usually, the discovery of new efflux candidates involved recognising and isolating drug resistance 

plasmids and transposons that conferred resistance when cloned into susceptible bacterial strains 

(55). Chromosomal drug efflux pumps were characterised by use of plasmid clone libraries, where 
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mass cloning of plasmid libraries into drug susceptible bacterial strains and culturing against 

specific antibiotic selection allowed the identification of plasmids that mediated host resistance to 

an antibiotic of interest, which included the discovery of a few novel drug efflux pump genes, 

including NorA and NorM of the MATE transporter family and MdfA of the MFS transport family 

(100, 231, 232). Following the advance of genome sequencing, it became possible to scrutinize 

the whole genome of a bacterial strain of interest to search for genes that may represent new drug 

efflux pumps due to sequence similarity. Once identified, it was common to clone the gene of 

interest, transform into a drug-susceptible host for heterologous characterisation or to delete the 

gene of interest from the strain of interest to investigate the role in drug resistance and 

susceptibility respectively (233–235). Today, due to the speediness and lowered cost of 

sequencing technologies, it is increasingly common to identify novel efflux pumps with genome-

wide screening techniques, such as transcriptomics (see 1.5.3) and TraDIS (see 1.5.4). 

1.5.3 Transcriptomic approach to efflux pump discovery  

Transcriptomics provides an ideal experimental platform to study the regulatory response of efflux 

pumps via measuring the upregulation or downregulation of mRNA in response to antimicrobial 

challenge, which can help decipher efflux genes involved in an adaptive antimicrobial resistance 

response (236). Briefly, RNA is extracted from a control and sample that has been treated with 

antimicrobial of interest and is sent for RNA-sequencing (RNA-seq), RNA samples are usually 

depleted of ribosomal and transfer RNAs prior to RNA-seq and sequenced reads are mapped back 

to the reference genome to decipher regions undergoing active transcription in the control sample 

and treated sample (236). The level of coverage for each gene or genomic region can be used to 

decipher the level of regulatory response to a condition tested in the experiment. Analysis between 

the control and treated sample can also assist in identifying genes differentially expressed in 

response to treatment (236). This method is best exemplified by the case of the discovery of a 

novel efflux family the proteobacterial antimicrobial compound efflux (PACE) family (237). In 

this study, transcriptomics is used to screen for genes responding to shock exposure to 

chlorhexidine, a common antiseptic found in hospital handwashes (118). AceI, a small integral 
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membrane protein of unknown function, had greater than 10–fold higher transcription in response 

to chlorhexidine compared to a no treatment control of A. baumannii (118). This study led to the 

characterisation and discovery of chlorhexidine efflux transporter, AceI, which is the first 

described member of the PACE transport family (118). 

1.5.4 TraDIS and TraDIS-Sort approach to efflux pump discovery 

Transposon directed insertion sequencing (TraDIS) can also identify novel efflux genes or efflux 

pumps involved in antimicrobial resistance by analysing the fitness response of a sequenced 

bacterial genome to antimicrobial challenge. Briefly, TraDIS combines large-scale transposon 

mutagenesis with next generation sequencing, to determine fitness or essentiality of each gene 

within a bacterial genome in a singular experiment (238). TraDIS requires the construction of a 

saturated mutant library using transposon mutagenesis. The goal is to achieve a mutant library in 

which each cell carries a single transposon insertion in the genome. These cells are pooled, and 

each gene or genetic region should have multiple insertions at different sites within the library 

(238). Sequencing of a TraDIS mutant library before and after a selective treatment, such as 

antimicrobial exposure can be used to determine genes involved in promoting fitness in the 

condition tested, based on changed number of transposon insertions across the sequenced genome 

(238). For example, genetic regions that cannot tolerate transposon insertions can be evaluated as 

contributing to genetic fitness to that condition. Conversely, genetic regions that have increased 

transposon insertions compared to wild-type may be detrimental to cell survival in the condition 

tested (238). This technique was recently applied in a large-scale experiment where ten biocides 

were used as selective conditions against a TraDIS library of Acinetobacter baumannii (239). 

TraDIS sequencing identified numerous characterised antibiotic efflux pumps that were important 

for fitness under the biocide challenges, suggesting a protective role in antiseptic tolerance as well 

as antibiotic resistance (239). 

An adapted technique of TraDIS, known as TraDIS-Sort was developed for precise identification 

of novel drug efflux pumps and regulators from a TraDIS mutant library. The technique combines 

traditional TraDIS experiment with fluorescence active cell sorting (FACs), which sorts cells 
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based on accumulation of a fluorescent dye (240). Many antimicrobial dyes such as ethidium 

bromide are fluorescent DNA intercalating agents and are also common substrates of drug efflux 

pumps (241). A TraDIS mutant library was treated with ethidium bromide and single cells are 

subjected to FACs sorted based on level of fluorescence accumulation (240). Single cells with 

high-level of ethidium bromide accumulation and low-level of ethidium bromide accumulation are 

collected to determine genes involved in drug efflux activity (238). Transposon insertions in drug 

efflux genes, are expected to have higher accumulation of ethidium bromide, as they have lowered 

activity in drug transport mediated export of ethidium out of the cell (238). Alternatively, cells 

with abnormally low levels of ethidium accumulation within the population, often have transposon 

mutations in drug efflux gene regulators, leading to increased efflux and lower fluorescence 

accumulation within the cell (238). This technique was successful in the identification and 

characterisation of two RND transporters (AdeABC and AdeIJK) and one MFS transporter 

(AmvA) as well as the transcriptional regulator (AmvR) implicated in ethidium bromide export in 

A. baumannii (238). 

1.5.5 Characterisation of multidrug resistance phenotype in whole bacterial cells.  

To determine the drug resistance phenotype, experiments can be performed to determine whether 

the overexpression of a putative drug efflux pump may confer heightened resistance to a range of 

antimicrobials of interest. For bacterial species, these experiments are often carried out as 

minimum inhibitory concentration assays, either on solid agar media supplemented with 

antimicrobials of interest across a range of concentrations or in broth conditions, such as 

microdilution method (242). The minimum inhibitory concentration assay approach has been 

automated in a high-throughput manner with the Biolog phenotype microarray system (243). In 

this method phenotype microarray plates (PM11-20) can screen the susceptibility of bacteria to 

240 unique antimicrobial compounds in a single experiment, measured by respiration and 

oxidation of tetrazolium violet dye, allowing a diverse range of antimicrobial phenotypes to be 

analysed in a single experiment (243).  
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1.5.6 Characterisation of drug efflux phenotype in whole bacterial cells.  

Preliminary characterisation of drug efflux activity of a gene can be achieved through the direct 

measurement of efflux or accumulation of a detectable antimicrobial substrate. Differences in 

efflux and accumulation rates can be attributed to a drug efflux phenotype.  

Fluorometric whole cell transport assays are a convenient method to study drug export activity. 

Many antimicrobial fluorescent dyes are common substrates of drug efflux systems (241, 244). 

Furthermore, a few fluorescent antimicrobial dyes also reveal differential fluorescence intensity 

in and out of the cell. Dyes such as ethidium bromide and Hoechst 33342 fluoresce when bound 

to DNA and quench in aqueous solutions (241, 244). Conversely, DNA-intercalating dyes such as 

acriflavine or pyronin Y are quenched when bound to DNA and fluoresce brightly in aqueous 

conditions (120, 244). In these experiments, whole bacterial cells are loaded with a fluorophore of 

choice  in the presence of proton-decoupling agent, such as carbonyl cyanide m-chlorophenyl 

hydrazone (CCCP), allowing for dye to accumulate passively within the bacterial cells. Active 

efflux can be observed by re-establishing the electrochemical gradient upon addition of a carbon 

source and measuring increase or decrease of florescence emission over time using standard 

fluorimetry (241).  

Whole cell drug accumulation studies can offer an alternative method to measure drug efflux 

activity through fluorescence or radioactivity detection methods. These experiments are performed 

with prepared cells in solution with no substrate present and a baseline fluorescence or 

radioactivity is recorded. Substrate is then added to the cell population and samples are collected 

at dedicated time intervals to measure the rate of substrate accumulation over time until a steady 

state is reached. Results are compared in a relative manner, where an efflux proficient strain will 

have a lower level of substrate accumulation over time than an efflux deficient strain as it cannot 

efficiently export the substrate. In some cases, it may be difficult to detect differential efflux. 

Hence, the use of efflux deficient bacterial strains may allow drug efflux phenotypes from 

expressed genes to be observed with greater resolution. These novel technologies include the 

adaptation of single-cell microfluidics (245), flow cytometry (246–248) and mass spectrometry 
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(249) techniques to visualise substrate accumulation over time and determine drug efflux activity 

across a diverse range of substrates of interest. 

1.5.7 Heterologous expression and purification methods 

Drug transport proteins are integral membrane proteins. In wild-type organisms, the expression of 

a specific membrane protein of interest may represent only 1% of the total proteinaceous weight 

of the cell membrane (250). Hence, achieving the high membrane protein purification yields 

required for many biophysical and structural techniques is significantly challenging due to the 

limited expression, as well as the relative instability of membrane proteins out of their natural lipid 

bilayer environment. A common approach towards purification of a drug efflux pump is to clone 

membrane transport gene into an E. coli host and add an additional His-tag at the N-terminus or 

C-terminus to assist in the identification and purification of the gene from other membrane proteins 

present in the cell membrane extracts (251). Expression into E. coli BL21 host with pTTQ18 is 

usually used as a first-attempt vector/host combination for heterologous protein expression, 

however, a diverse range of other vector/host combinations have also been described (251). Large-

scale culture, induction and cell disruption is followed by ultracentrifugation to isolate pure 

bacterial cell membranes from the cell lysate (251). Membranes are solubilised in appropriate 

buffer containing detergent to form micelles and stabilise the membrane protein outside of the cell 

membrane environment for further purification by immobilised metal affinity chromatography 

(251, 252). Once purified, excessive detergent is removed, and the protein is concentrated for 

further biophysical and structural characterisation. A comprehensive review on membrane protein 

purification techniques is provided in Smith et al., 2016 (253). 

1.5.8 Biophysical studies to determine substrates of drug transport proteins 

Once a protein is purified, it is important to test function and perform direct biophysical 

experiments to determine substrates of the efflux target. There are many different techniques to 

determine substrate binding affinity of a transporter and substrate of interest. A few methods 

amenable to membrane transporters are described in this section. 
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Tryptophan fluorescence quenching assay 

Tryptophan fluorescence quenching is a simple fluorometric technique to determine substrate 

binding kinetics. The amino acid tryptophan is fluorescent and can undergo a significant shift in 

emission wavelength maxima upon a change in solvation environment due to a in conformation 

induced by substrate binding. Large conformational changes are common for highly dynamic and 

flexible membrane transport systems, and if tryptophan residues are available at appropriate 

locations on the transport protein studied, it is a worthwhile short experiment to determine the 

influence of ligand binding on a target protein of interest, in which the change in tryptophan 

fluorescence intensity at a given wavelength can be correlated to binding kinetics and binding 

affinity for substrate and transport protein interaction (254).    

Circular dichroism 

Circular dichroism (CD) is a simple spectroscopic technique that can provide information about 

secondary structure of a protein, either through near-UV spectrum wavelengths or far-UV 

wavelength ranges (255). Variation in the near-UV range of 250–350nm can reflect changes in the 

positioning of aromatic amino acid sidechains, indicating conformational change upon substrate 

binding. Measurements in the far-UV range (150–250 nm) can provide information about 

secondary structure of a transporter as α-helices and β-sheets have defined absorption spectrums 

(255). An advantage of this technique is that secondary structures are unravelled as temperature 

increases, causing protein denaturation (255). Binding to a substrate increases stabilisation of 

protein, and thus, measurement of denaturation rates of secondary structures between protein with 

and without substrate can be a useful technique to study putative ligands, as well as provide an 

avenue to study potential binding sites by comparing wildtype proteins against modified proteins 

with changed binding site residues (255). 

Nano differential scanning fluorimetry (nano-DSF)  

NanoDSF is a derivative of differential scanning fluorimetry (DSF) that monitors the change in 

local chemical environment of a protein, such as denaturation monitored through the analysis of 

intrinsic tryptophan and tyrosine fluorescence shifts (256). NanoDSF provides an opportunity for 
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efflux pump research as the method only requires low quantities of pure protein, does not require 

labelling with fluorescent dyes and is amenable to screening a diverse range of compounds across 

chemical space (256). Observed shifts in thermostability by nanoDSF can be coupled to chemical 

screens providing a high-throughput approach for rapid characterisation of putative ligands, co-

factors or inhibitors of membrane proteins (256). NanoDSF technique has been applied to the 

characterisation of the physiological role of A. baumannii multidrug efflux pump, AmvA as a 

spermidine and spermine efflux pump (135). Furthermore, nanoDSF has also found applications 

in buffer, pH and detergent screens to assist optimisation of membrane protein purification 

methods (256–258).  

1.5.9 Proteoliposome transport assays 

The measurement of substrate transport in an isolated, synthetic liposome environment offers 

direct evidence for antimicrobial export mediated by drug efflux pump (251, 259). In these 

experiments, pure membrane proteins are reconstituted into synthetic liposome environments, 

mimicking a phospholipid membrane environment. Proteoliposomes are loaded with fluorophores 

or radiolabelled substrates and then measured using whole cell efflux and accumulation assays 

(see Section 1.5.6) where accumulation of substrate overtime can be evidence of efflux mediated 

transport out of the proteoliposome environment (260). Furthermore, this technique also provides 

an avenue to establish energy-coupling mechanisms of drug efflux transporters (260). Pyranine is 

a fluorescent dye that changes absorption according to pH environment and can report on direction 

of proton-coupled transport processes (122, 261). In the case of PACE transporter, AceI, pH 

change was coupled to export the polyamine cadaverine but not spermidine. The latter substrate 

was not determined to be a physiological substrate of the AceI transporter (122). Furthermore, 

proteoliposome transport assays have been recently coupled to single-molecule Förster resonance 

energy transfer (sm-FRET) experiments, to study real-time conformational dynamics of efflux 

pumps during directional substrate transport to study the precise mechanism of drug transport in 

these efflux systems (262). This approach was recently successful in the study of the real-time 
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conformational change of the rocker-switch mechanism of transport by MFS transporter MdfA 

(263).  

1.5.10 Structure elucidation techniques  

Elucidating the structure of a drug efflux pump is important to understand membrane transport 

function as well as to aid drug-discovery efforts to develop therapeutics to block their mechanism 

of action. Three main methods are available to solve the structure of membrane proteins; x-ray 

crystallography, nuclear magnetic resonance (NMR) and cryo-EM.  

X-ray crystallography 

X-ray crystallography is a common structural biology technique used x-ray to diffract crystalline 

atoms of a protein in which X-ray diffraction patterns can allow a 3D electron density map to be 

imaged and the position of atoms and their chemical bonds to be elucidated (264). Achieving high-

resolution crystal structures of membrane transport systems is challenging process as high 

concentrations of pure protein are required. As they are often highly flexible and unstable outside 

of membrane lipid environment, membrane transporter protein are also typically very difficult to 

crystallise (265). Recent advances in membrane protein crystallisation and X-ray crystallography 

is provided in a review by Kermani, 2021 (266). Nonetheless, X-ray crystallography is still a 

powerful technique used to solve the structures of many membrane proteins including a variety of 

drug efflux pump across the ABC, RND, MFS, MATE, SMR and AbgT efflux families (72, 82, 

104, 114, 204, 267). 

Nuclear magnetic resonance (NMR) spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy can elucidate the structure of membrane 

proteins by studying the nuclear spin oscillations that allow for the determination of how atoms 

are chemically linked, the spatial distance between atoms and ability to move in respect to each 

other (268). In this method, NMR does not require crystal structures and is accessible for small 

membrane protein structure elucidation. Solution NMR methods are limited to lipid micelles and 

nanodisc preparation methods, whilst solid-state methods can allow for structures to be solved in 
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lipid bilayer environment (268). However, NMR is limited due to anisotropic interactions, sample 

heterogeneity, spectral complexity and signal degeneration in locations of sequence repeats or in 

large membrane protein systems studied (268). The use and limitations of NMR spectroscopy to 

solve membrane protein structures is well reviewed by Yeh et al., 2020 (268). NMR spectroscopy 

has recently been applied to solve structural elucidation of SMR transporter EmrE in a native lipid 

environment (269). 

Cryo-EM technique for the elucidation of membrane protein structures. 

Cryo-EM is a technique that has recently become a popular method for structure elucidation of 

membrane transport proteins. In this technique, electron diffraction and imaging of membrane 

protein structure can be solved in a near physiological, partially hydrated environment such as a 

liposome. Membrane protein specimens are rapidly frozen to bypass the need for crystals and 

loaded into an electron microscope at high-vacuum and low temperatures to minimise radiation 

damage (270). Structures can be solved by single-particle analysis where vitrified samples are 

distributed across a grid where thousands of copies of identical membrane proteins are frozen in 

random orientations and collated to create an averaged projection to solve protein structure. 

Alternatively, electron tomography can be used to convert 2D projections of heterogeneous 

particles into 3D tomogram by tilting the specimen stage and a 3D tomogram is calculated using 

a reconstruction algorithm. A review by Murata et al., 2018 provides a comprehensive overview 

of cryo-EM applications to solve membrane protein structures (270). Cryo-EM has been useful for 

solving large tripartite efflux complexes including the tripartite RND transporter AcrAB-TolC and 

ABC transporter MacAB-TolC (86, 148). 

1.6 Acinetobacter baumannii- a nosocomial pathogen of concern   

In the early 20th century, the first type strain of Acinetobacter spp. was isolated from soil using 

calcium-acetate enriched minimal media and was aptly named, Micrococcus calco-aceticus (271). 

The nomenclature of the Acinetobacter genus was eventually defined by Brisou and Prévot in 1954 

to distinguish non-motile species from motile species of Achromobacter spp. (272). Over 100 

species within the genus Acinetobacter are acknowledged to date by the List of Prokaryotic names 
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with Standing in Nomenclature (LPSN) (273). Members of the Acinetobacter genus are defined 

as a Gram-negative coccobacillus, defined as a strictly aerobic, non-fermenting, pleomorphic, non-

motile, catalase-positive, oxidase-negative, and high GC content (~39–47%) species of bacteria 

(5). Acinetobacter spp. are found in a variety of environments, including water, sewage, soil, 

plants, human and hospital environments (274).  

Most members of Acinetobacter spp. are non-pathogenic, environmental species. However, a few 

members of Acinetobacter are opportunistic pathogens. The Acinetobacter baumannii-

Acinetobacter calcoacetius (ACB) complex are a closely related group of species initially 

comprised of Acinetobacter baumannii, Acinetobacter calcoaceticus, Acinetobacter nosocomialis 

and Acinetobacter pittii (275). Subsequent additions to this complex include Acinetobacter 

seifertii, Acinetobacter lactucae (synonym Acinetobacter dijkshooriniae) and Acinetobacter 

genomic spp. 1–3 (275). Members of the ACB complex are frequently associated with hospital 

and community acquired infections (5). A. baumannii is the commonly isolated species associated 

with difficult to treat hospital acquired in clinical settings (5). A. baumannii is an opportunistic 

pathogen known to cause a range of hospital-acquired infections including ventilator-assisted 

pneumoniae, catheter-associated urinary tract infections, surgical-site infections, bloodstream 

infections, meningitis, soft-tissue infections, wound infections and skin infections (5, 276). 

Hospital-acquired risk factors include prolonged hospital stay, antibiotic use, major surgery and 

use of foreign medical equipment such as catheters, cannulas, tubing and ventilators (5, 276). 

Community acquired A. baumannii (CA-Ab) infections include pneumoniae, wound infections 

and bacteraemia/sepsis, and have been linked to wound infections from natural disasters and war 

zones, as well as at-risk populations in tropical and sub-tropical climates (277, 278). At risk 

populations include individuals with co-morbidities including diabetes mellitus, pulmonary 

disease, lung cancer, alcoholism, and chronic smoking (277).  

Prior to the 1970s, A. baumannii infections were susceptible to a diverse range of antibiotic classes, 

including β-lactams, aminoglycosides, quinolones and tetracyclines (5, 279). Increased frequency 

of A. baumannii outbreaks and resistance have been reported as early as the 1980s (5). Multi-locus 



 38 

sequence typing (MLST) has determined three international lineages of A. baumannii, known as 

international clones, I, II and III (280). International clones I and II are associated with MDR, PDR 

and carbapenem-resistant outbreaks which can be associated with the acquisition of multiple 

antimicrobial resistance mechanisms and resistance islands, integrons and transposons (280–283). 

The dissemination of carbapenem-resistant A. baumannii globally has caused concern as 

carbapenems, along with polymyxins and tigecycline, were used as a last resort antibiotics to treat 

MDR A. baumannii infections (282, 284–286). Furthermore, colistin and tigecycline resistant 

strains are also reported, indicating the start of a pan-drug resistant era for this opportunistic 

pathogen (284, 287–289). Recently, the WHO and Centers for Disease Control have recognised 

carbapenem-resistant Acinetobacter spp. as a critical threat to modern medicine, in which the 

development of novel therapeutic options for the treatment of carbapenem-resistant Acinetobacter 

infections is essential (11, 290). For this reason, understanding the mechanisms of resistance in 

this pathogen is an important step in developing effective therapeutics. 

1.6.1 Virulence mechanisms in A. baumannii 

The success of A. baumannii as an opportunistic pathogen can be largely attributed to the high 

level of genome plasticity, allowing A. baumannii to acquire mobile genetic elements, adapt and 

undergo mutagenesis and genome rearrangement to rapidly acclimatise to adverse conditions 

(291). Furthermore, the high abundance and diversity of virulence and antimicrobial resistance 

mechanisms contribute to the ability of A. baumannii to persist in harsh environmental conditions, 

invade host cells and persist against antimicrobial challenge during infection. A brief overview of 

A. baumannii virulence mechanisms is provided in the following paragraphs; for more detail 

please see the review by Morris et al., 2019 (292). 

The main virulence mechanisms of A. baumannii includes cell adhesion, invasion of host epithelial 

cells, biofilm formation, cell motility and acquisition of micronutrients (291). In addition, the 

success of A. baumannii as a hospital pathogen is also due to its ability to persist in the hospital 

environment. A. baumannii can survive and persist in harsh, desiccation-like conditions, such as 

hospital abiotic surfaces for up to 100 days (293, 294). The ability to persist desiccation has been 
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linked to capsular polysaccharide, lipid A acetylation and biofilm formation allowing for water to 

be trapped within these dense polysaccharide rich environments to survive extremely dry 

conditions (291, 295, 296). In desiccation-stressed A. baumannii, genes involved in oxidative 

stress resistance and DNA protection and repair, including RecA were found to be significantly 

upregulated to protect from DNA damage and oxidative stress caused by desiccation conditions 

(297, 298). Disinfectants commonly used to sterilise abiotic surfaces and medical equipment in 

hospital environments as well as in handwashes and sanitisers to prevent hospital acquired 

infections. In a recent study, a range of A. baumannii antibiotic drug efflux transporters were found 

to be important to fitness upon exposure to disinfectants, suggesting hospital biocides may drive 

antimicrobial resistant phenotypes in A. baumannii (239). Furthermore, A. baumannii was found 

to upregulate the transcription of the disinfectant-specific antimicrobial efflux pump, AceI, in 

response to chlorhexidine exposure (118). Additionally, ethanol, a common surface disinfectant 

was also found to promote cell growth, pathogenicity, and virulence of A. baumannii (299, 300). 

Biofilm formation is an important mechanism to survive and persist on abiotic surfaces such as 

plastics, glass, metals, and porcelain, in addition to adherence to epithelial cells and persistence in 

wound infections (301, 302). The chaperone-usher pilus system, biofilm-associated protein, type 

I secretion system, capsular polysaccharides, poly-β-1,6-N-acetylglucosamine (PNAG) and 

autotransporter signal (Ata) are important features in the formation, adherence and maintenance 

of mature Acinetobacter biofilms (303–307). 

Motility of A. baumannii is an important mechanism of infection. In contrast to the nomenclature 

as a ‘non-motile’ rod, A. baumannii is capable of motility through two defined mechanisms; 

twitching motility, and surface-associated motility which may assist infection of the host and 

persistence in nosocomial environments (308).  

Colony-phase variation is a mechanism of virulence reported in A. baumannii isolate 

AB5075_UW, involving a switch between opaque-colony and translucent-colony variants in this 

pathogen (309). Opaque-colony variants have been reported to be greater surface-associated 

motility and virulence compared to translucent-colony variants within the same bacterial 
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population (309). A. baumannii also encodes many virulence mechanisms to assist with direct 

interactions with host and defence against host immune responses.  

The cell membrane is the first layer of defence. Expression of glycans, glycoconjugates, 

lipooligosaccharides and peptidoglycan at the membrane play an important role in lowering 

antimicrobial permeability and trap water in desiccation survival, but also prevent complement-

mediated killing, immune evasion and antibody recognition, as well as enhances biofilm 

production and maintenance (295, 305, 310–312). Lack of capsule has been linked to avirulent 

forms of A. baumannii that are easily targeted by complement-mediated killing mechanisms (313).  

Transition metals such as zinc, manganese, and iron play an important role in innate host immunity 

against bacterial infection, and sequestration mechanisms are critical for A. baumannii survival in 

the host. A. baumannii has diverse set of mechanisms to acquire these transition metals in vivo. A 

common mechanism is the expression of siderophores, iron-chelating molecules, including 

acinetobactin, fimsbactins and baumannoferrins (314–316). Zinc is essential for the survival of A. 

baumannii against host-mediated nutritional immunity. A. baumannii can sequester zinc with 

extremely high affinity through the expression of the ZnuABC transporter (317). A. baumannii 

also express metallochaperone ZigA and a histidine utilization system to sequester and release 

zinc in a bioavailable form for utilisation within the cell as an important co-factor for many 

enzymes required for infection and resistance (318, 319). Manganese is an important co-factor for 

the breakdown of accumulated urea from bacterial metabolism (320). In metal-limited conditions 

during host infection, A. baumannii is shown to express manganese transport and urea metabolism 

to circumvent the toxic effect of manganese limitation (321). 

A. baumannii also expresses several protein secretion mechanisms to survive within the 

environment and during host infection (322). Currently, there are five types of protein secretion 

systems in A. baumannii. Type I secretion system (T1SS) that are recognised as being important 

for cell adhesion to abiotic surfaces and biofilm formation (323). The type II secretion system 

(T2SS) is involved in the secretion of toxins and hydrolytic enzymes to assist nutrient acquisition 
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(324). The type IV secretion system (T4SS) mediate bacterial horizontal gene transfer and 

contribute to genomic plasticity of A. baumannii (325). Type V secretion system (T5SS) was the 

discovery of the adhesin autotransporter of A. baumannii (Ata) that plays an important role in 

secretion of extracellular matrix and membrane components (307, 322). The type VI secretion 

system (T6SS) involved in interbacterial competition and bacterial lysis, plays an important role 

in survival during polymicrobial infections (326). Further detail for each secretion system has been 

reviewed by Weber et al., 2017 (322).  

1.6.2 AMR mechanisms of resistance in A. baumannii 

Section 1.1 provided an overview of bacterial antimicrobial resistance mechanisms. The following 

section provides details of the known antimicrobial resistance determinants characterised in 

A. baumannii. 

Drug inactivating enzyme mechanisms in A. baumannii 

Clinical isolates of A. baumannii host a diverse range of drug inactivating enzymes to promote 

multi-drug resistance. Extended β-lactam and extended carbapenem resistance is a primary 

concern as it is usually antibiotic of choice for the treatment of multidrug resistant A. baumannii 

and carbapenem-resistant A. baumannii is a priority for urgent development of novel therapeutics 

(11, 290). β-lactam resistance is primarily mediated by the acquisition and expression β-lactamases 

(see Section 1.1.1) (327). A. baumannii has been reported to host all four β-lactamase groups to 

confer resistance. Class A β-lactamases are serine-dependent hydrolases that degrade penicillins 

and cephalosporins some carbapenem antibiotics (17). A. baumannii Class A β-lactamases span 

narrow-spectrum β-lactamase and extended-spectrum β-lactamases include TEM (328, 329), SHV 

(330), CTX-M (331, 332), SCO (333), PER (334–336), VEB (337), KPC (338, 339), GES (340–

342) and CARB class of β-lactamases (343, 344). A. baumannii class B β-lactamases, known as 

metallo-β-lactamases, require zinc or heavy metal co-factor for hydrolysis (17). A. baumannii 

metallo-β-lactamases can hydrolyse all β-lactam antibiotic classes except for monobactams and 

span IMP (345–350), NDM (351–353), VIM (354–357) and SIM (358) metallo-β-lactamase 

classes (359). A. baumannii also host chromosomally encoded class C β-lactamases, also known 
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as AmpC cephalosporinases (327, 360, 361). This class of β-lactamases are serine-dependent, in 

which expression is correlated with the upstream insertion of IsAba1 insertion sequence (17, 361). 

Constitutive overexpression of this class of enzymes are correlated with extended-spectrum 

cephalosporin resistance in this pathogen (327, 361, 362). A. baumannii class D β-lactamases, also 

known as oxacillinases is a major mechanism of carbapenem resistance in A. baumannii. 

Carbapenem-hydrolysing oxacillinases were first identified with OXA-23, the most prevalent 

oxacillinase in A. baumannii (363, 364). However, other class D β-lactamases subgroups including 

OXA-2 (365), OXA-10 (366), OXA-20 (367), OXA-24 (368), OXA-51 (369), OXA-58 (370), 

OXA-143 (371) and OXA-235 (372) have also been detected and sequenced from A. baumannii 

isolates worldwide (373). Insertion of ISAba1 element upstream of OXA-23 and OXA-51 has been 

correlated with the overexpression of these oxacillinases and subsequent carbapenem resistance in 

A. baumannii (373, 374).  

A. baumannii also host a diverse range of AMEs that confer aminoglycoside resistance, usually 

through the acquisition of mobile genetic elements (375). AMEs identified from A. baumannii 

isolates include: the AAC (3’) group of aminoglycoside acetyltransferases (aacC1, aacC2) and the 

AAC (6’) group of acetyltransferases (aacA4) (376); the ANT (2”) (aadB) and ANT (3”) (aadA1) 

nucleotidyltransferases (377, 378); and APH (3’) and APH (3”) classes of aminoglycoside 

phosphotransferases (378, 379).  

Other antibiotic modifying classes reported in A. baumannii antimicrobial resistance include: the 

chloramphenicol acetyltransferases, including catI (380), catB2 (343), catB3 (381) catB8 (382, 

383) to confer resistance to phenicol antibiotics; the ADP-ribosyltransferase (arr) to catalyse the 

ADP-ribosylation and inactivation of rifamycin antibiotics (381); and tetracycline 

monooxygenases from the TetX flavin-monooxygenase family including Tet(X3), Tet(X4), 

Tet(X5) and Tet(X6) that confer tigecycline, tetracycline, eravacycline and omadacycline 

resistance (289, 384, 385).  
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Target modification and protection mechanisms in A. baumannii 

A. baumannii has several reported resistance mechanisms to confer resistance to a diverse range 

of antibiotics via target modification and protection (see Section 1.2.2). Tetracycline resistance 

has been identified to occur via target protection and rescue through the expression of TetM (38). 

Ribosome methylation mediated by the 16S rRNA methyltransferase, ArmA, is seen to promote 

aminoglycoside resistance (378, 386). Fluoroquinolone resistance in A. baumannii is primarily 

caused by selection for DNA gyrase (gyrA) and topoisomerase IV (parC) mutations and has been 

associated with nosocomial outbreaks of A. baumannii (387–389).  

Antibiotic insensitive variants of targets have also been reported in A. baumannii. Examples 

include the acquisition and expression of insensitive variants of penicillin binding proteins in A. 

baumannii conferring imipenem resistance (390). Furthermore, insensitive variants of 

dihydrofolate reductase and dihydropteroate synthase, including dfrA1, dfrA7, dfrA19, sul1 and 

sul2 conferring trimethoprim-sulphonamide resistance, have been reported in clinical isolates of 

MDR A. baumannii (391). In A. baumannii, polymyxin resistance is reported to occur from 

modification of outer membrane composition (392, 393). Specific resistance to the last resort 

antibiotic, colistin, has been linked to altered expression of the PmrAB two-component system 

leading to the phosphoethanolamine modification of lipid A and a changed net-charge in the outer-

membrane of in response to polymyxin exposure (393).  

Reduced antimicrobial permeability in A. baumannii 

The cell envelope acts as a first layer of defence against antimicrobial activity towards many 

classes of antibiotics (see Section 1.2.3) (394). A primary mechanism of decreased permeability 

toward antimicrobial challenge is carried out by a range of outer membrane porins expressed in A. 

baumannii (52, 395). OmpA is the most prevalent outer membrane porin of A. baumannii and has 

been linked to membrane integrity (396, 397). Production of OmpA is associated with resistance 

to a diverse range of antimicrobials, including chloramphenicol, aztreonam and nalidixic acid and 

may contribute to antibiotic extrusion via association with drug efflux pumps (396). Furthermore, 

decreased expression of several porins have been attributed to carbapenem resistance phenotype 
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in A. baumannii, including outer membrane porins CarO, Omp22, Omp33-36, Omp37, Omp43, 

Omp44 and Omp47 (359, 398–402). 

1.6.3 A. baumannii drug efflux pumps 

Multidrug efflux pumps are a valuable mechanism of antibiotic resistance in A. baumannii, as the 

expression of one transporter can often mediate resistance diverse range of antibiotics and promote 

survival. Efflux pumps from the ABC, RND, MFS, MATE, SMR and PACE transport families 

have been identified and characterised to confer diverse range of antimicrobial resistance in 

A. baumannii. 

A. baumannii RND efflux pumps 

Currently, there are five RND efflux systems characterised in A. baumannii — AdeABC, AdeIJK, 

AdeFGH, ArpAB and AbeD (403–407). All RND members recognise diverse antibiotic substrate 

profiles. AdeABC was the first RND efflux system to be described in A. baumannii (403). 

AdeABC has been reported to confer resistance to a diverse range of antibiotics, including 

aminoglycosides, β-lactams, chloramphenicol, macrolides, tetracyclines, tigecycline, 

trimethoprim and pentamidine (403, 408). Expression of AdeABC is associated with biocide 

tolerance and multidrug resistance phenotype in A. baumannii (409, 410). The AdeFGH 

transporter confers resistance to chloramphenicol, clindamycin, fluoroquinolones, 

sulfamethoxazole, sodium dodecyl sulfate, trimethoprim, tetracycline and tigecycline and the dyes 

safranin O, acridine orange and ethidium bromide (405). AdeFGH expression has been linked to 

increased biofilm formation and has been shown to be increased in response to human serum 

albumin exposure and DNA damage, suggesting roles in pathogenicity and virulence (411–413). 

AdeFGH is regulated by AdeL, a LysR-type transcriptional regulator and mutations in AdeL 

regulator is linked to expression of AdeFGH and multidrug resistant phenotype in clinical isolates 

of A. baumannii (405, 414). AdeIJK is highly conserved across A. baumannii, in which constitutive 

expression of this transporter confers intrinsic multidrug resistance (404, 415). AdeIJK confers 

resistance to β-lactams, chloramphenicol, erythromycin, tetracyclines, lincosamides, 

fluoroquinolones, fusidic acid, novobiocin, rifampin and trimethoprim (395). AdeABC and 
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AdeIJK are proposed to act synergistically to promote tetracycline and tigecycline resistance 

(404). AdeIJK transport can be repressed by the TetR-type regulator, AdeN and mutations in this 

regulator has been associated with AdeIJK overexpression (415). AbeD is an orphan RND 

transporter in A. baumannii, as the corresponding MFP and OMP to form a tripartite structure for 

export has not been identified (407). AbeD expression confers resistance to tobramycin, 

gentamicin, ceftriaxone, rifampicin and benzalkonium chloride. AbeD expression is proposed to 

be regulated by the SoxSR two-component system, involved in regulation of oxidative stress 

response (407). ArpAB is an RND efflux pump characterised to play a role tobramycin and 

amikacin resistance in A. baumannii (406). The ArpAB efflux pump promotes opaque-to-

translucent colony phase switching, suggesting important roles in antimicrobial export and 

virulence in A. baumannii (309, 406). 

A. baumannii ABC drug efflux pumps 

MacAB-TolC is a tripartite ABC efflux system in A. baumannii that plays a role in macrolide and 

tigecycline resistance (149). MacAB-TolC expression in A. baumannii is regulated by the BaeSR 

two-component system (416). MacAB-TolC expression is associated with cell envelope stress 

response and mature biofilm homeostasis (417).  

A. baumannii MFS drug efflux pumps 

CraA is a phenicol efflux pump that confers resistance to chloramphenicol, florfenicol and 

thiamphenicol, dequalinium chloride, benzalkonium chloride and chlorhexidine (418, 419). 

AmvA is an efflux pump known to export a diverse range of antimicrobials, dyes and disinfectants 

including erythromycin, acriflavine, benzalkonium chloride, ethidium bromide and methyl 

viologen (420). Recently, AmvA was shown to play a physiological role in spermidine and 

spermine export (135). AbaF is an MFS transporter involved in conferring specific resistance for 

fosfomycin (421). AbaQ is an efflux pump specific towards efflux of quinolone antimicrobials 

(422). In addition to chromosomally encoded efflux pumps, A. baumannii has acquired narrow 

spectrum efflux systems including a range of Tet-type efflux pumps (i.e., Tet(A) and Tet(B)) on 

mobile genetic elements that confer specific resistance to tetracycline and tigecycline (423, 424). 
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The MFS transporters, CmlA and FloR, that confer resistance to chloramphenicol and florfenicol, 

respectively, are encoded on the AbaR1 resistance island (424).  

A. baumannii MATE drug efflux pumps 

MATE transporters associated with antibiotic resistance profiles in A. baumannii include the 

AbeM, AbeM2 and AbeM4 MATE transporters. AbeM confers resistance to a diverse range of 

substrates including fluoroquinolones, aminoglycosides, chloramphenicol, trimethoprim, 

triclosan, daunorubicin, doxorubicin tetraphenylphosphonium chloride and dyes, rhodamine 6G, 

ethidium bromide, Hoechst 33342, DAPI and acriflavine (234). Expression of A. baumannii 

MATE transporters AbeM2 and AbeM4 confer resistance to ciprofloxacin (425). AbeM3, a 

MATE transporter has not been characterised to confer resistance to antimicrobials, however, 

deletion of this transporter led to reduced virulence and motility in A. baumannii suggesting an 

important role of this transporter in the virulence (426). 

A. baumannii SMR efflux pumps 

AbeS is the only chromosomally encoded SMR efflux pump characterised in A. baumannii (427). 

AbeS confers resistance to amikacin, erythromycin, novobiocin, fluoroquinolones, tetracycline, 

and trimethoprim as well as a range of antimicrobial dyes and detergents (427). The QacE efflux 

pump is encoded on mobile genetic elements conferring high-level resistance to quaternary 

ammonium compounds and biocides. Isolates harbouring qacE gene are frequently isolated in 

carbapenem and biocide resistant isolates of A. baumannii (428–431). 

A. baumannii PACE efflux pumps 

A novel family of drug efflux transporters, known as the PACE transporter family, was discovered 

in A. baumannii. PACE transporters are chromosomally encoded and conserved in Acinetobacter 

baumannii. AceI has been characterised to specifically efflux the bisbiguanide antiseptic 

chlorhexidine and polyamines cadaverine and putrescine (118, 122). AceI is regulated by AceR, a 

LysR-type regulator (432). A. baumannii also encodes a paralogue of AceI, A1S_1503, reported 

to confer resistance to antimicrobial dye acriflavine (120). 
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1.7 Scope of thesis 

The main hypothesis of this thesis is that omics data can be used for the discovery of new classes 

of efflux pumps. The discovery of the PACE drug efflux family in A. baumannii revealed that, in 

addition to the five canonical drug efflux families described so far, there are potentially additional 

novel types of drug efflux pumps yet to be discovered in this pathogen. In a recent TraDIS study 

examining genes important for biocide fitness across ten distinct biocides in A. baumannii we 

identified three integral membrane proteins of unknown function to confer resistance to silver 

nitrate (Chapter 2). In this thesis, we investigate the possibility of an ABC transporter of unknown 

function (Chapter 3), an ArAE family protein of unknown function (Chapter 4) and a DUF817 

protein of unknown function (Chapter 5) as potential new efflux systems of A. baumannii. 

Furthermore, through transcriptomics we report on a fourth membrane protein of unknown 

function which was discovered to be important for ciprofloxacin tolerance due to a role in cell 

filamentation in A. baumannii (Chapter 7).  

In parallel to this work, a microfluidic device for the measurement of bacteria cell efflux was also 

developed. Previously, most studies on drug efflux pumps in bacteria have studied efflux systems 

at the population level, which may mask subtle differences in efflux function at the single-cell 

level. This thesis reports on the development of a novel microfluidic technique to examine 

bacterial drug efflux activity at the individual single cell level (Chapter 6).  

Lastly, in addition to their role in antimicrobial resistance, there is data to suggest that efflux pumps 

play a role in biofilm formation and homeostasis. In this thesis we conducted a study to report on 

exposure of biofilm to subinhibitory concentrations of two different antibiotics to investigate genes 

important for biofilm formation and antimicrobial resistance, which highlighted the importance of 

a select few drug efflux pumps (Chapter 8).  
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Abstract 27 

Biocides, such as antiseptics and disinfectants, are used ubiquitously for hygiene in households 28 

and for life-saving infection control in hospitals. An increasing concern is that the widespread 29 

use of biocides may contribute to the emergence and spread of multidrug-resistant bacteria. We 30 

performed transposon directed insertion site sequencing (TraDIS) to identify genes and key 31 

cellular pathways of the multidrug resistant nosocomial pathogen Acinetobacter baumannii, that 32 

affect host fitness during exposure to a panel of ten structurally-diverse and clinically-relevant 33 

biocides: silver nitrate, benzalkonium, cetyltrimethylammonium bromide (CTAB), chlorhexidine, 34 

triclosan, chloroxylenol, polyvidone iodine, bleach, glutaraldehyde and ethanol. Multiple genes 35 

encoding proteins localised either in the cell envelope or in the cytoplasm were shown to affect 36 

biocide susceptibility. These proteins are involved in multiple processes including fatty acid 37 

biogenesis, multidrug efflux, the tricarboxylic acid cycle, cell respiration and cell division, 38 

suggesting that these biocides may have intracellular targets in addition to their known effects 39 

on the cell envelope. Based on the importance of cell respiration genes for A. baumannii fitness 40 

on biocides, we proposed and confirmed that apart from triclosan and ethanol, the other 8 41 

biocides at sub-inhibitory concentration can dissipate the membrane potential and lead to A. 42 

baumannii tolerance to antibiotics that have intracellular targets. Our results support the concern 43 

that residual biocides in clinical or community environments can promote the development of 44 

antibiotic resistance in pathogenic bacteria.  45 
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Introduction 46 

Multiple drug resistance (MDR) in bacterial pathogens is an alarming public health issue1. 47 

Bacteria can resist drugs by expressing efflux pumps to export drugs out of the cell, altering 48 

outer membrane permeability to reduce drug accumulation, or expressing enzymes for drug 49 

inactivation by hydrolysis or modification2. Alternatively, bacteria can gain intrinsic resistance 50 

mutations which prevent target recognition or cause target bypass. The Gram-negative 51 

opportunistic human pathogen A. baumannii is a significant worldwide threat for 52 

immunocompromised patients who are hospitalized in Intensive Care Unit (ICU) wards. This is 53 

due to the emergence of A. baumannii clonal lineages with high level resistance to antibiotics 54 

and tolerance to desiccation3,4. The World Health Organisation (WHO) recently listed 55 

carbapenem resistant A. baumannii as a “top priority pathogen” for development of new 56 

therapies. 57 

Biocides are widely used for disinfection and cleaning in both households and hospitals, but little 58 

is known about their impact on the emergence and spread of MDR infections. In contrast to 59 

antibiotics, the use of biocides is largely unregulated. The recommended in-use biocide 60 

concentrations are normally orders of magnitude higher than the bacterial minimum bactericidal 61 

concentration (MBC). Biocides are presumed to have multiple antibacterial targets or non-62 

specific targets, reducing the likelihood of bacteria developing resistance to these compounds5. 63 

However, outbreaks of nosocomial MDR infections are not uncommon. There is evidence 64 

suggesting that biocide exposure at sublethal concentrations can select for antibiotic-resistant 65 

bacteria under laboratory conditions6, and clinical antibiotic resistant isolates typically have 66 

reduced biocide susceptibilities7. One of the most commonly known biocide and antibiotic cross-67 
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resistance mechanisms is the activity of MDR efflux pumps, such as AcrAB-TolC from 68 

Escherichia coli8, AdeIJK and AdeABC from Acinetobacter baumannii9, and NorA from 69 

Staphylococcus aureus10.  70 

Biocide modes of action are generally poorly characterized, except for cell lysis via interaction 71 

with the phospholipid membrane5. However, some biocides are known to have mode of action 72 

that start intracellularly. For example, silver ions can interact with the thiol group of exposed 73 

cysteine residues leading to enzyme inactivation and disruption of cellular iron homeostasis11,12, 74 

and they also cause cell membrane proton leakage13. The known silver resistance determinants 75 

are primarily involved in reducing silver ion intracellular concentration, including membrane 76 

transporters for silver ion export14, and proteins for neutralization or reduction of silver ions to 77 

the inactive metallic form15. Triclosan targets an intracellular essential enzyme enoyl reductase 78 

(FabI) in fatty acid synthesis16. The two key determinants for high-level triclosan resistance are 79 

MDR efflux pumps and either mutations in the fabI gene or the acquisition of alternative Fab 80 

proteins not recognizable by triclosan17. A recent study revealed that two cytoplasmic membrane 81 

import systems may mediate triclosan uptake18. Apart from the drug efflux pumps mentioned 82 

earlier, members from the proteobacterial antimicrobial compound efflux (PACE) family confer 83 

resistance to antibacterial surfactant compounds including chlorhexidine and benzalkonium19. 84 

These observations suggest the surfactant biocides are also likely to have intracellular targets, 85 

or these pumps can expel them from the membrane. 86 

Knowledge of both biocide modes of action and tolerance mechanisms is important for improved 87 

biocide use for effective and sustainable infection control. Here we performed the first systematic 88 

genome-wide screen to identify genes that affect susceptibilities of an MDR A. baumannii strain 89 
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to ten clinically important biocides (Table S1), using transposon-directed insertion-site 90 

sequencing (TraDIS)20,21.  91 

Results 92 

TraDIS experimental outcomes. TraDIS assays were performed on a global clone II multidrug 93 

resistant A. baumannii strain BAL062 transposon mutant library, containing >100,000 unique 94 

Tn5 insertions (1 insertion every 38 bp)22, to assess the global genetic response to biocide 95 

treatments. Ten structurally distinct biocides were chosen for this study; these are all either listed 96 

as “essential medicines” by the WHO or commonly used in clinical settings and/or as household 97 

products (Table S1). The A. baumannii TraDIS library was exposed to a sub-inhibitory 98 

concentration of each biocide (¼ × the minimum inhibitory concentration (MIC) of the wild-type 99 

strain) (Table S2), and genomic DNA was extracted for TraDIS sequencing and analysis as 100 

previously described23. Gene-wise mutant abundance data were compared to untreated control 101 

samples grown under identical conditions for the same length of time to identify mutations that 102 

affect fitness in the presence of biocides, while controlling for any general impacts on growth 103 

rate. Collectively, the biocide treatments revealed a range of genes harbouring a reduced mutant 104 

population (i.e. decreased insertion read counts; 3-120 genes), representing potential biocide 105 

tolerance determinants, or with an expanded mutant population (i.e. increased insertion read 106 

counts; 7-100 genes) whose inactivation is potentially beneficial under biocide-treatment (Table 107 

S1).  108 

We examined genes previously associated with biocide resistance and found their functions 109 

reflected in the TraDIS results. For example, the MDR efflux pump-encoding operon adeABC 110 

and its activator genes (adeRS) showed significantly decreased insertion read counts (e.g. adeB 111 
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had a 115.4-fold decrease) after treatment with benzalkonium, a known substrate of AdeABC; 112 

whereas no change was seen after treatment with glutaraldehyde, which is not known to be a 113 

substrate of AdeABC (Figure 1A).  114 

Genes previously associated with antibiotic resistance were identified, for example as lpsB – a 115 

glycosyltransferase and LOS-synthesis gene involved in polymyxin resistance in A. baumannii24 116 

but not previously implicated in biocide resistance – showed a 5.8-fold decrease in insertions 117 

following triclosan treatment (Figure 1A). We also revealed potential new roles in biocide 118 

resistance for previously characterised genes, e.g., the insertions in the pyrimidine synthesis 119 

gene pyrC showed a 35.9-fold increase in AgNO3-treated cultures compared to the control 120 

(Figure 1A). 121 

As proof-of-principle phenotypic validation of this TraDIS data, we measured the MICs or the 122 

growth curves of the thirteen isogenic single-gene knockout Tn26 mutants from A. baumannii 123 

AB507525. They include trpA (encoding tryptophan synthase subunit alpha), gltA (encoding 124 

citrate synthase), BAL062_00464 (ABUW_0466, encoding ribonuclease I), adeJ (encoding 125 

another key MDR efflux pump in A. baumannii), BAL062_00031 (ABUW_0035, encoding a 126 

putative drug efflux pump), amvA (MDR efflux pump gene), lysA (diaminopimelate 127 

decarboxylase encoding gene), dsbA (encoding thiol:disulfide interchange protein), ruvB 128 

(encoding Holliday junction DNA helicase) and the genes outlined above: adeB, lpsB, pyrC and 129 

adeR, for the ten biocides (Table S3). For adeB, lpsB, pyrC and adeR the biocide MIC fold 130 

change for the mutant relative to wild-type was essentially consistent with the TraDIS results 131 

(Figure 1B).  132 
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TraDIS data reflects subtle population dynamic changes, which is likely more sensitive than 133 

standard MIC assays. For the remaining nine genes, we additionally performed growth curve 134 

assays. The growth curve differences between the mutants and the parental strain are 135 

essentially consistent with the TraDIS data (Figure S1 and S2 and Table S3). For both the MIC 136 

and growth curve data, polyvidone iodine is the one compound that was not consistent with the 137 

TraDIS data, as we observed no changes in susceptibility to this compound in the mutants tested 138 

here. To ensure the phenotypes that we observed on these isogenic single-gene knockout 139 

transposon mutants were not derived from secondary mutations, we tested five representative 140 

genes for further growth curve assays using a second, independent transposon mutant of the 141 

same gene. We showed that the two transposon mutant pairs of each of these five genes share 142 

highly similar biocide tolerance phenotypes (Figure S2). 143 

Outer membrane lipooligosaccharide. A. baumannii lacks a homolog of the O antigen ligase 144 

WaaL, which transfers O-antigen polysaccharide onto the outer-core of LPS, suggesting that A. 145 

baumannii LPS may comprise only lipid A and core oligosaccharide26. We observed that 146 

insertions in a lauroyl acyl-transferase encoding gene, lpxL, increased in frequency following 147 

treatment with the cationic surfactants chlorhexidine and cetyltrimethylammonium bromide 148 

(CTAB) (21- and 2.3-fold respectively), suggesting that this gene decreased fitness at sub-149 

inhibitory concentrations of these two biocides (Figure 2A). The predominant glycolipid molecule 150 

in the outer leaflet of A. baumannii OM is hepta-acylated lipid A27, whereas an lpxL mutant 151 

generates a hexa-acylated lipid A28. This change in fatty acid profile may impact the 152 

effectiveness of these biocides against A. baumannii.  153 
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Cell surface polysaccharides. In A. baumannii, there are two gene clusters known to be 154 

involved in capsule polysaccharide biosynthesis (K-locus) and LOS outer core oligosaccharide 155 

biosynthesis (OC-locus) respectively29. We identified 9 genes in the K-locus with significant 156 

changes in insertion counts after treatment with one or more biocides. For instance, insertions 157 

in the gna gene, encoding a UDP-glucose dehydrogenase, increased during treatment with 158 

chlorhexidine and bleach (207 and 3.2-fold, respectively), implicating capsule polysaccharide in 159 

biocide sensitivity.  160 

Insertions in an initiating glycosyltransferase-encoding gene, pglC, had decreased read-161 

coverage (9.9-fold) when treated with AgNO3, while treatment with the other 9 compounds did 162 

not have an effect, suggesting this gene may mediate tolerance only for AgNO3 (Figure 2A). 163 

pglC is located in the variable region of the K-locus, but its presence is conserved in this gene 164 

cluster across A. baumannii strains29,30. It is required for the construction of capsular glycan 165 

repeat-units and glycosylation of glycoproteins30, and the deletion mutant affects capsule 166 

production not LOS31. In addition to pglC, insertions in 7 other genes in the K-locus also 167 

displayed decreased frequency following AgNO3 treatment (Figure 2A), implying that the 168 

capsular polysaccharide may play a specific role in AgNO3 tolerance, whereas alteration of LOS 169 

glycoforms impacts susceptibility to biocides more broadly.  170 

Insertions in seven genes in the OC-locus had altered frequency following biocide treatment 171 

(Figure 2A). For instance, insertions in the glycosyltransferase gene lpsC decreased 5.8-fold 172 

following exposure to benzalkonium, suggesting a specific role for lpsC in benzalkonium 173 

tolerance. Further, insertions in another glycosyltransferase gene, gtrOC3, dropped dramatically 174 

(78.8-fold) upon chlorhexidine treatment, suggesting gtrOC3 mediates chlorhexidine tolerance 175 
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(Figure 2A). Insertions in the glycosyltransferase gene lpsB, which is outside of the two 176 

polysaccharide biosynthesis loci and is involved in LOS core biosynthesis, also showed changes 177 

following exposure to 7 biocides (Figure 2A). Previously, it has been shown that disruption of 178 

these glycosyltransferases in A. baumannii produces truncated LOS32,33. Thus, genes predicted 179 

to encode glycosyltransferases, that catalyze the linking of sugars of the LOS outer 180 

oligosaccharide core, may be important in biocide tolerance.  181 

Chaperone-usher pilus. Another potential cell surface biocide tolerance determinant identified 182 

in this study is a chaperone-usher (CU) pilus assembly gene cluster csuA/BABCDE (Figure 2A)34, 183 

insertions in which decreased after treatment with eight biocides (Figure 2A). For example, 184 

insertions in all the csu genes decreased with most biocides: 2.2- to 3.2-fold decrease for AgNO3, 185 

2.8- to 3.8-fold decrease for benzalkonium, 7.2- to 8.4-fold decrease CTAB, and 5- to 7-fold 186 

decrease for triclosan (Figure 2A). Consistent with their known function as csu operon activators, 187 

insertions in the genes of the two-component system BfmRS were also shown to decrease 188 

following treatments with seven same biocides (Figure 2A). Interestingly, insertions in a 189 

transcriptional regulator (BAL062_01328) directly upstream of the csu operon also decreased in 190 

frequency following treatment with the same eight biocides and the fold change was similar to 191 

that of csu gene mutants (Figure 2A), indicating that BAL062_01328 encodes a potential local 192 

transcriptional activator of the csu operon. Together these results suggest that the mature pilus 193 

system is required for a biocide tolerance phenotype. 194 

Membrane transport. Sixteen drug efflux systems have been characterized or identified in A. 195 

baumannii19,35. One of the most clinically significant drug transporters in A. baumannii is a 196 

tripartite efflux system AdeABC36, comprised of a membrane fusion protein (MFP) AdeA, a 197 
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resistance-nodulation-division (RND) efflux pump AdeB, and an outer membrane factor (OMF) 198 

AdeC, respectively. This system is constitutively overexpressed in various clinical A. baumannii 199 

MDR strains, typically due to  mutations in the two-component transcriptional activator genes 200 

adeRS 37.  201 

Tn5 insertions in adeB significantly decreased in frequency 115.4-, 2.2-, 85.6-, 7.9- and 2.0-fold 202 

in the mutant pools that were treated by benzalkonium, cetrimonium, chlorhexidine, triclosan 203 

and chloroxylenol, respectively (Figure 2B), suggesting that adeB mediates resistance to these 204 

compounds. Benzalkonium and chlorhexidine have previously been characterized as AdeB 205 

substrates9. Surprisingly, changes in frequency of Tn5 insertions in adeA and adeC were only 206 

seen in the mutant pools treated by benzalkonium and chlorhexidine (Figure 2B), where 207 

insertions in adeA had 3.3- and 78.8-fold decrease, and insertions in adeC had 2.4- and 11.2-208 

fold decrease, respectively (Figure 2B). This suggests AdeABC functions as a tripartite system 209 

in pumping out these two compounds. These fold-changes were lower than the changes of adeB 210 

caused by the same compounds, indicating that there might be alternative OMF and MFP 211 

proteins that form a tripartite RND efflux system with AdeB.  212 

Insertions in adeR decreased 7.6- and 26.7-fold, and those in adeS decreased 7.5- and 240-fold 213 

when treated by benzalkonium and chlorhexidine respectively, whereas no change was 214 

observed in the other three conditions that also selected against insertions in adeB (Figure 2B). 215 

A chlorhexidine transcriptomics study showed that chlorhexidine at ½ MIC can induce the 216 

expression of adeABC in A. baumannii ATCC1797838. Using q-RT-PCR, we further showed that 217 

benzalkonium and chlorhexidine can induce higher levels of adeB transcription in A. baumannii 218 

BAL062 (Figure 2C). The transposon mutant of adeB in A. baumannii AB5075 is more sensitive 219 
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to benzalkonium, chlorhexidine, triclosan, CTAB and chloroxylenol. However, the transposon 220 

mutant of adeR only showed increased sensitivity to benzalkonium and chlorhexidine (Figure 221 

S3). These observations align with our TraDIS data and suggest that benzalkonium and 222 

chlorhexidine can induce the overexpression of AdeABC through AdeRS, whereas CTAB, 223 

triclosan and chloroxylenol do not act as inducers.  224 

The other important RND system that has been characterized in clinical A. baumannii MDR 225 

strains is AdeIJK, which share some of the substrates of AdeABC9. The TraDIS data from this 226 

study for adeIJK is similar to that for adeABC (Figure 2B)9,39. For instance, insertions in the OMF 227 

encoding gene adeK decreased 1.7-, 17-, 79.9-, 27.3-, and 10.0-fold after treatment with AgNO3, 228 

benzalkonium, chlorhexidine, triclosan and chloroxylenol respectively (Figure 2B). These 229 

phenotypes are confirmed by transposon mutants of adeJ and adeB in A. baumannii AB5075 230 

through growth curves (Figure S3). The respective changes in frequency of insertions in the 231 

RND pump encoding gene adeJ and MFP encoding gene adeI were lower than seen for adeK, 232 

suggesting AdeK might not only form a tripartite drug efflux system with AdeI and AdeJ, but also 233 

with AdeAB, consistent with previous reports40,41. Also consistent with previous findings that the 234 

transcriptional regulator AdeN represses the transcription of adeIJK42, the insertions in adeN 235 

increased 1.5-, 99.7-, 1.7- and 1.3-fold after treatment with benzalkonium, chlorhexidine, 236 

triclosan and chloroxylenol respectively (Figure 2B).  237 

The frequency of Tn5 insertions in another RND membrane transporter gene BAL062_00031 238 

and MFP encoding gene BAL062_00030 reduced 7.31- and 7.41-fold respectively when 239 

exposed to triclosan, suggesting these genes play a role in triclosan resistance (Figure 2B). 240 

Triclosan resistance phenotype of BAL062_00031 was confirmed in the homolog transposon 241 
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mutant of A. baumannii AB5075 through growth curve assays (Figure S3). There is no OMF 242 

gene located adjacent to BAL062_00030 and BAL062_00031. This system may use AdeK as 243 

its OMF partner, because adeK is the only OMF gene in which insertions reduced in frequency 244 

(27-fold) in the mutant pool exposed to triclosan (Figure 2B).  245 

Four other drug efflux pumps were also implicated in mediating biocide resistance. The MFS 246 

transporter AmvA is a multidrug exporter with substrates including benzalkonium, and 247 

chlorhexidine43,44. The frequency of insertions in amvA decreased 1.6- and 106.2-fold after 248 

exposure to benzalkonium and chlorhexidine respectively, and additionally showed a 19.4-fold 249 

decrease when treated by AgNO3 (Figure 2B). Furthermore, the frequency of insertions in amvR, 250 

encoding a transcriptional repressor of amvA22, increased 5.2- and 84.7-fold following exposure 251 

to AgNO3 and chlorhexidine, respectively (Figure 2B). Through growth curves, we confirmed that 252 

the amvA transposon mutant has lower AgNO3 resistance than the parental strain (Figure S3), 253 

suggesting AmvA may recognize silver ions as a substrate or may transport other compounds 254 

related to silver detoxification.  255 

The frequency of insertions in tetR, immediately upstream of a tetracycline efflux pump gene 256 

tetA, increased 21.1-fold following exposure to chlorhexidine (Figure 2B). TetR is a known 257 

transcriptional repressor of tetA45, and this result suggested that tetA overexpression reduces 258 

susceptibility to chlorhexidine. In contrast, chlorhexidine did not affect the frequency of insertions 259 

in tetA, which is likely because TetR does not recognize chlorhexidine as a ligand and is not 260 

responsive to it. These are consistent with our previous finding that E. coli expressing A. 261 

baumannii TetA had a significant increase in chlorhexidine resistance level46.  262 
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Cell Division. Various genes that are involved in peptidoglycan (PG) synthesis, cell shape 263 

determination and cell division were shown to have a decreased frequency of Tn5 insertions 264 

following treatment with silver nitrate and several other biocides (Figure S4). Insertions in the 265 

bacterial rod shape determining genes mreB, mreC, mreD, rodA and pbp2 decreased in 266 

frequency (4.8-, 6.3-, 4.7-, 4.8- and 4.0-fold respectively) when treated by AgNO3, suggesting 267 

disruption of these genes resulted in greater sensitivity to AgNO3. In line with the phenotype of 268 

these mutants, Ag+ solution has been shown to cause distortion in bacterial cell membranes and 269 

morphology47. Hypochlorite and ethanol also showed similar effects on the frequency of these 270 

mutants, though with lower fold changes (Figure S4), suggesting they may also affect cell 271 

membranes and morphology. 272 

The FtsZ-ring associated genes (zipA, zapA and rlpA) and six genes involved in peptidoglycan 273 

synthesis and hydrolysis were also found to have a role in tolerance to multiple biocides (Figure 274 

S4). Insertions in zipA decreased in frequency when treated with eight different biocides, for 275 

instance a 6.9-fold decrease in the AgNO3 pool, a 3.0-fold decrease in the chloroxylenol pool, 276 

and a 2.5-fold decrease in the glutaraldehyde pool. The frequency of insertions in genes in the 277 

pal-tolQ operon, which is required for OM invagination during cell division, was strongly reduced 278 

(59.3 – 61.7-fold) upon chlorhexidine treatment. 279 

The PMF was proposed to affect cell division because the cellular localization of MreB and FtsA 280 

(FtsZ-ring associated) proteins has been shown to be PMF-dependent 48. This may explain why 281 

TraDIS revealed that mutations in both electron transfer and cell division genes affect A. 282 

baumannii fitness in the presence of AgNO3 and other biocides.  283 
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Central Metabolism and Respiration. Tn5 insertional inactivation of several TCA cycle genes 284 

had effects on A. baumannii susceptibility to silver nitrate. The frequency of insertions in the TCA 285 

cycle genes sucC and sucD encoding succinyl-CoA synthetase β and α subunits both showed 286 

a 12.3-fold increase upon silver nitrate treatment, suggesting that absence of succinyl-CoA 287 

synthetase increased resistance to silver nitrate (Figure S4). Similarly, previous work 288 

demonstrated that knockout strains of E. coli TCA cycle genes (ΔsucB, Δmdh) were less 289 

sensitive to silver nitrate than the wild type12. In contrast, insertions in two other TCA cycle genes 290 

acnA_1 encoding aconitate hydratase 1 and icd_2 encoding isocitrate dehydrogenase showed 291 

11.7- and 12.5-fold decreases after silver nitrate treatment, respectively (Figure S4), suggesting 292 

that these mutants had decreased fitness in silver nitrate. Silver nitrate may target SucC/SucD 293 

in A. baumannii, requiring alteration of fluxes through the TCA cycle, such that there is a heavier 294 

requirement for icd_2 and acnA.  295 

Another known antibacterial effect of AgNO3 occurs via cytoplasmic membrane proton leakage 296 

and attenuated or ceased cell respiration13. We measured the membrane potential change upon 297 

exposure to AgNO3 in A. baumannii BAL062 using 3,3’-Diethyloxacarbocyanine iodide 298 

(DiOC2(3)). AgNO3 at a concentration as low as 1/32 MIC started to cause a dose-dependent 299 

drop in the membrane potential of cells in exponential phase (Figure 3A). The dissipation of 300 

membrane potential was reflected in decreased frequency of insertions in genes encoding 301 

proteins involved in electron/proton shuttling during respiration. For example, Tn5 insertions in 302 

cydB and cydA_1, encoding cytochrome D ubiquinol oxidase decreased by 5.5- and 7.0-fold 303 

respectively, and insertions in a ubiquinone biosynthesis gene BAL062_03562 decreased 4-fold 304 

(Figure S4). We hypothesize that these genes might be involved in maintaining the PMF to resist 305 
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silver nitrate-induced cytoplasmic membrane proton leakage and the compromised electron 306 

suppliers from the TCA cycle. 307 

An electron transport-related operon encoding cytochrome O (cyo) ubiquinol oxidase subunits 308 

had significantly reduced frequency of Tn5 insertions upon chloroxylenol, benzalkonium or 309 

ethanol treatment (Figure S4), suggesting that the electron transport chain is affected by these 310 

compounds, but in a different way to silver nitrate.  311 

Biocide induced dissipation of membrane potential. The finding that cell division and cell 312 

respiration genes are required for fitness in the presence of multiple biocides indicated that, like 313 

AgNO3, these molecules may cause dissipation of membrane potential as part of their activity. 314 

To explore this hypothesis, we first measured the membrane potential change of A. baumannii 315 

BAL062 on exposure to AgNO3 using 3,3’-Diethyloxacarbocyanine iodide (DiOC2(3)). As 316 

expected, given its known effect causing proton leakage, AgNO3 caused a drop in membrane 317 

potential of exponential phase cells (Figure 3A). This effect was apparent at as low as 1/32 MIC 318 

and was dose dependent. We then measured the membrane potential of exponential-phase A. 319 

baumannii BAL062 following exposure to the remaining biocides at ¼ MIC. Based on the 320 

importance of cell division and cell respiration genes for fitness in the presence of all biocides 321 

except triclosan (Figure S4), we predicted that nine of the biocides would impact membrane 322 

potential. As shown in Figure 3B all compounds except for triclosan and ethanol caused a drop 323 

in membrane potential. This suggests that dissipation of membrane potential might be a direct 324 

or downstream antibacterial effect of multiple biocides. 325 

Cell membrane transport activities are energy dependent. If the biocides in this study do induce 326 

dissipation of membrane potential, they should also be able to compromise the solute efflux 327 
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efficacy of proton-coupled pumps that rely on membrane potential as an energy source. 328 

Acriflavine is a passively lipid membrane permeable fluorescent compound and a well-known 329 

substrate of multiple drug efflux transporters, including AmvA (Figure 4A), AdeB and AdeJ49 in 330 

A. baumannii. Its intracellular accumulation likely correlates with membrane protein efflux activity. 331 

We showed that, at ¼ MIC, triclosan and ethanol, the two compounds that did not affect 332 

membrane potential, did not change acriflavine fluorescence in A. baumannii BAL062. The other 333 

8 compounds and the positive control proton ionophore CCCP (carbonyl cyanide m-chlorophenyl 334 

hydrazone) increased acriflavine accumulation in the cells (Figure 4B). This suggests efflux 335 

activities in the cells may be compromised because of membrane de-polarization caused by 336 

these compounds or transporter substrate competition may lead to less acriflavine efflux. 337 

Benzalkonium, chlorhexidine, CTAB, chloroxylenol and triclosan are known substrates to AdeB 338 

and AdeJ (Figure 2B and FigureS2), suggesting these substrates could compete with acriflavine 339 

during the efflux activity of these two transporters. However, triclosan did not affect acriflavine 340 

fluorescence, indicating the elevated acriflavine cellular level was more likely caused by 341 

membrane depolarization and loss of efflux pump activity.  Chlorhexidine and benzalkonium at 342 

¼ MIC can increase adeB expression (Figure 2C), but rather than triggering the cells to export 343 

more acriflavine via AdeB and reducing fluorescence, these biocides increased acriflavine 344 

intracellular accumulation (Figure 4B). These data (Figure 4B and Figure 3B) suggest that the 8 345 

biocides, as well as the positive control CCCP, can de-energise the cell membrane and 346 

compromise membrane transport activities.  347 

It is possible that the 8 biocides could be permeabilizing the cell membrane rather than 348 

specifically impacting the membrane potential. To investigate this possibility, we examined 349 

intracellular fluorescence of SYTOX-Green, a fluorescent DNA dye impermeable to intact cell 350 
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membranes. Apart from glutaraldehyde, the other 9 biocides and the positive control CCCP had 351 

little effect on SYTOX-Green fluorescence in the cells, suggesting these compounds at the 352 

concentrations tested in this assay do not have an observable impact on cell membrane integrity 353 

(Figure 4B).  The observations from both acriflavine and SYTOX Green assays collectively 354 

suggest that AgNO3, benzalkonium, CTAB, chlorhexidine, chloroxylenol, sodium hypochlorite, 355 

povidone iodine (at ¼ MIC) dissipate the membrane potential without causing systemic 356 

membrane damage. In contrast, glutaraldehyde (at ¼ MIC) permeabilizes the cell membrane 357 

which leads to membrane potential dissipation. 358 

Biocides’ impact on antibiotic potency. The uptake of the poly-cationic aminoglycosides 359 

requires membrane potential (both the proton gradient (H+) and electrical potential ()  across 360 

the cytoplasmic membrane) and drug-sensitive ribosomal binding sites for irreversible drug 361 

uptake50. Our next hypothesis is that the biocides that cause membrane potential dissipation can 362 

compromise aminoglycoside uptake and thus antagonise the killing effects of the antibiotic. As 363 

resistant bacterial strains accumulate less aminoglycoside antibiotic than sensitive strains51, we 364 

used an aminoglycoside-sensitive strain A. baumannii ATCC17978 rather than the highly 365 

resistant AB5075 or BAL062 strain to test our hypotheses. We showed that apart from triclosan, 366 

the other biocides including benzalkonium, chlorhexidine, CTAB and povidone iodine at ¼ MIC 367 

and CCCP increased A. baumannii ATCC17978 survival when treated with gentamicin (Figure 368 

5A). AdeB does not confer resistance to gentamicin41, the antagonism with these biocides is 369 

unlikely due to drug efflux. Furthermore, adeB expression is inducible by benzalkonium and 370 

chlorhexidine, but not by CTAB and povidone iodine. Ethanol at ¼ MIC did not dissipate 371 

membrane potential (Figure 3B), while it did induce gentamicin antagonism (Figure 5A). The 372 

mechanism for ethanol inducing gentamicin antagonism remains unclear at this point in time. 373 
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These observations raised a question whether the biocides can also compromise the 374 

antibacterial effects of other antibiotics that have different intracellular targets, such as 375 

fluoroquinolones and tetracyclines, or antibiotics that target cell envelopes, such as colistin and 376 

β-lactams.  377 

Uptake of tetracyclines into the cytoplasm is PMF dependent but likely involves passive diffusion 378 

of the uncharged form52. Similarly, the zwitterionic form of the fluoroquinolones has been 379 

proposed to passively cross the cytoplasmic membrane, but due to their different protonation 380 

behaviour from tetracyclines, uptake of some fluoroquinolones has been shown to be negatively 381 

correlated with PMF52,53. Benzalkonium and chlorhexidine significantly increased A. baumannii 382 

survival rates when treated with amikacin (another aminoglycoside), ciprofloxacin 383 

(fluoroquinolone) and tigecycline (glycylcycline) (Figure 5B). In contrast, triclosan had no effect 384 

on the efficacy of these antibiotics. 385 

The observed biocide antagonism with amikacin and tigecycline is consistent with our hypothesis 386 

that low concentrations of biocides that dissipate the membrane potential will affect uptake and 387 

efficacy of antibiotics that have intracellular targets and whose uptake is dependent on the PMF. 388 

There are differing reports in the literature whether uptake of fluoroquinolones is dependent on 389 

the PMF53, our data is suggestive that uptake of ciprofloxacin is dependent on the PMF. 390 

Dissipation of the membrane potential may not antagonise the antibacterial effects of imipenem 391 

and colistin, because the primary targets of these antibiotics are located in the cell envelope. As 392 

expected, triclosan, benzalkonium and chlorhexidine at ¼ MIC have no impact on imipenem 393 

killing (Figure 5B). Synergism was observed between benzalkonium and colistin, but not for 394 

triclosan (Figure 5B). Chlorhexidine also seemed to marginally enhance colistin killing. The 395 
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synergy between these compounds is likely because benzalkonium, chlorhexidine and colistin 396 

all target cell membranes. Collectively, our data suggest that the biocides that can dissipate 397 

membrane potential can promote A. baumannii tolerance to various classes of antibiotics which 398 

have intracellular targets.  399 

Discussion 400 

TraDIS enabled us to investigate the potential tolerance/resistance determinants and modes of 401 

action of 10 diverse biocides that are commonly used for disinfection in hospital and in personal 402 

hygiene products. Many of these biocides are known surfactants, causing cell membrane 403 

permeabilization, leakage of intracellular constituents, and cell lysis, which were mostly based 404 

on direct biochemistry examinations or observations on cellular phenotypic changes5. This study 405 

provides additional genetic evidence that these biocides have diverse impacts on the cell surface, 406 

including components such as the outer membrane lipooligosaccharide, capsule polysaccharide 407 

and chaperone-user pilus. For instance, transposon insertions in genes related to LOS and lipid 408 

A biosynthesis affected A. baumannii fitness in the presence of these ten compounds. In contrast 409 

to LOS, capsular polysaccharide affected only AgNO3 susceptibility out of the ten biocides tested.  410 

Bacterial cell envelope is an indispensable and instrumental cellular component that dictates 411 

energy generation, nutrient uptake, metabolic waste extrusion, extracellular signal transduction 412 

and so on. It is expected that biocide-induced cell membrane leakage will lead to downstream 413 

intracellular affects. We showed that insertions in genes from multiple cellular pathways had 414 

statistically significant changes in frequency as a result of the biocide treatments, including the 415 

TCA cycle, electron transport chain, amino acid biosynthesis, nucleoside biosynthesis and biotin 416 

biosynthesis (SI 2). Non-specific cell membrane disruption has long been proposed to be the 417 
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mode of action of charged surfactant biocides, such as chlorhexidine and benzalkonium5,54. 418 

Various bacterial drug efflux pumps, including AdeABC, AdeIJK, TetB, AmvA and ABUW_0035 419 

in this study were shown to be tolerance/resistance determinants for multiple biocides. The RND 420 

pumps such as AdeABC and AdeIJK can extrude substrates from cytoplasm and cytoplasmic 421 

membrane out of cell and potentially protect cells from biocide-induced membrane damages.  422 

While antibiotic stewardship has been a topic of increasing public health concern, the debate on 423 

whether biocide stewardship is necessary is continuing55-58. Despite some studies reporting 424 

increased biocide resistance level in bacterial pathogens in laboratory studies, biocides’ in-use 425 

concentrations are normally much higher than their MBCs and are effective in real world 426 

disinfection practices. It should be emphasized that the biocides tested here are either WHO 427 

Essential Medicines or widely used hospital and household disinfectant products. There is an 428 

increasing number of papers reporting that some biocides, such as benzalkonium, triclosan, or 429 

heavy metals, at sublethal concentrations can facilitate AMR gene horizontal transfer and 430 

promote the emergence of AMR pathogens59,60. A recent study further demonstrated that 431 

benzalkonium at high dosage can induce persister formation in E. coli, which further promotes 432 

cell adaptation to various antibiotics 61.  433 

This is the first study that has systematically looked at the effects of biocides at low 434 

concentrations. Most of the literature on biocide mechanisms of action dates back to the 1970s 435 

and 1980s and has examined the effects of biocides above MBC5. Our data suggests that 436 

residual levels of seven out of ten biocides at sub-MIC levels can dissipate the cellular 437 

membrane potential without compromising membrane permeability. The biocide-induced 438 

collapse of membrane potential can affect the potency of antibiotics with intracellular targets on 439 
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bacterial cells, likely through impacting antibiotic uptake. We further showed that the biocides 440 

that cause dissipation of the membrane potential significantly promote A. baumannii survival rate 441 

under treatment with various antibiotics that have intracellular targets, including aminoglycosides, 442 

ciprofloxacin and tigecycline. However, the biocides do not antagonise the killing effects of drugs 443 

targeting the cell envelope, such as colistin and imipenem.  444 

Although drug efflux pumps generally confer low level resistance to antibiotics, compared to their 445 

parental strains, bacteria that lack key MDR efflux systems are much less likely to develop 446 

MDR62,63. Furthermore, intermittent antibiotic exposures have been shown to lead to more rapid 447 

evolution of tolerance and resistance64-66 and antibiotic tolerance facilitates the evolution of 448 

resistance67. These studies and our data together suggest that factors affecting antibiotic 449 

intracellular accumulation or drug target accessibility are important in the development of drug 450 

tolerance and AMR. Previous studies have typically used direct measurement of bacterial 451 

susceptibilities to antibiotics and biocides to investigate co-selection of antibiotic resistance68. 452 

We propose that the principal concern with respect to biocide stewardship is not the emergence 453 

of biocide resistance or antibiotic cross-resistance, but rather the presence of residual biocides, 454 

especially chlorhexidine, benzalkonium and CTAB and others that are hard to remove from the 455 

environment, could induce antibiotic tolerance and AMR development.  456 
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 467 
 468 
Figure 1. Biocide TraDIS data. (A) Representative genes and TraDIS insertion plots. Horizontal 469 
arrows represent gene length and direction, and gene names are within. Above each gene are 470 
lines representing reads mapped from each Tn5 insertion site, the height of the line represents 471 
the number of reads. The black box height represents a maximum of 100 reads in all conditions, 472 
except lpsB with 10 reads. For each condition, two biological replicates of TraDIS results are 473 
presented (B) MIC fold change of four different mutants for relevant biocide compounds 474 
compared with the AB5075 wild-type strain. Biocides are listed in abbreviations (Table S1).  475 
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  476 
Figure 2 Genes with TraDIS insertion changes during biocide exposure. (A) Cell envelope-477 
related genes. (B) Membrane transport-related genes. The colour-coded boxes represent the 478 
amount of Tn5 insertion read coverage fold change, for each representative gene (above) and 479 
for each biocide (righthand side; abbreviations as in Table S1), where blue indicates a larger 480 
decrease in Tn5 insertions and red shows an increase. Each gene’s specific relationship to the 481 
cellular function is colour-coded, as stated below the heatmap. (C) Transcriptional response of 482 
adeB in A. baumannii BAL062 that was treated by the biocides at ¼ MIC, respectively.  483 
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  484 
Figure 3. Effect of biocides on membrane potential. (A) Dose-dependent relationship 485 
between AgNO3 and membrane potential in A. baumannii BAL062. Values on X-axis show 486 
AgNO3 concentration (from 1/64 MIC to MIC). The membrane potential was measured with dye 487 
DiOC2(3) which emits green fluorescence in the cytosol, but shifts towards red fluorescence as 488 
the dye molecules self-associate at a higher cytoplasmic membrane potential. The ratio of red 489 
versus green fluorescence of DiOC2(3) shown here was calculated by the population mean of 490 
fluorescence intensities, which positively correlates with membrane potential. Three biological 491 
replicates were included. Each datapoint represents the mean of the ratio of Red/Green 492 
fluorescence intensity of three independent A. baumannii BAL062 cultures that was treated by 493 
a biocide as specified. The error bars indicate the Red/Green ratio variation among the three 494 
biological replicates. (B) Relative membrane potential reduction in A. baumannii BAL062 after 495 
biocide exposure. Cells at OD600 0.4-0.6 were treated by the 10 biocides at ¼ MIC, respectively. 496 
Three biological replicates were included.   497 
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   498 
Figure 4. Biocides’ impact on acriflavine intracellular accumulation and cell membrane 499 
permeability. (A) The transposon mutant of amvA derived from A. baumannii AB5075 500 
accumulates more acriflavine then the parental strain does. (B) The difference of acriflavine and 501 
SYTOX Green accumulation between no treatment and biocide treated A. baumannii BAL062 502 
were measured through flow cytometry (BD InfluxTM Cell Sorter). The treatment concentration of 503 
the 10 biocides was at ¼ MIC, respectively. Each curve shows the fluorescence intensity for 504 
50,000 cells. The cell populations show fluorescence profiles based on the concentration of 505 
acriflavine or SYTOX Green in the cell cytoplasm.  506 
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   507 
Figure 5. Biocides and antibiotics interactions in A. baumannii. (A) Biocides that dissipate 508 
membrane potential also reduce killing by gentamicin. Treatment of A. baumannii ATCC17978 509 
with 4µg/ml Gentamicin (2x MIC) for 60 minutes killed 99.8% of cells. Addition of benzalkonium, 510 
ethanol, chlorhexidine, polyvidone iodine or CTAB at ¼ MIC did not influence bacterial growth, 511 
but dramatically reduced killing by gentamicin, with survival in the presence of biocide 100-1000 512 
times higher than survival with gentamicin alone. Triclosan, which did not influence membrane 513 
potential at ¼ MIC, did not have this effect. Three biological replicates were included. Statistical 514 
significance was assessed by non-parametric t-test by comparing each biocide treatment to non-515 
treatment survival CFU, respectively. (B) Biocide antagonism with a broader range of antibiotics 516 
of intracellular targets. Treatment of A. baumannii ATCC17978 with 2xMIC of amikacin, 517 
ciprofloxacin or 3xMIC of tigecycline for 1 hour killed more than 99% of cells. After 1 hour, there 518 
was no significant killing effects observed for either of the three conditions, which was possibly 519 
due to persisters or drug tolerance of the minority of the cell population. Addition of benzalkonium 520 
or chlorhexidine at ¼ MIC did not affect bacterial growth, but significantly inhibit killing of these 521 
three antibiotics, with survival in the presence of biocide 100-1000 times higher than survival 522 
with antibiotic alone. Triclosan did not have antagonistic effect with any of the antibiotics. Colistin 523 
at 2xMIC killed more than 99% of cells within 1 hour. Addition of ¼ MIC of triclosan did not 524 
influence bacterial growth and colistin killing, but benzalkonium and chlorhexidine increased the 525 
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killing rate for 10-100 times. None of the three biocides affected killing by 2xMIC of imipenem. 526 
Three biological replicates were included. Statistical significance overall was assessed by 527 
mixed-repeated measures ANOVA, followed by a one-way ANOVA with Dunnett’s post-hoc test 528 
at t = 3 if the first test showed a significant effect.  529 
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Materials and methods 530 

Bacterial strain and mutant library. The A. baumannii global clonal II MDR strain BAL062 was 531 

used as the parental strain for mutant library construction as previously described 20,69, yielding 532 

a saturated Tn5 mutant library, containing >100k unique mutants, using electroporation. A. 533 

baumannii AB5075-UW wild-type and Tn26 insertion mutants of adeB (ABUW_1975-150::T26), 534 

lpsB (ABUW_3448-414::T26), pyrC (ABUW_2825-337::T26), adeR (ABUW_1973-195::T26) 535 

and the remaining transposon mutants were obtained from the Manoil lab collection 25 (Table 536 

S3). 537 

Biocides and biocide-susceptibility test. The MICs of the parental strain A. baumannii 538 

BAL062 against 10 biocides (Table S1) were tested through the 2-fold serial broth dilution 539 

method. Due to different solubility of each compound, the media used were varied. Triclosan 540 

and chloroxylenol were tested in DMSO complemented Mueller-Hinton II medium (MH) broth 541 

(BD Biosciences), AgNO3 in Luria Bertani broth without sodium chloride, and the rest of 7 542 

compounds in MH broth. Three biological repeats were performed to confirm MIC values.  543 

TraDIS assay. For each compound, two biological replicates of approximately 1×109 cells of A. 544 

baumannii BAL062 mutant TraDIS library were inoculated into each 10 mL of growth media and 545 

grown for 16hrs at 37ºC with shaking, yielding 18 sets of MH broth, 6 sets of DMSO-546 

complemented MH broth, and 4 sets of Luria Bertani broth without sodium chloride. Overnight 547 

cultures were then diluted 1/100 in the same fresh media, which was then inoculated with 548 

respective biocide compounds at ¼ × MIC, or without any addition for the six negative controls 549 

(without biocide) and grown at 37ºC with shaking for 16 hrs. The genomic DNA from 2mL of this 550 

overnight culture was extracted and purified using DNeasy Blood & Tissue Kit (Qiagen). 551 
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Sequencing and data analysis. 5 μg of gDNA was fragmented from 28 samples and TraDIS 552 

sequencing libraries were constructed using methods previously described20. TraDIS 553 

sequencing was performed on HiSeq2500 Illumina platform and generated 500k 50 bp single-554 

end reads per sample. The resulting FASTQ files were analysis using the TraDIS Toolkit using 555 

parameters as previously described22,69. TraDIS sequencing data was deposited in the 556 

European Nucleotide Database under project number PRJEB8707.  557 

Membrane potential assay via flow cytometry. Membrane potential was assessed using the 558 

BacLightTM Bacterial Membrane Potential Kit (ThermoFisher Scientific). Multiple colonies of A. 559 

baumannii BAL062 were inoculated into 5 ml growth media in 50-ml Falcon tube, including three 560 

biological replicates, which were incubated at 37C with shaking at 200rpm overnight or for 16 561 

hours. 50 μl of the overnight culture was inoculate into 5 ml fresh media in 50-ml Falcon tube or 562 

cell culture flask and incubated at 37C with shaking at 200rpm, until the cells reached to early 563 

(OD600 0.4-0.6) exponential phase. AgNO3 media was in LB without sodium chloride, and the 564 

media for all the other biocide membrane potential assays were prepared in MH broth. Cell 565 

cultures that reached designated density were treated by biocide at ¼ MIC (Table S2) for 2-5 566 

minutes at 37C with shaking at 200rpm. 10 μl of the subculture then was inoculated in 1 ml filter 567 

sterile phosphate buffered saline (PBS) that was supplemented with 8 μg/ml DiOC2(3), incubated 568 

at room temperature up to 30 minutes, and followed by flow cytometry analysis in BD InfluxTM 569 

Cell Sorter with an excitation wavelength of 488 nm. The peak emission wavelengths were at 570 

530 nm (FITC or green) and 610 nm (Texas Red). The samples without DiOC2(3) treatment were 571 

compared to the samples with the treatment to confirm that the fluorescent signals detected in 572 

FITC and Texas Red channels were from DiOC2(3) and to gate the cell population of interest. 573 

50,000 events of the gated population were counted for each sample. The red/green 574 
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fluorescence intensity ratio, that is proportional to membrane potential, was calculated based on 575 

the total events of each sample. 576 

Acriflavine cellular accumulation assay and membrane permeability assay via flow 577 

cytometry. Overnight cultures of A. baumannii BAL062 were prepared as described in 578 

“Membrane potential assay via flow cytometry” and were sub-cultured at 1:100 in the respective 579 

growth media and grown at 37 C with shaking at 200rpm until OD600 reached 0.4-0.6. For 580 

acriflavine cellular accumulation assay, biocides at ¼ MIC and acriflavine at 1/32 MIC (Table S2) 581 

were then added to the cultures and incubate at 37C with shaking at 200rpm for 2-5 minutes. 582 

The cultures then were diluted 1/100 in fresh growth media supplemented with acriflavine at 1/32 583 

MIC right before flow cytometry analysis in BD InfluxTM Cell Sorter, with an excitation wavelength 584 

of 488 nm and emission at 530 nm. For membrane permeability assay, biocides at ¼ MIC and 585 

1 μM SYTOXTM Green were added to the subculture and incubate at 37C with shaking at 586 

200rpm for 2-5 minutes. The cultures were diluted 1/100 in the fresh growth media supplemented 587 

with 1 μM SYTOXTM right before flow cytometry analysis in BD InfluxTM Cell Sorter, with an 588 

excitation wavelength of 488 nm and emission at 530 nm. Non-stained samples were also 589 

analysed in BD InfluxTM Cell Sorter to assist gating cell population of interest. 50,000 events of 590 

the gated population were counted for each sample in both assays. 591 

Antimicrobial killing assay. To examine the effect of biocides on gentamicin killing, overnight 592 

cultures of ATCC17978 were subcultured at 1:100 in Mueller-Hinton II medium and grown at 593 

37C with vigorous shaking to an OD600 of 0.6-0.8. Biocides at ¼ MIC gentamicin at 2xMIC were 594 

added to the cultures at room temperature. The cultures were returned to incubation at 37C 595 

200rpm, and were serially diluted and plated to enumerate viable bacteria after 60 minutes. The 596 

effect of biocides on killing by amikacin (7.5 µg/ml), ciprofloxacin (1 µg/ml), tigecycline (7.5 µg/ml), 597 
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colistin (3.5 µg/ml) and imipenem (2.5 µg/ml) was measured similarly, except that cells were 598 

grown to an OD600 of 0.4-0.6 and survival measured at 1-, 2- and 3-hour post-treatment. 599 

Concentrations of biocides used were listed in Table S2.   600 
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  601 

Figure S1. TraDIS data validation. The growth curves of an individual transposon mutant were 602 

compared to the parental strain A. baumannii AB5075, with or without biocide treatment. Three biological 603 

replicates were included. Despite not all the transposon mutants have the same growth fitness in the 604 

growth media as the parental strain, the biocides at the same concentration caused more significant 605 

growth inhibition in the mutants than in the parental strain. These observations are consistent with TraDIS 606 

results. 607 
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Figure S2.  Comparisons of biocide tolerance phenotype among the transposon mutants of the 609 

same gene. The transposon mutants of five genes, that showed changes in transposon insertion reads in 610 

the libraries treated by biocides, were chosen to be tested through growth curve assays. If the gene of 611 

interest do affect biocide sensitivity of the cell, the transposon mutants of different insertion sites should 612 

have similar phenotype. Alternatively, if the transposon mutants have distinct phenotypes, there maybe 613 

secondary mutations that can lead to phenotype variations. Two different and unique Tn5 transposon 614 

mutants of each of the five genes were tested, and the pairs display similar biocide sensitivity changes, 615 

consistent with the respective TraDIS results. Three biological replicates were included for each mutant. 616 

The TraDIS results and transposon insertion sites of the mutants of choice are presented in Table S3. 617 

  618 



 120 

 

 

 

 

 

 
 

37 
 

619 



 121 

 

 

 

 

 

 
 

38 
 

Figure S3. Validation of drug efflux pump’s role in biocide resistance. The growth curves of 620 

an individual transposon mutant of an efflux gene or the transcriptional regulator of an efflux gene were 621 

compared to the parental strain A. baumannii AB5075, with or without biocide treatment. Three 622 

biological replicates were included. Despite not all the transposon mutants have the same growth 623 

fitness in the growth media as the parental strain, the biocides at the same concentration caused more 624 

significant growth inhibition in the mutants than in the parental strain. These observations are 625 

consistent with TraDIS results. 626 

  627 
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 628 
Figure S4. TCA cycle, electron transfer and cell division. As shown in the gradient bar at the 629 
top, the boxes are colour coded by Tn5 insertion read fold change, with darker blue indicating 630 
higher decrease in Tn5 insertion read coverage and darker red higher increase in Tn5 insertion 631 
read coverage for the gene in a library exposed to the biocide, in comparison with the respective 632 
gene mutants in the control library. The genes are grouped by their predicted protein families, 633 
with colour scheme underneath. 634 
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Table S1. Current knowledge of antibacterial actions and resistance mechanisms of the biocides tested in this study and a 
summary of the genes with statistically significant change of Tn5 insertion reads  
 

Biocide 
(abbreviation) 

Examples of clinical 
application Proposed antibacterial action 

Resistance mechanisms 
(resistance genes previously 
identified in A. baumannii) 

Tn5 insertion read change a TraDIS assay 
concentration 
at ¼ MIC b 

References  Genes > 2-fold 
increase 

Genes > 2-
fold decrease 

Silver nitrate (AgNO3) Silver impregnated nylon cloth 
as wound dressing, Ag coated 
catheters 

Inactivation of proteins containing 
exposed thiol groups and Fe-S 
clusters, inhibition of DNA synthesis 

Efflux, silver efflux system 
periplasmic chaperone, 
cation/copper transporter, 

100 120  15,47,70,71 

        
Benzalkonium (BZK) Preoperative skin disinfection, 

hard-surface disinfection 
Cell envelope disruption Efflux (abeS, adeABC, adeIJK, 

amvA) 
7 45  43,72,73 

        
Cetyltrimethylammoni
um bromide (CTAB) 

Preoperative skin disinfection, 
cosmetics additive 

Cell envelope disruption Efflux (abeS)  35 42  72 

        
Chlorhexidine (CHL) Pharmaceutical preservative, 

skin, hand and surgical 
disinfections 

Phospholipid bilayer damage and 
unknown intracellular targets 

Efflux (aceI, abeS, adeABC, 
adeIJK, amvA), unidentified 
chlorhexidine-degrading enzyme 

68 34  43,72-74 

        
Triclosan (TRC) Antiseptic soap, hand rinses, 

dental hygiene 
Inhibits the FabI enoyl-acyl carrier 
protein reductase and blocks fatty 
acid biosynthesis  

Efflux (abeM, adeABC), mutations 
on enoyl-(acyl-carrier-protein) 
reductase FabI (fabI), expression 
of expression of alternative enoyl 
reductase FabK, FabL or FabV 

24 57  16,17,73,75,76 

        
Chloroxylenol (CRL) Surgical hand scrubs and 

other hand-washing products 
Probable cell membrane 
destabilization 

Efflux (A1S_2795 and 
ABAYE_0913 MFS family, 
A1S_1535 ABC family) 

13 44  46 

        
Polyvidone iodine 
(PVPi) 

First aid and treatments for 
skin infection and wounds  

Probable binding to key proteins with 
exposed cysteine and methionine 
residues, nucleotides and fatty acids 

None identified 9 3   

        
Sodium hypochlorite 
(NaOCl) 

Hard-surface disinfection, 
disinfection of blood spillages 

DNA damage and inhibition of DNA 
biosynthesis 

Glutathione, antioxidant against 
NaOCl 

14 34  77 

        
Glutaraldehyde 
(GLU)  

Endoscopes and surgical 
equipment disinfection 

Probable cell envelope disruption, 
inhibition of DNA, RNA and protein 
synthesis 

None identified 11 17   

        
Ethanol (EtOH) Hand sanitising Probable disruption of phospholipid 

bilayer and cell lysis 
Cell membrane alteration 13 18  78 

a Tn5 read coverage in the mutant pool treated with biocide compare to the control pool with no treatment. The fold-
change was based on two biological replicates and with q-value lower than 0.01. 
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Table S2. The biocide MIC values and their concentrations used in this study. 

Compound 

MIC (μg/ml)1 TraDIS assay 
concentration 
(μg/ml) 

Biocide concentration 
in membrane 
potential assay, 
acriflavine assays2, 
and SYTOXTM Green 
assays3 (μg/ml) 

ATCC17978 
time-kill 
curve assay 
(μg/ml) 

Assay media 

BAL062 ATCC17978 

Triclosan (irgasan) 0.72 0.72 0.18 0.18 0.18 0.14% DMSO in MH 
Chloroxylenol 240 240 60 60 N/A 0.14% DMSO in MH 
Silver nitrate 24 8 6 6 N/A LB without NaCl 
Absolute ethanol 8% 12% 2% 2% 4% MH 
Sodium hypochlorite 0.24% 0.24% 0.06% 0.06% N/A MH 
Glutaraldehyde 1800 1200 450 450 N/A MH 
Polyvidone iodine 4000 2000 1000 1000 600 MH 
Chlorhexidine diacetate 20 16 5 5 2.5 MH 
Benzalkonium chloride 16 16 4 4 4 MH 
Cetyltrimethylammonium 
bromide 

28 28 7 7 7 MH 

CCCP (carbonyl cyanide 
m-chlorophenyl 
hydrazone) 

N/A N/A N/A 5  5 MH 

Gentamicin  10,000 2 N/A N/A 4 MH 
Amikacin  2000 3.5 N/A N/A 7.5 MH 
Tigecycline  2 2 N/A N/A 7.5 MH 
Ciprofloxacin  250 0.5 N/A N/A 1 MH 
Imipenem  80 1.25 N/A N/A 2.5 MH 
Colistin  5 1.5 N/A N/A 3.5 MH 

1. The antimicrobial MIC values are for A. baumannii BAL062 and ATCC17978, respectively. 
2. Acriflavine at 3 μg/ml, equal to 1/32 MIC in A. baumannii BAL062, was used for its cellular accumulation assays in A. baumannii 
BAL062. 
3. SYTOXTM Green at 1μM was used for cell membrane permeability assays in A. baumannii BAL062. 
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Table S3. Transposon mutants of A. baumannii AB5075 selected for growth curve assays in this study. 

1. The fold change values with bold font represent the biocide sensitivity of the respective mutants were selected for growth curve 
assays or MIC assays (Figure 1B, S1, S2 and S3). 
 
 
 
 
  

Locus tag Gene name or 
function 

Transposon 
insertion site/ 
gene length 

Tn5 insertion read change (log2)1 
AgNO3 TRC BZK CTAB CHL CRL NaOCl Glu EtOH 

ABUW_0622 trpA 433/804 ns ns ns -1.99 ns -1.41 -2.12 -1.45 -1.89 
ABUW_0867 gltA 563/1275 ns -1.23 ns -0.87 ns -2.56 -1.58 ns -1.15 
ABUW_0466 Ribonuclease I 320/633 ns -1.66 -1.54 -1.97 ns -1.12 ns -1.10 -0.77 
ABUW_1975 adeB 150/3108 ns -2.99 -6.85 -1.15 -6.42 -1.02 ns ns ns 
ABUW_1973 adeR 195/744 ns ns -2.92 ns -4.74 ns ns ns ns 
ABUW_0843 adeJ-1 1711/3177  -2.14 -1.12 ns -4.16 -2.55 ns ns ns 
 adeJ-2 956/3177          
ABUW_0035 RND efflux 

transporter 
2427/3126 ns -2.87 ns ns ns ns ns ns ns 

ABUW_1679 amvA-1 495/1479 -4.28 ns -0.64 ns -6.73 ns ns ns ns 
 amvA-2 785/1497          
ABUW_3846 dsbA-1 184/618 -0.86 -2.59 -0.97 -1.09 ns -0.98 ns ns ns 
 dsbA-2 336/618          
ABUW_0953 lysA-1 390/1251 -0.79 0.58 ns ns ns -0.87 -1.06 ns -2.83 
 lysA-2 721/1251          
ABUW_0999 ruvB-1 267/1005 ns ns ns ns ns ns -1.09 -2.08 ns 
 ruvB-2 350/1005          
ABUW_2825 pyrC 337/1035 5.17 1.19 ns 0.58 ns 0.86 ns ns ns 
ABUW_3448 lpsB 414/1101 -1.13 -2.35 1.00 ns ns -1.29 ns ns ns 
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Abstract 

Multidrug efflux systems are a main mechanism of multidrug resistance in Acinetobacter 

baumannii, a member of the ‘ESKAPE’ group, known to cause multidrug resistant infections in 

hospital settings. In a recent TraDIS study, we identified the ABC-2 type transporter genes yadG 

and yadH to confer increased fitness against the anti-infective agent silver nitrate. In this study, 

we heterologously expressed yadGH in Escherichia coli to examine whether YadGH protein 

complex confers a multidrug-resistance and efflux phenotype. Antimicrobial resistance studies 

reveal YadGH expression increased survival against a range of antimicrobials including 

sulfanilamides, tetracyclines, fluoroquinolones and quaternary ammonium compounds. We 

performed whole-cell fluorometric transport assays which demonstrated increased acriflavine 

efflux activity in E. coli expressing YadGH. Further analyses into the impact of yadH inactivation 

in A. baumannii revealed additional phenotypes including compromised capsule and changes in 

the cellular membrane fatty acid composition. This suggests that, in addition to conferring a 

multidrug resistance phenotype, YadGH may also play a physiological role in cell envelope 

homeostasis in A. baumannii. 

  



 134 

Introduction 

Acinetobacter baumannii is a Gram-negative coccobacillus, known to cause difficult-to-treat, 

hospital-acquired infections in susceptible patients (1). As an opportunistic pathogen, 

A. baumannii infections are associated with high morbidity and mortality rates in healthcare 

settings (1–3). A major contributor to multidrug resistance in A. baumannii is associated with the 

intrinsic and adaptive expression of multidrug efflux pumps. In A. baumannii, six efflux pump 

families have been found to play a role in drug resistance of this organism — the Resistance-

Nodulation-Division (RND) superfamily, the Major Facilitator Superfamily (MFS), the Multidrug 

and Toxin Extrusion (MATE) family, the proteobacterial antimicrobial compound efflux (PACE) 

family, the Small Multidrug Resistance (SMR) family and the ATP-binding cassette superfamily 

(ABC) (4). 

ABC transport proteins are one of the largest families of integral membrane proteins found across 

all domains of life (5). In bacteria, ABC transporters use ATP-hydrolysis to drive the transport of 

a diverse range of biologically active molecules in and out of the cell spanning from large 

macromolecular structures to small molecules and ions (6). This diversity allows ABC transporters 

to play a role in many key functions in bacterial cell survival, fitness, and pathogenicity (6). 

According to the TransportDB, approximately 30% of A. baumannii encoded transporters belong 

to the ABC transport family (7).  

Recently, we performed a TraDIS study on A.  baumannii to identify genes important for resistance 

against common biocides used in hospital environments (Chapter 2). This study led to the 

identification of ABC transporter genes of unknown function, yadG and yadH, that are important 

for bacterial fitness in the presence of topical antiseptic silver nitrate (Chapter 2). The YadGH 

ABC transporter is a member of the ABC-type 2 transport family, typically known to export 

complex carbohydrates (8). This family includes members responsible for the efflux of 

lipopolysaccharides (RfbAB/Wzm-Wzt), lipochitin oligosaccharides (NodIJ), teichoic acids 

(TagGH), capsular polysaccharides (KpsMT) and drug efflux (DrrAB) (9-13). Phylogenetically, 

the YadH transport permease clusters closely with the NodJ transport system and one other 
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transporter permease of unknown function YhhJ (8). However, there is no clear functional role 

determined for YadGH or any of its related homologs. In Escherichia coli, a yadH mutant was 

found to cause a hyperpermeable outer membrane phenotype (14).  The E. coli yadG and yadH 

genes are located in close to the Mla-complex genes which maintain outer membrane lipid 

asymmetry through selective phospholipid transport to the outer membrane (14). In Burkholderia 

cepacia, yadG and yadH genes were found adjacent to the Mla-complex operon (15). Recent 

TraDIS research on Burkholderia cenocepacia revealed yadG and yadH genes were required for 

gold tolerance in this organism (16). In A. baumannii the yadG and yadH genes are not found 

adjacent to the Mla-complex genes. In this study, we performed a range of bioinformatic and 

phenotypic characterization assays of YadGH from A. baumannii AB5075_UW to attempt to 

clarify the role of this transporter in this pathogen.   

Materials and methods 

Bioinformatic analyses 

All FASTA format sequences were downloaded from the National Centre for Biotechnology 

Information (NCBI). The coding region of yadG and yadH was retrieved from Acinetobacter 

baumannii AB5075_UW genome (CP008706.1). Homologous sequences of yadH were collected 

using the HMMER webserver (v. 2.41.2) against reference proteomes (17, 18). Full-length 

sequences with E-values ≤ 10-20 were deemed homologous. Multiple sequence alignments (MSAs) 

of yadH homologues were performed using MUSCLE (19). A phylogenetic tree of YadH 

homologues was constructed using the neighbor-joining method with n=1000 bootstrap replicates 

with default parameters using MEGAX software and visualised in iTOL (20-24). Pan-genome data 

of A. baumannii AB5075_UW from our previous published work was used to determine 

conservation of yadG and yadH across the A. baumannii species (25). A. baumannii genomes 

included in the analysis cover all complete genomes deposited to the NCBI assembly database as 

of March 26, 2020. The data was further examined to determine conservation of genetic 

neighbourhood of yadG and yadH genes and was visualised using Clinker (26). Gene conservation 
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analysis of yadG and yadH genes across more distantly related bacteria was performed using the 

WebFLaGs server with default parameters (27). 

In silico prediction of the structure of YadGH  

All in silico predictions of the ABC transport complex was performed using AlphaFold2 (28). 

AlphaFold2 models were generated using ColabFold notebook with default parameters (29). 

Individual models of YadG and YadH were generated using MMseq2 generated sequence MSAs 

(29, 30). The multimeric structure of YadGH was predicted using mixed paired and unpaired MSA 

alignments generated by MMseq2 using the ColabFold_Advanced notebook (29, 30). Amino acid 

conservation was mapped to YadG and YadH structures using the Consurf webserver (31, 32). 

Structural homologues of YadGH complex were identified using the DALI server (last accessed 

26th of February 2022) (33). All PDB files were visualised with Pymol (34). Ramachandran plots 

of YadG and YadH models were generated with PROCHECK (35).  

Bacterial strains, plasmids, and culture conditions 

Bacterial strains used in this study include A. baumannii AB5075_UW and Tn26 insertion mutant 

derivative in yadH (ABUW_1247::Tn26). A. baumannii AB5075_UW and transposon mutant 

strains were purchased from the Manoil three-allele collection (Manoil laboratory, University of 

Washington) (36).  A. baumannii cultures were grown in LB-Lennox media (5 g/L NaCl, 

10 g/L tryptone, 5 g/L yeast extract) at 37°C, 200 rpm unless otherwise specified.  

Expression of YadGHAB5075 in an E. coli host was achieved as follows. As the coding sequence of 

yadG and yadH from A. baumannii AB5075_UW overlap at the stop and start codon of yadG and 

yadH respectively, the native coding region was chemically synthesised and cloned in-frame of 

the endogenous tac promotor and hexa-histidine tag of pTTQ18-RSGH6 expression vector by 

Genscript (Piscataway, USA). The coding region was cloned between EcoRI and PstI restriction 

sites of the pTTQ18 expression vector to incorporate a hexa-histidine tag (RSGH6) at the 

C-terminal end of the YadH to achieve the pTTQ18-YadGHRSGH6 expression construct (37-39).  
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Chemically competent E. coli BL21 (DE3) (Bioline, USA) were transformed with 

pTTQ18-RSGH6 (empty vector) and pTTQ18-YadGHRSGH6 according to the heat-shock method 

(40). Briefly, 50 μL of chemically competent E. coli were thawed on ice and incubated with 5 ng 

of plasmid DNA for 30 minutes, followed by heat-shock at 42°C for 40 seconds. E. coli samples 

were immediately transferred to ice to incubate for 2 minutes prior to recovery in S.O.C media 

(Thermo Fischer) for 1 hour at 37°C, 200 rpm. Recovered cell culture was plated on LB-agar 

supplemented with 100 μg/mL ampicillin for selection and incubated overnight at 37°C. Following 

transformation, all E. coli cultures harbouring pTTQ18-RSGH6 (empty vector) or 

pTTQ18-YadGHRSGH6 were prepared in LB-media supplemented with 100 μg/mL ampicillin and 

grown at 37°C, 200 rpm unless otherwise specified.  

Small scale culture and expression in E. coli 

Overnight cultures of E. coli were grown in 50 mL of Luria-Bertani (LB) broth (10 g/L NaCl, 

10 g/L tryptone, 5 g/L yeast extract) supplemented with 100 μg/mL carbenicillin and 20 mM 

glycerol at 37°C, shaking at 200 rpm. Overnight cultures were diluted 1:100 in fresh LB media 

supplemented with 100 μg/mL carbenicillin and 20 mM glycerol and grown at 37°C, shaking at 

200 rpm to an optical density (OD) of OD600nm = 0.8. Expression of YadGH was induced with 

isopropyl ß-D-1-thiogalactopyranoside (0.2 mM final concentration) for 3 hours. Cell cultures 

were harvested by centrifugation (12,000 × g) for 15 minutes at 4°C.  

E. coli mixed membranes were extracted according to the water-lysis spheroplast method as 

published, with minor modification (39). Briefly, cell pellets were resuspended in 10 mL 0.2 M 

Tris-HCl, pH 8.0 and stirred on rollers for 20 minutes at room temperature. At time zero, 4.85 mL 

of sucrose buffer (0.2 M Tris-HCl, pH 8.0, 1 M sucrose, 1 mM EDTA) was added. At 1.5 minutes, 

65 μL of freshly prepared 10 mg/mL lysozyme solution was added. At 2 minutes, 9.6 mL MilliQ 

water was added and the mixture was stirred on rollers for a further 20 minutes. The spheroplasts 

were sedimented at 25,000 × g for 20 minutes, then resuspended in 15 mL MilliQ water and 

incubated at room temperature for 30 minutes. Mixed membranes were sedimented at 25,000 × g 

for 20 minutes, washed thrice with NaPi buffer (0.1 M disodium hydrogen phosphate, 0.1 M 
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sodium dihydrogen phosphate, pH 7.2). Membrane pellets were resuspended in 500 μL NaPi 

buffer, pH 7.2 containing 1 mM β-mercaptoethanol, snap-frozen with liquid nitrogen and stored 

at -80°C prior to further SDS-PAGE and western blot analyses.  

Total protein content was quantified using Pierce™ BCA Protein Assay Kit (Thermo Scientific) 

(41). SDS-PAGE of mixed membrane samples followed the method published by Henderson and 

MacPherson (42). YadH expression in mixed membranes was detected by Western blotting using 

an anti-RGSH6–horseradish peroxidase conjugate (Bio-Rad) according to manufacturer 

instructions. 

Biolog phenotype microarrays of E. coli transformed with YadGHAB5075 

Biolog phenotype microarrays (PMs) using bacterial chemical sensitivity panels PM11-20 were 

used to determine whether expression of YadGHAB5075 in E. coli BL21 (DE3) cells could confer 

antimicrobial resistance (43-45). Briefly, E. coli BL21 (DE3) harbouring pTTQ18-RSGH6 (empty 

vector) or pTTQ18-YadGHRSGH6 were streaked onto LB agar plates supplemented with 100 μg/mL 

ampicillin and grown overnight at 37°C. Individual colonies were streaked onto a fresh 

LB-ampicillin agar plate and grown overnight at 37°C. Colonies were collected and suspended in 

Biolog GN IF-0a solution to 85% transmittance, measured by Biolog turbidimeter. Cell 

suspensions were diluted 1:200 in Biolog IF-10b solution and supplemented with 1:100 dilution 

of Biolog redox dye mix A. PM plates were inoculated with IPTG (0.05 mM final concentration) 

and 100 μL of bacterial cell culture in each well across chemical sensitivity panels PM11-PM20. 

PM plates were sealed with Breathe-Easy® plastic film (Diversified Biotech) to allow for gas 

exchange. Plates were incubated at 37°C, with shaking at 200 rpm for 72 hours and imaged using 

a Biolog OmniLog instrument to measure for colorimetric change.  

Minimum inhibitory concentration assays of E. coli transformed with YadGHAB5075 

Minimum inhibitory concentration (MICs) was performed according to the microbroth serial 

dilution method as described (46). MICs of E. coli BL21 (DE3) harbouring pTTQ18-RSGH6 

(empty vector) or pTTQ18-YadGHRSGH6 were performed in LB media. Overnight bacterial 
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cultures were diluted in fresh bacteriological media (1:100) supplemented with ampicillin for 

plasmid selection and grown to mid-exponential phase (OD600nm = 0.6). Cells were further diluted 

in media (1:100) and inoculated into 96-well plates containing LB media supplemented with 

0.05 mM and two-fold serial dilution of the antimicrobial. Plates were sealed with Breathe-Easy® 

film (Diversified Biotech) and incubated at 37°C, at 200 rpm for 24 hours before growth was 

measured using absorbance (OD600nm) with the PheraSTAR FSX (BMG LabTech). 

Fluorometric transport assays 

Overnight cell cultures of E. coli BL21 (DE3) harbouring pTTQ18-RSGH6 (empty vector) or 

pTTQ18-YadGHRSGH6 were grown in LB media supplemented with 100 μg/mL ampicillin at 37°C, 

200 rpm shaking. Protein expression was induced at OD600nm = 0.8 with 0.05 mM IPTG for 1 hour. 

Cells were washed thrice with HEPES buffer (20 mM HEPES-KOH pH 7.0, 145 mM NaCl, 

5 mM KCl) and resuspended to a final OD600nm = 3 in 1 mL of HEPES buffer. Cells were treated 

with 10 μM CCCP and 5 μM acriflavine. Fluorescence transport assay was carried out as described 

(47) with modification for analyses of acriflavine transport using Biotek HT synergy multiplate 

(Biotek). Excitation and emission wavelengths were set to 450 nm and 510 nm respectively to 

detect differential acriflavine fluorescence. Assays began with an initial read to adjust for 

autofluorescence, followed by the injection of 5 μL of 65 μM sodium formate to initiate active 

transport of acriflavine out of the E. coli cells. 

Lipid extraction and FAME GC-MS 

Lipid extraction and FAME GC-MS were achieved as previous (48, 49). A. baumannii 

AB5075_UW and transposon mutant A. baumannii ΑΒ5075_UW yadH::Tn26 cultures were 

grown overnight in LB-Lennox media (5 g/L NaCl, 10 g/L tryptone, 5 g/L yeast extract) at 37°C, 

200 rpm shaking. Overnight cultures were inoculated into 20 mL of fresh LB-Lennox media at an 

initial optical density of OD600nm = 0.05 and grown to a mid-log phase (OD600nm = 0.7). Cell 

cultures were pelleted at 7,000 × g for 10 minutes and washed in phosphate buffered saline (PBS). 

Pellets were resuspended in 50 μL of 1.5% sodium chloride buffer. Cell suspension was treated 

with a 2:1 (v/v) chloroform:methanol and shaken for two minutes before further incubation at 
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room temperature for 10 minutes. A volume of 200 μL of 1.5% sodium chloride solution was 

added and mixed further for 1 minute before phase separation by centrifugation of cell suspension 

at 6,000 × g for 5 minutes. The lower phase was collected for fatty acid analyses and stored at 

−20°C prior to GC-MS. For FAME analyses, lipid extractions were concentrated and prepared in 

a 1:1 solution of chloroform:TMSOH. GC-MS analyses were performed on an Agilent 7890 GC 

system with an Agilent DB-FastFAME column (30 m) and MS was performed on a coupled 

Agilent 5975C MSD system (Agilent Technologies). FAME species were identified and compared 

to C4-24 Fatty Acid Methyl Ester standard (Sigma-Aldrich). Data was analysed using Agilent 

MassHunter Qualitative Navigator Software (Agilent Technologies).  

Flow cytometry  

A. baumannii AB5075_UW and transposon mutant A. baumannii ΑΒ5075_UW yadH::Tn26 

cultures were inoculated into LB-Lennox media with appropriate selection and grown at 37°C, 

200 rpm shaking. Overnight cultures were diluted to an OD600nm= 0.05 in 20 mL of LB-Lennox 

media and grown to mid-log phase (OD600nm  = 0.7). Cultures were harvested by centrifugation at 

13,300 × g for 5 minutes and resuspended to a final volume of 1 mL in PBS. A 100 μL aliquot of 

the cell suspensions were treated with 100 μL of PBS containing FM 4-64 (Biotium) or SYTOX 

Green (Invitrogen) at a final concentration of 5 μM. Cell cultures were incubated in the dark at 

room temperature for 15 minutes and further diluted with 800 μL PBS prior to analysis using an 

Attune NxT flow cytometer with an excitation set at 488 nm (Thermo Fisher Scientific). 

Heterologous cell populations were determined manually by gating cells on the forward and side 

scatter plot and was kept consistent across four biological replicates.  

Fluorescence microscopy 

A. baumannii AB5075_UW parental strain and the transposon derivative yadH::Tn26 were 

cultured in LB-Lennox media overnight. Bacterial cell cultures were diluted to an OD600nm = 0.05 

in LB-Lennox media and incubated for 2 hours to mid-exponential phase. Bacterial cell cultures 

were treated with 10 μM nonyl-acridine orange (NAO) or 10 μM FM 4-64 (Biotium) and incubated 
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for 15 minutes in the dark at room temperature. Treated cultures were washed thrice in PBS 

solution and resuspended into a final volume of 200 μL PBS. Fluorescence microscopy of cell 

cultures was performed on an Olympus BX53 fluorescent microscope. FM4-64 stained cells were 

imaged (Ex/Em: 510/750 nm) with fluorescence filter cube U-FBN 

(Ex. 470-495 nm/Em. 510 nm/DM at 509 nm) (Olympus). NAO-stained cells were imaged 

(Ex/Em at 495/522 nm) with a U-FGFP filter cube (Ex. at 460-480 nm/Em. at 495-540 nm/DM at 

490 nm) (Olympus). Images were acquired using cellSens software (Olympus Life Sciences). 

Transmission electron microscopy 

A. baumannii AB5075_UW parental strain and transposon derivative yadH::Tn26 were grown in 

LB-Lennox media overnight at 37°C, 200 rpm shaking. Cell pellets were collected by 

centrifugation (800 × g for 15 minutes) and fixed in 3% glutaraldehyde in 0.1 M PBS for 1 hour 

at room temperature. Cell suspensions were gently washed thrice with PBS solution. Cell pellets 

were resuspended and embedded in 2% agarose. Each agarose block was stained with 1% osmium 

tetroxide for 1 hour at room temperature and washed with PBS, followed by treatment with uranyl 

acetate replacement stain (UAR-EMS) in aqueous solution (1:3) for 1 hour, before being washed 

gently with PBS solution. Agarose blocks were subject to ethanol dehydration series (30%, 50%. 

70%, 90%, 95% and 100%) for 10 minutes each. Samples were embedded in epoxy resin in 

increasing concentration series (1:3 resin:ethanol for 1 hour, 2:3 resin:ethanol for 1 hour and 100% 

resin solution overnight). Resin samples were polymerised at 70°C for 12 hours and thin sections 

were prepared at 50-70 nm using a Leica EM UC7 Ultramicrotome. Samples were mounted into 

copper mesh grids and post-stained with UAR-EMS for 1 hour and lead citrate for an hour. Copper 

grids were washed thrice in 60°C MilliQ water between post-stain treatments. All TEM sections 

were imaged on a Phillips CM10 transmission electron microscope set to 100 kV.  



 142 

Results and discussion 

YadGH is part of the core genome of A. baumannii 

Pan-genome analysis of all complete A. baumannii genomes was explored to investigate the 

distribution and genomic context of yadGH within the A. baumannii species. yadGH was found to 

be conserved across all A. baumannii genomes (at the time of analysis, n =172) at the time of 

analysis with high-level synteny, signifying that it is conserved as a part of the core genome within 

the A. baumannii species (Figure 1). Analysis of the top three local pathways across A. baumannii, 

representing 85% of all genomes analysed reveal yadGH is located in a region with a high number 

of cell envelope maintenance genes; namely rlpA, an endolytic peptidoglycosylase 

(ABUW_1242), mltB, membrane-bound lytic murein transglycosylase B (ABUW_1243) and 

mrdB, peptidoglycan glycosyltransferase (ABUW_1244) (Figure 1) (50, 51). In Chapter 2, rlpA 

and mrdB were alos shown to confer significant fitness to silver nitrate challenge under the same 

experimental conditions as yadG and yadH. Given the majority of A. baumannii genome sequences 

available in the pan-genome database are primarily isolated from nosocomial environments rather 

than environmental origins, this analysis may offer a more accurate depiction of yadGH 

conservation in clinical isolates rather than the species as a whole. For these reasons, further gene 

conservation across more distant evolutionary homologs, and phylogenetic analyses were pursued. 

Further analysis of yadGH genetic regions across local A. baumannii species and more distant 

evolutionary homologs reveal yadGH is located almost always adjacent to queF which encodes an 

NADPH-dependent 7-cyano-7-deazaguanine reductase involved in quenosine biosynthesis 

(Figure 2) (52, 53). Quenosine is an important molecule for tRNA modification that is essential 

for protein translational efficiency and accuracy (54). However, there is no clear functional link 

between YadGH and QueF.   

YadH is highly conserved amongst Acinetobacter spp. and proteobacterial lineages.  

The ABC transport permease are typically less conserved than the nucleotide-binding domains of 

an ABC transporter that have highly conserved ATP-hydrolysis function (55). For this reason, we 
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chose to construct a YadH phylogenetic tree to investigate the phylogeny of ABC transport protein 

and its homologs. HMM sequence searching using the HMMER webserver (v. 2.41.2) revealed 

homologous sequences across all kingdoms of life, as would be expected for an ABC transport 

member with high-level conservation within the bacterial kingdom (n= 6836 bacteria, n= 358 

archaea, n=6 eukaryotes). A phylogenetic tree of highly homologous YadH representatives is 

presented in Figure 3. Across n = 1000 sequences, the phylogenetic tree shows clear delineation 

of YadH homologs across two main clusters: Cluster 1 (comprising families I-V) and cluster 2 

(comprising families VI-XIII). Most phyla represented across the phylogenetic tree belong to 

proteobacterial lineages, suggesting significant conservation of YadH function within this phylum 

(Figure 3). Cluster 1 is predominately comprised of sequences of Gammaproteobacteria class from 

Pasteurellales and Enterobacterales, in addition to selected firmicute representatives from 

Lactobacillales order. Cluster 2 is represented by Gammaproteobacteria, prominently from 

Xanthamonadales, Vibrionales, Oceanospirillales and Pseudomonadales order. All 

Acinetobacter spp. orthologs of YadH are in cluster 2 from family XIII and are closely related to 

orthologs from Pseudomonas spp. and Oceanospirillales order in the Gammaproteobacteria. 

Overall, the phylogenetic tree suggests homologs of YadHAB5075 are highly conserved within the 

proteobacteria phylum and found in select other bacterial phyla. 

Predicted structure of YadGHAB5075 reveals a type V fold ABC transport protein 

In the absence of high-resolution protein structure data for YadGH, AlphaFold2 was used to model 

the structure of the ABC transport complex. The tertiary and quaternary structure of the 

YadGHAB5075 ABC transporter revealed high-level similarity to Type V fold ABC transporters 

(Figure 4) (5, 56). YadGH was modelled with high confidence as a homodimer, comprising two 

copies of the YadG (NBD) and YadH (TMH) protomers (Figure 4 and 5). AlphaFold2 mapped 

confidence to the YadGH complex reveal high level of confidence prediction for TMH and NBD 

regions (>90%), with lower regions of confidence for the cytoplasmic accessory domain and 

periplasmic loops (60-70%) and a singular α-helix that emerges perpendicular to the NBD domain 

(<10%) (Figure 5). Ramachandran plot analyses show 95.7% of residues lied in favoured and 4.3% 
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in allowed regions; no residues were found in disallowed regions (Figure 5). The predicted 

structure of the YadH transport permease is 257 amino acids in length comprising of six α-

transmembrane helices; two re-entrant α-helices, one short coupling helix and an N-terminal 

connecting helix that kinks at a ~90° angle at the interface between the TMH domain and NBD 

domain (Figure 4). The NBD domain of ABC transporters is highly conserved in nature and our 

structure reveals that the YadG domain adopts the characteristic fold of NBD transporters of the 

ABC family (Figure 4 and 6). YadG is 311 amino acids long and is comprised of 14 β-sheets and 

10 α-helices in total (Figure 4 and 6). Conserved motifs were identified, including: the Walker A 

and LSGGX motif involved in ATP binding; the H-motif for γ-phosphate binding; and the Q-loop 

and Walker B motif for magnesium ion and TMH-NBD coordination (Figure 6). In addition to the 

NBD domain, YadG reveals an additional cytoplasmic domain comprised of the last 92 amino 

acids of YadG that forms three α-helices and four antiparallel β-sheets (Figure 4 and 6). Consurf 

analyses reveal the internal region of the TMD and NBD to be highly conserved as expected for 

an ABC transporter (Figure 4). ABPS (Adaptive Poisson-Boltzmann Solver) electrostatics was 

used to determine distribution of charge across the transport protein. ABPS electrostatics confirms 

hydrophobic TMD region, polar NBD as expected for ABC transporters and negatively charged 

cytoplasmic domain (Figure 4). The cytoplasmic domain is less conserved compared to the rest of 

the structure but has been observed feature of some members of the Type V fold ABC transport 

family (Figure 4) (57, 58). DALI analyses were performed to search for homologous ABC 

transporter folds within known PDB repository, which revealed YadG and YadH have common 

features to ABC lipid transporters, alluding to a putative role in lipid transport for YadGHAB5075 

(Table S2 and S3).  

YadGH confers increased tolerance to multiple drugs and efflux activity.  

To determine whether YadGH may demonstrate a multidrug resistance phenotype, we studied the 

capacity of YadGHAB5075 to confer resistance to over 240 unique antimicrobial compounds using 

Biolog phenotype microarray bacterial sensitivity panels PM11-20. A complete list of 

antimicrobials tested in this assay is available (Appendix B). To test this, the coding regions of 
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YadGHAB5075 were chemically synthesised and cloned into the pTTQ18-RSGH6 expression vector 

and transformed into E. coli BL21 (DE3) cells. Expression of the YadGH construct was confirmed 

by the presence of YadH at ~20 kDa on SDS-PAGE and western blot (Appendix C). A band at 

~30 kDa is also observed in the SDS-PAGE, consistent with YadG. On the western blot, there is 

a faint band at ~37 kDa that might represent a YadH dimer or alternatively a His-rich protein 

contaminant.  

E. coli cells harbouring pTTQ18-YadGH displayed significantly increased respiration in the 

presence of a diverse set of antimicrobials compared to E. coli cells harbouring empty 

pTTQ18-RSGH6 plasmid (Figure 7). Specifically, YadGH conferred stronger respiration, and 

presumably stronger growth in the presence of sulfonamides, fluoroquinolones, ceftriaxone, 

heterocyclic nitrogen antibiotics such as nitroimidazoles and nitrofurans, in addition to the 

detergent-like quaternary ammonium compound (QAC) disinfectants domiphen bromide and 

dequalinium chloride (Figure 7). In addition to these compounds, YadGH also conferred strong 

respiration in the presence of the phenylsulfamide fungicides tolyfluanid and dichlofluanid, 

suggesting a pleiotropic drug tolerance profile for YadGH (Figure 7).  

To validate the findings of Biolog phenotype microarrays we followed this experiment with MICs 

to confirm strong hits for QACs — domiphen bromide and dequalinium chloride — and tinidazole. 

E. coli harbouring pTTQ18-YadGHRSGH6 revealed log 2-fold increased MIC to domiphen bromide, 

dequalinium chloride and tinidazole compared to E. coli pTTQ18-RSGH6 (empty vector control), 

suggesting an increased tolerance profile across multiple drugs in cells expressing YadGHAB5075 

compared to cells without YadGHAB5075 (Table 1). Following this result, we screened for 

fluorescent antimicrobial substrates amenable for whole-cell transport assays. E. coli harbouring 

pTTQ18-YadGHRSGH6 revealed log 2-fold increased MIC to acriflavine compared to E. coli 

pTTQ18-RSGH6 (empty vector control) suggesting acriflavine is also a recognised antimicrobial 

by YadGH (Table 1). Further whole cell acriflavine transport assays were carried out to compare 

differential acriflavine efflux rates between E. coli expressing YadGHAB5075 and empty vector 

control. Cells expressing YadGH showed greater acriflavine efflux compared to E. coli control, 
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indicative of a putative drug efflux phenotype conferred by the overexpression of YadGHAB5075 in 

E. coli BL21 (DE3) cells (Figure 8). 

YadH inactivation impacts cell membrane integrity of A. baumannii 

Our bioinformatic data suggested a potential role of YadGH in cell envelope homeostasis and the 

TraDIS, Biolog, MIC and transport assay suggest a potential pleiotropic role in drug resistance. 

However, this phenotype has been observed when YadGH is highly expressed from a multicopy 

plasmid in E. coli and may not always be comparable in phenotype to the intrinsic expression of 

YadGH in host. Due to these observations, we set out to investigate the impact of yadH inactivation 

on the cell envelope of A. baumannii using a yadH knockout strain (yadH::Tn26) and its isogenic 

parent. Fatty acid methyl ester GC-MS analysis of the A. baumannii cell membrane between 

AB5075 wild type and yadH mutant revealed significant changes in the abundance of major 

unsaturated fatty acids of A. baumannii, with significant depletion of palmitoleic acid and a 

corresponding increase in oleic acid abundance (Figure 9).  

To investigate whether these changes in lipid composition affected cell membrane permeability, 

we followed these experiments with flow cytometry using SYTOX green and FM 4-64 to 

investigate cell permeability and membrane morphology respectively (59, 60). SYTOX Green 

fluoresces bright green only when bound to DNA and can only enter deceased cells or living cells 

with compromised cell membrane integrity, offering an ideal probe to detect membrane 

permeability changes in live bacterial cells (59). FM 4-64 is a lipophilic dye that intercalates within 

the lipid bilayer and stains anionic phospholipids such as phosphatidylglycerol and cardiolipin, 

commonly found in bacterial cell membranes, providing valuable insights into overall changes in 

cell membrane morphology in live bacterial cells, including Acinetobacter baumannii (60). Flow 

cytometry showed a more significant accumulation of SYTOX green and FM 4-64 in yadH 

transposon mutants compared to wild type AB5075_UW, suggesting a change in cell membrane 

permeability in the AB5075_UW yadH mutant (Figure 10). Furthermore, flow cytometry data 

revealed a significant shift towards a predominately large cell population compared to wildtype 

AB5075_UW, suggesting change in cell shape morphology (Figure 10). Fluorescence microscopy 
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of nonyl acridine orange and FM 4-64 dye-loaded cells revealed greater cell size and cell 

aggregation in yadH mutant compared to wild type, providing further evidence for larger cell 

morphology in A. baumannii (Figure 11). To gather more direct evidence that yadH inactivation 

may compromise the cell membrane, we investigated the cell envelope structure of A. baumannii 

AB5075_UW (yadH::Tn26) using TEM microscopy. TEM microscopy showed the yadH mutant 

had a compromised capsule structure, providing further evidence that yadH inactivation shifted 

the cell envelope homeostasis in A. baumannii (Figure 12).  All phenotypic assays in A. baumannii 

were performed across two independent transposon mutants of yadH, hence, phenotypes related 

to change in membrane composition and integrity more likely to be an effect of direct loss of the 

pump, rather than a product caused by indirect, downstream effect at the site of transposon 

insertion. 

Conclusions 

This study represents the first functional characterisation of YadGH, an ABC transporter of 

unknown function from A. baumannii AB5075_UW, a highly drug resistant and virulent isolate 

of A. baumannii. YadGH is an ABC-2 type transporter of unknown function, previously identified 

to confer fitness towards silver nitrate. In this study, the observed our bioinformatic, phylogenetic 

and structural analyses are suggestive of a putative physiological role for YadGH in cell membrane 

homeostasis, possibly through lipid transport. Further studies of a YadH mutant revealed a series 

of pleiotropic phenotypes related to a role within the cell envelope. This included altered lipid 

composition, lost capsule and altered drug resistance and efflux. This study suggests YadGH may 

play a role in cell envelope homeostasis however, it has not ascertained what the direct substrates 

of YadGH might be. The true substrate may be involved in cell envelope biogenesis and changes 

in resistance can be either directly through drug efflux or indirect via changes in the cell membrane 

or capsule structure. Previous studies have indicated that YadGH orthologs in Gram-negative 

pathogens indicate YadGH may associate with the Mla-complex to maintain outer-membrane 

asymmetry (14-16). Furthermore, E. coli yadH inactivation also induced a hyperpermeable 

phenotype of the E. coli cell membrane (14) similar to our findings that yadH inactivation in 
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A. baumannii led to greater cell membrane permeability and loss of capsule. Although YadGH 

was not found near the Mla-complex, our data does support the potential role of YadGH in cell 

envelope homeostasis. 

Collectively, this work suggests YadGH may represent a new ABC-type efflux system in 

A. baumannii. Further work will focus on defining the specific substrate profile of YadGH and 

characterisation of YadGH transport activity in proteoliposomes in order to determine the direct 

roles this transporter plays in cell envelope homeostasis and drug resistance in this pathogen.  
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Figures and tables 

 

Figure 1: The genomic context of yadGH across A. baumannii genomes (n = 172). YadGH is 

conserved across all genomes with high-level of synteny. The top three alternate pathways are 

numbered 1-3 respectively. Path 1 (number of genomes = 93/172) is represented by A. baumannii 

ACICU. Path 2 (number of genomes = 45/172) is represented by A. baumannii BJAB7015 and 

Path 3 (number of genomes = 9/172) is represented by A. baumannii AB5075_UW. Coloured 

genes are conserved genes with 100% identity across genomes. Grey genes represent unique genes 

across pathways. Gene conservation was visualised with Clinker software (26) and further 

modified in Illustrator. 
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Figure 2: Conserved genetic neighborhood analysis of distant homologues. Genes that are present 

in two or more regions are colored and numbered (Table S1). Non conserved genes are blank. 

yadH and yadG are colored as black and pink adjacent arrows. Purple and green outlined genes 

are pseudogenes and RNA genes respectively. Branch values are provided in bootstrap support 

values. Figure generated by WebFLaGs web server (27).
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0.837

0.363

0.992

WP_008739291.1#21|Alcanivorax_pacificus_W11_5   13 105 52 1  2  54 4 5 16

0.382
WP_011588163.1#35|Alcanivorax_sp_97CO_5  8   52 1  2 54  69 16 5

WP_014993947.1#44|Alcanivorax_dieselolei 13    52 1  2 54 4 5 16 69

0.981

0.999

0.963

WP_009501289.1#25|Moraxella_macacae_0408225 7    104 1        

0.909
WP_007116373.1#12|Moraxella_osloensis 1    30 1  2 103     

WP_067338530.1#91|Moraxella_atlantae     30 1  2 103     

0.894

WP_011279726.1#33|Psychrobacter_arcticus_273_4     30 1  2 45  63 62  

0.962

WP_062498550.1#84|Moraxella_lacunata     30 1  2   45 60  

0.841
WP_013108116.1#39|Moraxella_catarrhalis 102 101 100  30 1  2 45 60 63 19 62

WP_076554833.1#107|Moraxella_cuniculi_DSM_21768 102 101 100  30 1  2 45 60 63   

0.938

WP_076878211.1#110|Alkanindiges_hydrocarboniclasticus   4   1  2 10 12 11 9 18

0.98

WP_070068790.1#100|Acinetobacter_qingfengensis 92 92 93 93  1  2 10 12 11 9  

0.988

0.884

WP_023271752.1#53|Acinetobacter_nectaris_CIP_110549   67 23  1  2 10 12 11 9 99

1
WP_004903796.1#7|Acinetobacter_brisouii_ANC_4119 23 80 4 79  1  2 10 12 11 9 78

WP_004903796.1#8|Acinetobacter_brisouii 23 80 4 79  1  2 10 12 11 9 78

0.867

WP_004679673.1#6|Acinetobacter_sp_CIP_102082  23 56   1  2 10 12 11 9 18

0.869

0.374

WP_067660208.1#93|Acinetobacter_sp__TGL_Y2 23 108    1  2 10 12 11 9 18

0.926
WP_016655363.1#49|Acinetobacter_rudis 13  8   1  2 10 12 11 9 18

WP_065994622.1#85|Acinetobacter_defluvii  23 56   1  2 10  11 9 18

0.337

WP_067552811.1#92|Acinetobacter_larvae    86  1  2 10  12 11 9

0.816

0.952
WP_005011191.1#9|Acinetobacter_bouvetii      1  2 10 11 9 18  

WP_005179108.1#10|Acinetobacter_indicus 108     1  2 10 11 9 18 99

0.834

WP_011182471.1#32|Acinetobacter_baylyi  67 65 23  1  2 10 12 11 9 18

0.998
WP_001010536.1#4|Acinetobacter_baumannii  65 23 56  1  2 10 12 11 9 18

WP_002118099.1#5|Acinetobacter_pittii  86  1  2 10 12 11 9 18

0.997

WP_036992504.1#64|Halopseudomonas_bauzanensis   1 6  1  2 17 28 7 29  

0.851

WP_071871277.1#103|Atopomonas_hussainii   3  15 1  2 17 97   32

0.982

WP_039805250.1#68|Azotobacter_chroococcum_NCIMB_8003    3 6 1  7 7 2   5

0.619

WP_027590269.1#56|Pseudomonas_sp_RL    3 6 1  2 17 97  28 7

0.689

0.881
WP_021701599.1#52|Pseudomonas_alcaligenes   3 15 1  37 36   7 7

WP_053099534.1#80|Thiopseudomonas_alkaliphila      1  84 84 62  7  

0.94

0.937
WP_010794883.1#30|Pseudomonas_luteola  3 1  2 17 28 31 7 29

WP_059314917.1#83|Pseudomonas_oryzihabitans  7 4 57 3 1  2 17 28 31 7 29

0.196

0.993

WP_037023046.1#65|Pseudomonas_saudiphocaensis 7    3 1  2 17 28 31 7 29

0.986
WP_011912814.1#36|Pseudomonas_stutzeri 25 106 71 66 82 1  2 17 28 31 7 29

WP_037039190.1#66|Pseudomonas_stutzeri 25 106 71 66 82 1  2 17 28 31 7 29

0.938

WP_058066078.1#82|Pseudomonas_sp_TTU2014_080ASC   3 6 15 1  13   98   

0.343

WP_068388631.1#94|Ventosimonas_gracilis      1  17     

0.574

WP_043253355.1#71|Pseudomonas_knackmussii_B13 3 74 6 15 8 1  73      

0.86

0.78

WP_003090884.1#1|Pseudomonas_aeruginosa 3 74 6 15 8 1  7 7   2 17

0.958
WP_016493375.1#48|Pseudomonas_resinovorans_NBRC_106553    32 8 1  37 36     

WP_044399681.1#72|Pseudomonas_otitidis  3 6 15 8 1  37 36 13 6 109  

0.591

0.969
WP_025167485.1#55|Pseudomonas_taeanensis_MS_3  3 6 15 8 1  37 36 91 19 90 89

WP_069516956.1#98|Pseudomonas_sp_21C1    3 6 1  37 36 91 19 90 89

0.902

0.297

WP_045187128.1#74|Pseudomonas_sp_5   3 6 8 1  24 14 22 21 20 26

0.779

WP_043187243.1#70|Pseudomonas_putida    3 6 1    73    

0.947
WP_010952923.1#2|Pseudomonas_putida  72 3 6 8 1  24 14 22 21 20 26

WP_038414386.1#67|Pseudomonas_cremoricolorata 72 3  6 8 1   14 22 21 20 26

0.935

WP_010448854.1#29|Pseudomonas_asplenii  13 3 6 8 1  24 14 22 21 20 26

0.885

WP_017134191.1#50|Pseudomonas_agarici   3 6 8 1  24 14 22 21 20 26

0.796

WP_007972352.1#17|Pseudomonas_sp_B1_2018 13 3 6 15 8 1   24 14 22 21 20

0.816

0.908

WP_047276272.1#79|Pseudomonas_lundensis  13 3 6 8 1  24 14 22 21 20 26

0.951
WP_011104754.1#3|Pseudomonas_syringae_pv_tomato   3 6 8 1  51 51 77 76 75 14

WP_045481157.1#75|Pseudomonas_sp_StFLB209   3 6 8 1  51 51 77 76 75 14

0.757

WP_011060097.1#31|Pseudomonas_protegens 13 3 6 15 8 1  24 14 22 21 20 26

0.73
WP_012723134.1#38|Pseudomonas_grimontii 13 3 6 15 8 1       105

WP_020300250.1#51|Pseudomonas_sp_MF4836 13 3 6 15 8 1  24 14 22 21 20 26

0.13996
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Figure 3: Phylogenetic tree of YadHAB5075 homologs (n = 1000) constructed by the neighbor-

joining method (20). The phylogenetic tree was constructed in MEGAX (23), visualised in iTOL 

(24), and annotated in Illustrator. The phylogenetic tree was drawn scale where branch lengths 

were measured as number of substitutions per site. The tree is colorised according to taxonomic 

phylum. Bootstrap values of at least n=1000 iterations ≤0.5 are coloured from red to green (0.5-

1.0), respectively (21). Distinct phylogenetic families are numbered from I to XIII.  

 

 
Figure 4: AlphaFold2 prediction of the YadGH. A) Cartoon ribbon representation of YadH 

transmembrane permease dimer (pale yellow and yellow orange) and YadG dimer (pale green and 

green-cyan) in two different side-view orientations visualised in Pymol. B) Top-down view of the 

tightly packed TMD domain of YadH with TMH annotation, followed by bottom-up view of the 

additional cytoplasmic domain, showing both YadG protomers intercalate to form an eight-

member antiparallel β-sheet. C) APBS electrostatics view of the distribution of charge on the 

surface and within YadGH. D)  ConSurf analysis of YadGH, where amino acids are coloured by 

conservation from variable (cyan) to conserved (magenta). All figures were visualised in PyMol 

software (34)
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Figure 5: Assessment of YadGH model quality. A) lDDT confidence analysis of YadGH model by AlphaFold2 (28, 61). B) YadGH Ramachandran 

plot generated by PROCHECK for the assessment of model quality (35). 
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Figure 6: Sequence alignment with predicted secondary structure features from AlphaFold structures of with highlighted secondary structures and 

with NBD sequence motifs. A) YadH, reveals presence of 12 a-helices, one 310-helix and 1 beta turn. B) YadG reveals 14 β-strands, 10 α-helices, 

and two 310-turn helices (η). Figure prepared with ESPript webserver (62). NBD Motifs of YadG were annotated in PowerPoint.
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Figure 7: Resistance profile of YadGH from A. baumannii. Antimicrobial resistance phenotypes determined from the expression of ABC transporter 

YadGHAB5075 in E. coli BL21. Results are displayed as a heatmap using a colored scale from no respiration (dark blue) to maximum respiration 

(yellow). Biolog phenotypes are represented in two heatmap panels. A) antimicrobials and B) toxic bioactive compounds. Phenotypes are organized 

according to antimicrobial class. Columns represent log 2-fold increase in antimicrobial concentration across four wells of the Biolog PM
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Table 1: Drug resistance of E. coli BL21 (DE3) pTTQ18 (control) or pTTQ18 (yadGH) 

Drug MIC (μg/mL) for cells transformed with Drug category 

 pTTQ18 pTTQ18 (yadGH)  

Dequalinium chloride 8 16 QAC 
Domiphen bromide 0.39 0.78 QAC 
Tinidazole 125 250 Nitroimidazole 
Εthidium Bromide 37.5 37.5 Dye 
Acriflavine 9.38 18.75 Dye 
Hoechst 33342 2.34 3.4 Dye 

 

Figure 8: Acriflavine transport assay. Direct efflux of acriflavine associated with YadGH 

overexpression in E. coli cells. Acriflavine loaded cells after one hour of incubation in the presence 

of CCCP were measured to determine difference in efflux rate of acriflavine between IPTG 

induced E. coli BL21 (DE3) expressing YadGH (pink) verses an pTTQ18 empty vector control 

(black). Values are a means of three biological replicates and error bars are represented by the 

SEM. Statistical significance was determined using an unpaired t-test. Acriflavine efflux was 

found to be statistically significant between YadGH and control groups (p-value <0.05).   
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Figure 9: Fatty acid composition of the major fatty acid methyl ester (FAME) species of 

A. baumannii determined by GC-MS. A) A. baumannii fatty acid composition for A. baumannii 

AB5075_UW (black) and yadH::T26 mutant (pink) as determined by GC-MS. The data represents 

the mean of four biological replicates. Statistical analyses were performed by one-way ANOVA 

(*p <0.05, ** p<0.01).  
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Figure 10: Flow cytometry analysis of A. baumannii AB5075_UW (grey) and yadH::Tn26 

populations (blue). A) Flow cytometry of FM 4-64 dye accumulation against A. baumannii 

AB5075_UW and yadH::Tn26 populations, showing heightened accumulation of FM 4-64 in 

yadH::Tn26 mutant compared to wild type. B) Flow cytometry analysis of SYTOX green 

accumulation against A. baumannii AB5075_UW and yadH::Tn26 populations demonstrating a 

heightened accumulation of SYTOX green in yadH::Tn26 strains compared to wild type. C) Total 

cell count appears significantly higher in the large population category in yadH::Tn26 strains 

compared to wild type A. baumannii AB5075_UW. D) Forward vs side scatter plot of 

A. baumannii AB5075_UW population and yadH::Tn26 population showed cell size distribution 

across three distinct cell size categories (small, medium, and large). Statistical analyses were 

performed by one-way ANOVA (*p <0.05, ** p<0.01, *** p<0.001 and ****p<0.0001). 
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Figure 11: Nonyl-acridine orange (NAO) and FM 4-64 fluorescence microscopy across 

A. baumannii AB5075_UW cells and yadH::Tn26. The yadH mutant revealed increased cell 

density, cell size and dye accumulation of both NAO and FM 4-64 dyes compared to wild type. 

Fluorescence microscopy was performed on an Olympus BX53 fluorescent microscope. 

FM 4-64 stained cells were imaged (Ex/Em: 510/750 nm) and NAO-stained cells were imaged 

(Ex/Em: 495/522 nm). Images were acquired using cellSens software (Olympus Life Sciences). 
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Figure 12: Transmission electron microscopy comparison of A. baumannii AB5075_UW wild 

type and yadH::Tn26 mutant highlights the differences between in capsule formation. Top row: 

TEM images of wild-type A. baumannii AB5075_UW cells at 200 nm scale, stained with uranyl-

acetate replacement stain to visualize the intact capsule- a dark, thick outer surface layer 

surrounding the cell. Bottom row: TEM images of the yadH::T26 mutant at a scale of 100 nm, 

displaying minimal capsule presence with thin and incomplete areas (depicted as black spots) 

around the cell. TEM images were captured using a Phillips CM10 transmission electron 

microscope at 100 kV.  
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Supporting information 

Table S1: Legend of conserved genes across RefSeq homologs of yadH 

Number Accession Gene 

1 WP_072324479.1 ABC transporter ATP-binding protein 
2 WP_205778954.1 NADPH-dependent 7-cyano-7-deazaguanine reductase QueF 
3 WP_044399693.1 hypothetical protein 
4 WP_009577357.1 EAL domain-containing protein 
5 WP_014870944.1 nitroreductase 
6 WP_045481168.1 acyl-CoA dehydrogenase 
7 WP_003090883.1 sensor histidine kinase 
8 WP_017134193.1 glutathione S-transferase 
9 WP_001177236.1 septal ring lytic transglycosylase RlpA family 
10 WP_004679678.1 hypothetical protein 
11 WP_067660221.1 lytic murein transglycosylase B 
12 WP_016657068.1 rod shape-determining protein RodA 
13 WP_116579969.1 LysR family transcriptional regulator 
14 WP_052675622.1 DNA internalization-related competence protein ComEC/Rec2 
15 WP_102700915.1 transglutaminase family protein 
16 WP_036506982.1 YiiD C-terminal domain-containing protein 
17 WP_074780074.1 DUF4404 family protein 
18 WP_005011198.1 DUF962 domain-containing protein 
19 WP_013661162.1 3-oxoacyl-ACP reductase FabG 
20 WP_049586866.1 tetraacyldisaccharide 4'-kinase 
21 WP_029532388.1 biopolymer transporter ExbD 
22 WP_010448848.1 MotA/TolQ/ExbB proton channel family protein 
23 WP_067660200.1 DUF3820 family protein 
24 WP_047276270.1 DUF2062 domain-containing protein 
25 WP_068508956.1 HD-GYP domain-containing protein 
26 WP_161466653.1 Trm112 family protein 
27 WP_076462865.1 Fe(3+) ABC transporter substrate-binding protein 
28 WP_136869966.1 VacJ family lipoprotein 
29 WP_037039172.1 STAS domain-containing protein 
30 WP_067338526.1 c-type cytochrome 
31 WP_037039178.1 PilZ domain-containing protein 
32 WP_016493378.1 methyl-accepting chemotaxis protein 
33 WP_068476557.1 iron ABC transporter permease 
34 WP_008938122.1 PilZ domain-containing protein 
35 WP_068476543.1 flagellar basal body rod protein FlgB 
36 WP_016493373.1 efflux RND transporter permease subunit 
37 WP_222899608.1 efflux RND transporter periplasmic adaptor subunit 
38 WP_227497952.1 hypothetical protein 
39 WP_015046195.1 hypothetical protein 
40 WP_040482103.1 peptide-methionine (R)-S-oxide reductase MsrB 
41 WP_036159890.1 beta-ketoacyl-ACP synthase II 
42 WP_067017871.1 acyl carrier protein 
43 WP_013661161.1 ACP S-malonyltransferase 
44 WP_047013348.1 dUTP diphosphatase 
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45 WP_064617175.1 proline--tRNA ligase 
46 WP_070058841.1 DUF962 domain-containing protein 
47 WP_068476541.1 flagellar basal body rod protein FlgC 
48 WP_008042824.1 TIGR01777 family oxidoreductase 
49 WP_070115477.1 pyrroloquinoline quinone-dependent dehydrogenase 
50 WP_197027510.1 peptidyl-prolyl cis-trans isomerase 
51 WP_011104753.1 hypothetical protein 
52 WP_014993945.1 histidine phosphatase family protein 
53 WP_011467650.1 hypothetical protein 
54 WP_014993949.1 AbgT family transporter 
55 WP_009019074.1 4-phosphoerythronate dehydrogenase 
56 WP_004777211.1 hypothetical protein 
57 WP_058021589.1 Fe-S biogenesis protein NfuA 
58 WP_071263207.1 organic solvent ABC transporter permease 
59 WP_083421080.1 DUF1499 domain-containing protein 
60 WP_115346508.1 DUF4230 domain-containing protein 
61 WP_008042821.1 hypothetical protein 
62 WP_187147120.1 tryptophan synthase subunit beta 
63 WP_076554830.1 phosphoribosylanthranilate isomerase 
64 WP_230198464.1 elongation factor P hydroxylase 
65 WP_000782592.1 alpha/beta fold hydrolase 
66 WP_011912811.1 hypothetical protein 
67 WP_023271755.1 serine hydroxymethyltransferase 
68 WP_023659409.1 ISL3 family transposase 
69 WP_035458621.1 MAPEG family protein 
70 WP_036547862.1 DUF6134 family protein 
71 WP_017245727.1 aspartate aminotransferase family protein 
72 WP_038414390.1 fimbrial protein 
73 WP_043253354.1 sodium/proline symporter PutP 
74 WP_043253360.1 hypothetical protein 
75 WP_005770647.1 type VI secretion system tip protein VgrG 
76 WP_011104750.1 DUF4123 domain-containing protein 
77 WP_045481146.1 hypothetical protein 
78 WP_004903785.1 translation elongation factor Ts 
79 WP_004903798.1 dihydroxy-acid dehydratase 
80 WP_004903801.1 acyltransferase family protein 
81 WP_008250006.1 hypothetical protein 
82 WP_037039194.1 succinylglutamate desuccinylase 
83 WP_052830263.1 4-alpha-glucanotransferase 
84 WP_053102368.1 C40 family peptidase 
85 WP_067384296.1 heavy metal translocating P-type ATPase 
86 WP_067552817.1 hypothetical protein 
87 WP_014870934.1 AMP-binding protein 
88 WP_068997465.1 formaldehyde dehydrogenase, glutathione-independent 
89 WP_025167491.1 LysE family translocator 
90 WP_069516899.1  benzoate/H(+) symporter BenE family transporter 
91 WP_069516901.1 NADP-dependent oxidoreductase 
92 WP_070068784.1 phosphate ABC transporter permease PstA 
93 WP_070068786.1 substrate-binding domain-containing protein 
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94 WP_070115473.1 hypothetical protein 
95 WP_070115474.1 hypothetical protein 
96 WP_071263201.1 flagellar hook assembly protein FlgD 
97 WP_027590272.1 hypothetical protein 
98 WP_072324475.1 2-dehydropantoate 2-reductase 
99 WP_023271746.1 DUF3465 domain-containing protein 
100 WP_064604400.1 lactoylglutathione lyase 
101 WP_076554837.1 carbonic anhydrase 
102 WP_064617873.1 hypothetical protein 
103 WP_062334157.1 beta-N-acetylhexosaminidase 
104 WP_083704680.1 mechanosensitive ion channel 
105 WP_008739302.1 bile acid:sodium symporter family protein 
106 WP_049341445.1 crotonase/enoyl-CoA hydratase family protein 
107 WP_175487759.1 DUF308 domain-containing protein 
108 WP_205778952.1 hypothetical protein 
109 WP_051632752.1 helix-turn-helix domain-containing protein 
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Table S2 Structural homologues of YadH 

PDB Protein Substrate Organism rmsd z-score %ID align nres ref 

6M96 WzmWzt O-specific 
polysaccharides 

 

Aquifex aeolicus 3.0 19.6 17 228 256 (57) 

7M1P ABCA4 N-retinylidene-
phosphatidylethanola

mine 

Homo sapiens 3.4 19.2 9 236 1938 (63) 

7P04 PDR5 Multiple drugs, 
sterols, peptides 

Saccharomyces 
cerevisiae 

3.6 19.1 10 238 1353 (64) 

7R8D ABCG1 Cholesterol Homo sapiens 3.7 18.8 12 238 545 (65) 

7OJ8 ABCG2 Multiple drugs Homo sapiens 4.0 18.0 11 238 575 (66) 

7R8A ABCG5/
G8 

Cholesterol Homo sapiens 3.8 18.3 11 238 529 (65) 

5XJY ABCA1 Cholesterol, 

Phospholipids 

Homo sapiens 3.4 18.0 12 236 1901 (67) 

6XJH PmtD Phenol-soluble 
modulins 

Staphylococcus 
aureus 

3.6 16.7 12 220 251 (68) 

6JBH TarH Teichoic acids Alicyclobacillus 
herbarius 

3.4 16.1 14 228 267 (69) 

7CH7 MlaE Phospholipids Pseudomonas 
aeruginosa 

3.3 10.4 9 181 284 (70) 
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Table S3 Structural homologues of YadG 

PDB Protein Substrate Organism rmsd z-score %ID align nres ref 

7E7I ABCA4 N-retinylidene-
phosphatidylethanola

mine 

Homo sapiens 2.5 28.9 27 298 2011 (71) 

3TUZ MetN Methionine Escherichia coli 3.9 28.6 26 261 345 (72) 

3FVQ FbpC Fe(3+) ions Neisseria 
gonorrhoea 

3.0 28.1 27 234 349 (73) 

5GKO MacB Macrolides Acinetobacter 
baumannii 

2.2 26.9 30 234 650 (74) 

7AHE OpuA  Glycine betaine Lactococcus 
lactis 

2.5 26.6 23 244 382 (75) 

6XJI PmtC Phenol-soluble 
modulins 

Staphylococcus 
aureus 

3.6 25.3 22 241 290 (68) 

7ROQ ABCA1 Cholesterol/Phosphol
ipids 

Homo sapiens 3.2 25.3 29 293 1831 (58) 

7CAD SugC Trehalose Mycobacterium 
smegmatis 

3.2 25.3 22 246 384 (76) 

7K2T Wzm/ 
Wzt 

O-linked 
polysaccharides 

Aquifex aeolicus 2.0 24.9 27 220 374 (57) 

4PL0 McjD Antibacterial peptide 
(microcin J25) 

Escherichia coli 2.3 24.1 21 221 576 (77) 
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Abstract 

Acinetobacter baumannii is an opportunistic, nosocomial pathogen commonly associated with 

hospital-acquired infections in immunocompromised and severely ill patients. The rise of 

multidrug and pandrug resistant isolates worldwide has prompted the classification of 

A. baumannii as a top priority pathogen for the urgent development of novel therapeutics. It is 

equally as imperative to understand the mechanism of resistance to combat this pathogen. 

Recently, we investigated the fitness of a library of A. baumannii transposon mutants to silver 

nitrate and found that ABUW_0700 conferred increased fitness towards silver nitrate. This gene 

belongs to the Aromatic Acid Exporter (ArAE) family, previously not characterised in 

A. baumannii. ABUW_0700 is conserved in the core genome across A. baumannii species. 

In silico prediction of the ABUW_0700 structure revealed a novel protein structure not previously 

seen in prokaryotic membrane transporters. Heterologous expression of the ABUW_0700 protein 

in E. coli confirmed that it conferred silver nitrate resistance, in addition to a range of 

antimicrobials including tetracyclines, fluoroquinolones, cefmetazole and sulfonamides and toxic 

ions. Whole cell transport assays suggested that ABUW_0700 conferred acriflavine efflux. 

Altogether, this study suggests that ABUW_0700 may represent a new class of multidrug efflux 

pumps, and potential target for therapeutic development.  
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Introduction 

Acinetobacter baumannii is a nosocomial pathogen of which the rapid rise of multidrug and pan-

drug resistant isolates worldwide has led to calls for the urgent development of novel therapeutics 

to combat resistance. It is equally important to identify putative resistance factors that contribute 

to the multidrug resistant phenotype of this organism. The aromatic acid export (ArAE) family of 

transporters, also known as the putative efflux transport (PET) family, are present across bacteria 

and eukaryotic kingdoms, and have been identified in plants, yeast, fungi, protozoa, and bacterial 

lineages (1). Members of this family are approximately 655-755 amino acids in length and have 

evolved as a result of an internal gene duplication event (1, 2). In plants, members of the ArAE 

are characterised as aluminium activated malate transporters and are recognised as necessary for 

resistance to aluminium toxicity in soil (3). However, in bacteria some members of the ArAE 

family are found adjacent to membrane fusion proteins and have been suggested to encode for 

tripartite efflux systems in Gram-negative bacteria (1, 4). However, only one member of the ArAE 

family has been experimentally characterized in bacteria (5). The AaeB efflux pump (synonym 

YhcP) of Escherichia coli, associates with the MFP protein, AaeA (synonym YhcQ) to transport 

p-hydroxybenzoic acid (pHBA) out of the cell in a proton-dependent manner, to relieve E. coli of 

unbalanced metabolism and acid stress (4). During our recent TraDIS study to investigate genes 

important for biocide tolerance in this pathogen, we noted that the ArAE gene, ABUW_0700 was 

involved in conferring increased fitness to silver nitrate (Chapter 2). Accordingly, further work to 

understand the role of this protein in conferring resistance to antimicrobials as a putative efflux 

pump was investigated in this study.  
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Materials and methods 

Bioinformatic analyses 

All FASTA format sequences were downloaded from the National Centre for Biotechnology 

Information (NCBI). The coding region of ABUW_0700 was retrieved from the Acinetobacter 

baumannii AB5075_UW genome (CP008706.1). Homologous sequences of ABUW_0700 were 

collected using the HMMER webserver (v. 2.41.2) against reference proteomes (6, 7). Full-length 

sequences with E-values ≤ 10-20 were deemed homologous. Multiple sequence alignments (MSAs) 

of ABUW_0700 homologues was performed using MUSCLE (8). A phylogenetic tree of 

ABUW_0700 homologs was constructed using the neighbor-joining method with n = 1000 

bootstrap replicates and default parameters using MEGAX software and visualised with iTOL 

(9-13). The pan-genome of A. baumannii AB5075_UW was analysed from data from our previous 

publication (14) to investigate the conservation of ABUW_0700 and its genetic neighbourhood 

and was visualised using Clinker (15). A. baumannii genomes included in the analysis cover all 

complete genomes deposited to the NCBI assembly database as of March 26, 2020. Gene 

conservation analysis of ABUW_0700 homologs across more distantly related bacteria was 

performed using the WebFLaGs server with default parameters (16). 

In silico prediction of the structure of ABUW_0700 

In silico prediction of the structure of ABUW_0700 was performed using AlphaFold2 (17). 

AlphaFold2 models were run using a ColabFold notebook with default parameters and MMseq2 

generated sequence MSAs (18, 19). A Ramachandran plot of the AlphaFold2 predicted structure 

of ABUW_0700 was generated with PROCHECK (20). Amino acid conservation was mapped to 

the ABUW_0700 structure with ConSurf (21, 22). Predictions of the pore region were visualised 

with MOLEonline (ver. 1.5.2.1) (23). Structural homologs of ABUW_0700 were reviewed with 

DALI (accessed on 13th April 2022) (24). All PDB files and figures were visualised and generated 

with Pymol (25).  
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Bacterial strains and plasmids 

The coding region of ABUW_0700 from the AB5075_UW genome (CP008706.1) was chemically 

synthesised and cloned between the EcoRI and SalI sites within the MCS for in-frame transcription 

with the endogenous tac promotor and C-terminal hexa-histidine tag (RSGH6) of pTTQ18-RSGH6 

plasmid (26–28). Gene synthesis and cloning into the expression vector to yield 

pTTQ18-ABUW_0700RSGH6 was purchased from Genscript (Piscataway, USA). For heterologous 

expression of ABUW_0700 in E. coli, chemically competent E. coli BL21 (DE3) were purchased 

from Bioline, USA. E. coli BW25113 ΔemrE, ΔmdfA and ΔacrB::kan cells was used for 

acriflavine transport assays against an efflux sensitive background (29).  

Preparation of chemically competent E. coli cells 

Chemically competent cells of the E. coli triple efflux mutant were prepared according to the 

calcium wash method. Briefly, E. coli cells were grown to the mid-exponential phase 

(OD600nm = 0.4) and immediately incubated on ice for 30 minutes. Cells were harvested at 3000 

× g for 15 minutes at 4°C and resuspended with ice-cold 100 mM MgCl2 solution. Cell suspensions 

were pelleted at 2000 × g for 15 minutes at 4°C. Cell pellets were resuspended in ice-cold 100 mM 

CaCl2 solution and chilled on ice for 20 minutes. Cell suspensions were pelleted at 2000 × g for 

15 minutes at 4°C and resuspended in ice cold 85 mM CaCl2 with 15% glycerol. Cell suspensions 

were pelleted at 1000 × g for 15 minutes and resuspended to a final OD600nm = 200 in 2 mL of ice 

cold 85 mM CaCl2 with 15% glycerol. Samples were snap-frozen in liquid nitrogen and stored at 

−80°C for transformation. 

Transformation of chemically competent E. coli cells.  

E. coli BL21 (DE3) or BW25113 (ΔemrE, ΔmdfA and ΔacrB::kan) cells were transformed with 

pTTQ18-RSGH6 or pTTQ18-ABUW_0700RSGH6 were transformed using the heat shock method 

(30) with the following modifications. Briefly, 50 μL of chemically competent E. coli were thawed 

on ice and incubated with 5 ng of plasmid DNA for 30 minutes, followed by a heat-shock at 42°C 

for 40 seconds. E. coli samples were immediately transferred to ice to incubate for 2 minutes 

before recovery in S.O.C media (Thermo Fischer) for 1 hour at 37°C, 200 rpm. Recovered cell 
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cultures were plated on LB-agar supplemented with 100 μg/mL ampicillin for selection and 

incubated overnight at 37°C. Following transformation, all E. coli cultures harbouring 

pTTQ18-RSGH6 (empty vector) or pTTQ18-ABUW_0700RSGH6 were prepared in LB-media 

supplemented with 100 μg/mL ampicillin and grown at 37°C, 200 rpm unless otherwise specified.  

Small scale culture and expression of ABUW_0700 in Escherichia coli 

Overnight cultures of E. coli BL21 (DE3) harbouring pTTQ18-RSGH6 and 

pTTQ18-ABUW_0700RSGH6 were grown in 50 mL of Luria-Bertani (LB) broth (10 g/L NaCl, 

10 g/L tryptone, 5 g/L yeast extract) supplemented with 100 μg/mL carbenicillin and 

20 mM glycerol at 37°C, shaking at 200 rpm. Overnight cultures were diluted 1:100 in fresh 

LB media supplemented with 100 μg/mL carbenicillin and 20 mM glycerol and grown at 37°C, 

shaking at 200 rpm to a final OD600nm = 0.8. Expression of ABUW_0700 was induced with IPTG 

(0.2 mM final concentration) for 3 hours. Cell cultures were harvested by centrifugation 

(12,000 × g) for 15 minutes at 4°C. E. coli mixed membranes were extracted according to the 

water-lysis spheroplast method as published (28). Briefly, cell pellets were resuspended in 10 mL 

0.2 M Tris-HCl, pH 8.0 and stirred on rollers for 20 minutes at room temperature. At time zero, 

4.85 mL of sucrose buffer (0.2 M Tris-HCl, pH 8.0, 1 M sucrose, 1 mM EDTA) was added. At 

1.5 minutes, 65 μL of freshly prepared 10 mg/mL lysozyme solution was added. At 2 minutes, 

9.6 mL MilliQ water was added and the sample was gently mixed on rollers for 20 minutes. The 

spheroplasts were sedimented at 25,000 × g for 20 minutes, then resuspended in 15 mL MilliQ 

water and incubated at room temperature for 30 minutes. Mixed membranes were sedimented at 

25,000 × g for 20 minutes, washed thrice with NaPi buffer (0.1 M disodium hydrogen phosphate, 

0.1 M sodium dihydrogen phosphate, pH 7.2). Membrane pellets were resuspended in 500 μL of 

NaPi buffer, pH 7.2 containing 1 mM β-mercaptoethanol and were snap-frozen with liquid 

nitrogen and stored at −80°C prior to further SDS-PAGE and western blot analyses. Total protein 

content was quantified using the Pierce™ BCA Protein Assay Kit (Thermo Scientific) (31). 

SDS-PAGE of mixed membrane samples followed the method published by Henderson and 

MacPherson (32). Heterologous expression of ABUW_0700 in mixed membranes of E. coli was 
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detected by western blotting using an anti-RGSH6–horseradish peroxidase conjugate (Bio-Rad) 

according to manufacturer instructions. 

Antimicrobial sensitivity screening  

Biolog phenotype microarrays (PMs) were used to explore the antimicrobial profile of 

ABUW_0700 against 240 unique antimicrobials using the bacterial chemical sensitivity panel 

(PM11-20) (33). A complete list antimicrobials tested is available (Appendix B). Biolog 

phenotype microarrays were performed as described (34). Briefly, E. coli cells were streaked onto 

LB agar plates supplemented with 100 μg/mL ampicillin and grown overnight at 37°C. Individual 

colonies were streaked onto a fresh LB-ampicillin agar plate and grown overnight at 37°C. 

Colonies were collected and suspended in Biolog GN IF-0a solution to 85% transmittance, 

measured by a Biolog turbidimeter. Cell suspensions were diluted 1:200 in Biolog IF-10b solution 

and supplemented with 1:100 dilution of Biolog redox dye mix A. PM plates were inoculated with 

IPTG (0.05 mM final concentration) and inoculated with 100 μL of bacterial cell culture in each 

well across PM11-PM20. PM plates were sealed with Breathe-Easy® plastic film to allow for gas 

exchange (Diversified Biotech). Plates were incubated and imaged using a Biolog OmniLog 

instrument to measure for colorimetric change at 37°C, with shaking for 72 hours.  

Minimum inhibitory concentration assays 

Minimum inhibitory concentration (MICs) assays were performed according to the microbroth 

serial dilution method as previously described (35), with the following modifications. LB media 

was used throughout all MICs, except for silver nitrate where LB media excluding sodium chloride 

was used throughout this assay to avoid the precipitation of silver salt. Briefly, fresh transformants 

of E. coli BL21 (DE3) harbouring pTTQ18-RSGH6 or pTTQ18-ABUW_0700RSGH6 were grown 

in fresh media overnight supplemented with 100 μg/mL ampicillin. Overnight bacterial cultures 

were diluted 1:100 in fresh media supplemented with ampicillin (100 μg/mL) for positive selection 

and grown to mid-exponential phase (OD600nm = 0.6). Cells were further diluted 1:100 in fresh 

media and inoculated into 96-well plate containing media supplemented with 0.05 mM and 

two-fold serial dilution of dye or silver nitrate. Plates were sealed with Breathe-Easy® film 
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(Diversified Biotech) and incubated at 37°C at 200 rpm for 24 hours before absorbance, measured 

at OD600nm was determined using the PheraSTAR FSX (BMG LabTech).  

Fluorometric transport assays 

Overnight cell cultures of E. coli were grown in LB media containing 100 μg/mL ampicillin at 

37°C, 200 rpm shaking. Protein expression was induced at OD600nm = 0.8 with 0.05 mM IPTG for 

1 hour. Cells were washed thrice with HEPES buffer (20 mM HEPES-KOH pH 7.0, 

145 mM NaCl, 5 mM KCl) and resuspended to a final OD600nm = 3 in 1 mL of HEPES buffer. 

Cells were treated with 10 μM CCCP and 5 μM acriflavine and incubated at 37°C in the dark for 

1 hour. Cells were washed thrice with HEPES buffer to remove excess dye and protonophore. Cell 

pellets were resuspended immediately before transport assay initiation. All transport assays were 

performed using a Biotek HT synergy multiplate reader with excitation and emission wavelengths 

set to 450 nm and 510 nm respectively. Assays began with an initial read to adjust for 

autofluorescence, followed by the injection of 0.5% v/v glucose (final concentration) in HEPES 

buffer (final concentration) to initiate transport-mediated efflux of acriflavine out of the E. coli 

cells.  

Results and discussion 

ABUW_0700 is part of the core genome of A. baumannii  

The pan-genome analysis confirmed the presence of the ArAE gene ABUW_0700 and its paralog 

ABUW_0338 across all complete genomes of A. baumannii (n = 172 genomes) revealing that both 

of these ArAE genes are part of the core genome of A. baumannii. Local genetic neighbourhood 

analysis revealed that ABUW_0700 is always adjacent to genes encoding an MFS transporter of 

unknown function (ABUW_0701) and a membrane protein of unknown function (ABUW_0699). 

ABUW_0700 always appears in the same genetic region (n = 172 genomes) (Figure 1). Typically, 

ArAE family genes are located adjacent to MFP and OMF family genes (1, 4). However, no known 

MFP gene was located within the local genetic region of ABUW_0700. Similarly, the paralogous 

ArAE gene, ABUW_0338 is also found adjacent to an MFS transporter gene, and no MFP gene is 
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located nearby. Analysis of more distant homologs of ABUW_0700 from more distant species 

revealed that the genetic region in which the ArAE gene is conserved is unique to Acinetobacter 

spp. (Figure 2). In contrast, in all other Enterobacterales the ortholog of ABUW_0700 is 

conserved in a region of high-synteny adjacent to genes encoding an inner membrane protein YccF 

(DUF307 family) and a transcriptional regulator TfoX linked to natural competence in 

Enterobacteriaceae (36).  

Phylogenetic tree reveals conservation of ArAE homologs across diverse environments 

The ArAE transport family is a large family that spans bacteria, archaea, and plant kingdom (1). 

To investigate the phylogeny of ABUW_0700 and orthologs, we performed HMM seq search to 

identify distant evolutionary homologs against reference proteomes. The HMM seq searching 

using HMMER (v. 2.41.2) with default parameters revealed the presence of homologous 

sequences across all three kingdoms of life (bacteria n = 3241, eukaryotes n = 13, archaea n = 11).  

A phylogenetic tree of the ABUW_0700 homologs is presented in Figure 3. Across n = 1000 

sequences, the phylogenetic tree shows clear groups of ABUW_0700 orthologs across three main 

clusters, cluster 1 (Family I), cluster 2 (Family II-V) and cluster 3 (Family VI-XI). Most bacterial 

members of this family are encoded within the Proteobacteria and Bacteroidetes phyla. 

ABUW_0700, its orthologs and paralogs across the Acinetobacter spp. are located within cluster 2 

along with homologs from Enterobacterales and Xanthomonadales of Gammaproteobacteria with 

a few representatives from Marinilabiliales order in the Bacteroidetes phylum. Cluster I consists 

of paralogs from the Enterobacterales order in the Gammaproteobacteria but includes no members 

in the Acinetobacter genus. Members of cluster 3 are predominantly from the Bacteroidetes 

lineage, mostly from Flavobacteriales and Sphingomonadales order with some representatives 

from the Burkholderiales order in the Betaproteobacteria.  

In silico predicted structure of ABUW_0700 reveals a novel fold in prokaryotes 

Currently, there is no solved structure of a prokaryotic member of the ArAE family of transporter 

proteins. To further investigate the putative function of ABUW_0700, we decided to examine the 
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predicted tertiary structure of ABUW_0700 using AlphaFold2. The predicted tertiary structure of 

ABUW_0700 reveals a large monomeric structure comprised exclusively of α-helical and 

310-helical secondary structures, with a topology that alternates between the transmembrane and 

cytoplasmic domains as predicted by Harley and Saier (1) (Figure 4 and 5). The predicted structure 

of ABUW_0700 comprises one large transmembrane domain containing 10 α-transmembrane 

helices and two asymmetrical helical cytoplasmic domains (CD) (Figure 5). AlphaFold2 mapped 

confidence using lDDT parameters reports a very high level of confidence for the transmembrane 

region and cytoplasmic domains (>90%) of ABUW_0700 with lower confidence around the loop 

regions (80%) connecting the helices between TMH domain and CD domains (£50-60%) 

(Figure 6). A Ramachandran plot confirms 95.3% of residues are located in favourable, 4.5% 

residues in allowed and 0.3% are in generously allowed regions. No residues were plotted in 

disallowed regions according to the Ramachandran plot (Figure 6). The ABUW_0700 model 

reveals a large, central transmembrane pore formed within the transmembrane region that reaches 

into the CHD domains (Figure 5). ABPS (Adaptive Poisson-Boltzmann Solver) electrostatics 

show a predominantly hydrophobic transmembrane permease, with largely polar cytoplasmic 

domains (Figure 5). Cross-section analysis reveals that the central cavity in the transmembrane 

region is positively charged (Figure 5). MOLEonline analyses identified this feature as a large 

pore 64.6 Å in length and 8 Å in width, with 4 ionizable residues that are located within the pore 

region (Figure 5, Figure S1, Table S2). DALI analyses could not match the predicted structure of 

ABUW_0700 to any known PDB structure with significant confidence. Recently, the cryo-EM 

structure of ALMT, an anion channel from Glycine max, a member of the ArAE family was solved 

(37). The cryo-EM structure reveals a similar structural fold to the tertiary structure predicted for 

ABUW_0700 by AlphaFold2 with a RMSD of 10.76 (Figure 5). The overlap in protein fold 

between the ALMT anion channel and the predicted structure of ABUW_0700, together with the 

positively charged pore of ABUW_0700, suggests the possibility that the natural substrate of 

ABUW_0700 is anionic.  
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ABUW_0700 confers increased tolerance to a diverse range of antimicrobials in E. coli 

ABUW_0700 was heterologously expressed in E. coli BL21 (DE3) as a hexa-histidine C-terminal 

fusion. Western blot analysis confirmed the expression of the fusion protein ~70 kDa 

(Appendix C). As this gene was identified initially as conferring increased fitness to silver nitrate, 

we investigated its capacity when heterologously expressed in E. coli to confer resistance to a 

range of 240 other antimicrobials using Biolog phenotype microarrays. E. coli cells expressing 

ABUW_0700 displayed increased respiration on tetracycline, enoxacin, ciprofloxacin, 

tobramycin, cefmetazole, tobramycin, phleomycin, tinidazole, 2-nitroimdiazole and a range of 

sulfanilamides (Figure 7). In addition to these antimicrobials, ABUW_0700 also conferred 

increased respiration in the presence of bioactive compounds including dichlofluanid, tolyfluanid, 

guanidine, guanazole, L-aspartic-β-hydroxamate, protamine sulfate, caffeine, 6-mercaptopurine, 

menadione, compound 48/80 and umbelliferone (Figure 7). MIC analyses confirmed that 

heterologous expression of ABUW_0700 conferred log 2-fold increased MIC to sulfadiazine and 

to silver nitrate (Table 1). We also tested whether ABUW_0700 conferred resistance to acriflavine 

to identify suitable antimicrobial fluorophore for whole cell transport assays, and found that 

ABUW_0700 conferred a log 2-fold increased MIC to acriflavine. 

Fluorometric transport assay demonstrates efflux mediated by ABUW_0700 expression 

As E. coli encodes a variety of efflux pumps for fluorescent antimicrobials such as acriflavine and 

ethidium bromide, we undertook whole cell fluorometric transport assays using E. coli BW25113 

(ΔemrE, ΔmdfA and ΔacrB::kan). This strain has the three primary drug efflux systems knocked 

out, providing a more sensitive background for transport assays. Efflux activity was measured as 

an increase in acriflavine fluorescence intensity overtime as acriflavine is quenched when bound 

to DNA within the bacterial cell and fluoresces brightly in an aqueous solution. Expression of 

ABUW_0700 revealed an increase in total acriflavine fluorescence exported over time compared 

to cells harbouring an empty vector as a control (pTTQ18-RSGH6) (Figure 8). These results 

suggest that the antimicrobial resistance profile conferred by ABUW_0700 may be via an efflux 

mechanism. 
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Conclusions 

This study provides a preliminary investigation of the ABUW_0700 putative ArAE transporter. 

Biolog phenotype microarrays, MIC analysis and fluorescent transport assays support that 

ABUW_0700 confers increased tolerance to multiple drugs via an efflux mechanism. This is 

consistent with its initial identification as a potential silver nitrate resistance determinant 

(Chapter 2). The structural similarity between the predicted fold of ABUW_0700 and the cryo-EM 

structure of ALMT, together with the positively charged pore of ABUW_0700 provides a possible 

alternative role in the transport of anionic metabolites. Purification of the ABUW_0700 protein 

with screening potential ligands by nano-DSF or nano-ITC, as well as reconstitution of the 

transporter in proteoliposomes, should clarify the biochemical and physiological function of this 

transporter. Its conservation in the core genome of A. baumannii suggests it plays an essential 

functional role in this opportunistic pathogen.  
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Figures and tables 

 

 

Figure 1: Visualization of the genomic context of ABUW_0700 across all complete A. baumannii 

genomes (n = 172). ABUW_0700 is conserved across all genomes with high-level of synteny. The 

conserved pathway is represented by A. baumannii AB5075_UW. Coloured genes are conserved 

genes with 100% identity across genomes analysed. Grey genes represent unique genes across 

genomes. Gene conservation and pathway mapping was visualised by Clinker (15) and annotated 

in Illustrator.  
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Figure 2: Conserved genetic neighbourhood analysis across distant RefSeq homologs of 

ABUW_0700 from family V of the phylogenetic tree. Genes that are present in two or more 

genetic regions are coloured and numbered (Table S1). Non-conserved genes are blank. 

ABUW_0700 and homologs are coloured as a black arrow. Purple outlined arrows are 

pseudogenes and green outlined arrows are RNA genes. Branch values are provided in bootstrap 

support values. The figure was generated by the WebFlaGs server with default parameters (16). 
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Figure 3: Phylogenetic tree of ABUW_0700 homologs (n = 1000) constructed by the 

neighbor-joining method in MEGAX and visualised in iTOL (9–13). The phylogenetic tree was 

drawn to a scale where branch lengths represent the number of substitutions per site. The tree is 

coloured according to taxonomic phylum. Bootstrap values of at least n = 1000 iterations £ 0.5 

are represented as coloured branches from red to green (0.5-1.0), respectively. 
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Figure 4: ABUW_0700 sequence with predicted secondary structure features aligned from 

AlphaFold2, revealed the presence of 27 α-helices and six 310-helices. The figure was prepared 

with the ESPript webserver (38).  
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Figure 5: AlphaFold2 prediction of ABUW_0700. A) Overall rainbow ribbon representation of 

ABUW_0700 monomer showing the front profile, side profile, and top-down profile views 

revealing novel protein fold comprised only helices that include three distinct domains, a 

transmembrane domain region with a large central cavity and two large helical cytoplasmic 

domains that sit ajar from a transmembrane region located in the cytoplasm. B) APBS 

electrostatics view revealing the distribution of electrostatic charge across and within 

ABUW_0700. C) ConSurf analysis of ABUW_0700 structure, revealing amino acid conservation 

from variable (cyan) to conserved (magenta) (21, 22). D) MOLEonline estimate of central pore 

64.6Å in length, spanning the transmembrane and cytoplasmic regions of ABUW_0700 (Figure 

S2, Table S2) (23). E) Overlay of AlphaFold2 predicted structure of ABUW_0700 (wheat) and 

cryo-EM structure of ALMT of Glycine max (red) with an RMSD value of 10.76 revealing novel 

protein fold is shared between ArAE family members (PDB: 7W6K) (37). All figures visualised 

in Pymol (25)
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Figure 6: Assessment of ABUW_0700 AlphaFold2 model quality. A) lDDT confidence analysis provided by AlphaFold2 (17, 39). B) Ramachandran 

plot summary generated by PROCHECK (20). 
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Figure 7: Biolog phenotype microarray profile of ABUW_0700. Antimicrobial resistance 

phenotypes were determined from the expression of ABUW_0700 in E. coli BL21 (DE3). Results 

are displayed as a heatmap using a coloured scale from no growth (dark blue) to maximum growth 

(yellow). Biolog phenotypes are represented across two heatmap panels. A) common antimicrobial 

therapeutics and B) toxic bioactive compounds. Phenotypes are organised according to chemical 

class. Columns represent a log 2-fold increase in antimicrobial concentration across four wells of 

the Biolog PM plate.  
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Table 1: MICs of E. coli BL21 (DE3) pTTQ18 (control) or pTTQ18 (ABUW_0700) 

Drug MIC (μg/mL) for cells transformed with Drug category 

 pTTQ18 pTTQ18 
(ABUW_0700) 

 

Sulfadiazine 500 1000 Sulfonamides 

Silver nitrate 3 6 Biocide 

Acriflavine 9.38 18.75 Dye 

    

 

Figure 8: Acriflavine transport assay. Direct efflux of acriflavine associated ABUW_0700 

expression in a triple efflux gene knockout mutant E. coli BW25113 (ΔemrE, ΔacrB and 

ΔmdfA::kan) (dotted line) compared to an empty vector control (solid line). Values are the means 

of three independent experiments and error bars are represented by the standard error of the mean. 

Statistical significance was determined using an unpaired t-test. Acriflavine efflux was found to 

be statistically significant between ABUW_0700 and control groups (p-value <0.05).   
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Supporting information 

Table S1: FlaGs output of conserved flanking genes of ABUW_0700 homologs 

Number RefSeq Accession  Gene 
1 NP_415483.2 methylglyoxal synthase 

2 WP_005047455.1 DNA helicase IV 
3 WP_011146055.1 TfoX/Sxy family DNA transformation protein 
4 WP_002898408.1 porin OmpA 
5 WP_024913558.1 cell division inhibitor SulA 
6 WP_024132586.1 CoA-binding protein 
7 WP_038269315.1 macrodomain Ter protein MatP 
8 WP_006118670.1 YccF domain-containing protein 
9 WP_048638491.1 Lon protease family protein 
10 WP_004718942.1 heat shock protein HspQ 
11 WP_048638490.1 Bifunctional3-hydroxydecanoyl-ACP dehydratase/ 

trans-2-decenoyl-ACP isomerase 
12 WP_005654151.1 DUF2057 domain-containing protein 
13 WP_011146063.1 acylphosphatase 
14 WP_012987337.1 sulfurtransferase TusE 
15 WP_004923900.1 MFS transporter 
16 WP_006717573.1 metal ABC transporter permease 
17 WP_023490460.1 23S rRNA (cytosine(1962)-C(5))-methyltransferase RlmI 
18 WP_005179510.1 YcxB family protein 
19 WP_003692100.1 PilT/PilU family type 4a pilus ATPase 
20 WP_001047593.1 nitroreductase 
21 WP_004678244.1 sulfite reductase flavoprotein subunit alpha 
22 WP_025330027.1 DUF3304 domain-containing protein 
23 WP_005008078.1 YdcF family protein 
24 WP_016657636.1 ABC transporter ATP-binding protein 
25 WP_000811534.1 patatin-like phospholipase family protein 
26 WP_004678249.1 DUF2750 domain-containing protein 
27 WP_004678228.1 alanine/glycine:cation symporter family protein 
28 WP_016659325.1 sodium/glutamate symporter 
29 WP_016657628.1 AI-2E family transporter 
30 WP_004923912.1  ParA family protein 
31 WP_004923917.1 hypothetical protein 
32 WP_115723668.1 sugar transporter 
33 WP_003690201.1 YggS family pyridoxal phosphate-dependent enzyme 
34 WP_002243932.1  hypothetical protein 
35 WP_003692093.1 GIY-YIG nuclease family protein 
36 WP_002215267.1  RNA polymerase-binding protein DksA 
37 WP_005694403.1  electron transport complex subunit RsxA 
38 WP_005650033.1 electron transport complex subunit RsxB 
39 WP_005753769.1 50S ribosomal protein L3 N(5)-glutamine 

methyltransferase 
40 WP_005721623.1 endonuclease SmrB 
41 WP_009485781.1 hypothetical protein 
42 WP_010906619.1 porin 



 197 

43 WP_011848606.1 patatin-like phospholipase family protein 
44 WP_016657624.1 hypothetical protein 
45 WP_016657626.1 hypothetical protein 
46 WP_016659326.1 DcaP family trimeric outer membrane transporter 
47 WP_021016829.1 NupC/NupG family nucleoside CNT transporter 
48 WP_009875205.1 threonine synthase 
49 WP_033111985.1 aldo/keto reductase 
50 WP_002641665.1 rRNA pseudouridine synthase 
51 WP_002641673.1 3-methyl-2-oxobutanoate hydroxymethyltransferase 
52 WP_033111986.1 MdtA/MuxA family multidrug efflux RND transporter 

periplasmic adaptor subunit 
53 WP_039104787.1 deoxyribonuclease IV 
54 WP_005598741.1 DNA starvation/stationary phase protection protein 
55 WP_045970052.1 hypothetical protein 
56 WP_047761669.1  FKBP-type peptidyl-prolyl cis-trans isomerase 
57 WP_067655516.1 hypothetical protein 
58 WP_067655535.1 superoxide dismutase family protein 
59 WP_067655513.1 phosphoglycerate dehydrogenase 
60 WP_067662671.1 FAD-binding oxidoreductase 
61 WP_164924999.1 IS3-like element IS600 family transposase 
62 WP_225905354.1 pyrroline-5-carboxylate reductase 
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Figure S1: Predicted ABUW_0700 transmembrane pore region visualised in 3D, showing 

transmembrane cavity spanning cytoplasmic domain into the central cavity of the transmembrane 

domain of ABUW_0700. The 2D view reveals diameter and length of pore region in Angstroms. 

Mapped colours represent hydropathic (yellow) and hydrophilic (blue) respectively. The figure 

generated from MOLEonline (23). 
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Table S2: Residues lining ABUW_0700 putative pore 

ABUW_0700 pore-lining residues 

THR47 SER93 HIS366 

TRP72 ILE182 PRO402 

ILE73 THR183 ASN403 

GLY76 ASN186 HIS552 

ARG80 HIS219 ASN553 

ALA83 GLU220 ALA556 

SER86 ASP223 GLU557 

TYR87 SER224 SER560 

CYS89 VAL362 ALA594 

LEU90 LEU363  
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Abstract 

The DUF817 family of proteins are unique to the bacterial kingdom, however their function within 

bacteria is unknown. In our recent work, the DUF817 protein ABUW_1191 from Acinetobacter 

baumannii, was found to promote fitness of this pathogen under silver nitrate challenge. Silver is 

membrane-active and is known to disrupt bacterial cell membranes and induce the prokaryotic 

oxidative stress response. Gram-negative resistance mechanisms against silver include expression 

of active efflux systems and down regulation of outer membrane proteins. This work sets out to 

investigate ABUW_1191 from a highly drug resistant, clinical isolate of Acinetobacter baumannii, 

AB5075_UW. Bioinformatic analysis revealed that the ABUW_1191 gene is conserved as part of 

the soft-core genome of A. baumannii. AlphaFold2 prediction of the structure of ABUW_1191 

revealed an integral membrane protein comprised of eight transmembrane helices and five 

antiparallel β-sheets arranged in a novel protein fold. Heterologous expression of ABUW_1191 in 

Escherichia coli confers resistance to silver nitrate and a diverse range of therapeutics including 

clinically important β-lactams. Whole-cell fluorometric transport assays revealed increased 

acriflavine efflux activity in E. coli expressing ABUW_1191. Together, this data suggests provides 

a foundational characterisation of a previously uncharacterised class of integral membrane proteins 

characterized to exhibit antimicrobial resistance and efflux activity within bacteria. 
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Introduction 

Domain of unknown function proteins, DUFs, are defined by the Pfam database as proteins of 

unknown function with no annotation or any level of experimental characterisation (1). As of 2021, 

4435 Pfam families belonged to domain of unknown function or uncharacterized protein families, 

representing 23% of the Pfam database (1). The DUF817 protein family (PF05675) is a small 

family of DUF proteins (n = 916) unique to the bacterial kingdom that comprise of ~260 amino 

acids.  

Silver is an ancient anti-infective agent that has pleiotropic mechanisms of antimicrobial activity 

against bacteria, which includes irreversible binding to thiol-groups of enzymes, disruption of iron 

homeostasis and cell membrane disruption and proton leakage, in addition to promotion of the 

prokaryotic oxidative stress response (2–4). In Gram-negative pathogens, silver resistance is 

commonly mediated by the upregulation of metal ion efflux pumps and down-regulation of 

non-specific outer-membrane porins (5, 6). Acinetobacter baumannii is a highly drug resistant and 

virulent opportunistic human pathogen that is a common cause of hospital-acquired infections in 

critically ill patients (7). In a recent TraDIS study to investigate the effects of biocide exposure we 

discovered that DUF817 family gene ABUW_1191 confers fitness against silver nitrate in 

A. baumannii (Chapter 2).  

Although there is no direct evidence for the function of ABUW_1191 there is some clues to its 

function from high-throughput genomic studies. In A. baumannii AB5075_UW, a TraDIS study 

showed that ABUW_1191 was important for survival of the pathogen in heat-inactivated human 

serum, suggesting a possible role in virulence and bloodstream infections (8). A separate TraDIS 

study on A. baumannii AB0057 found that the ABUW_1191 ortholog AB57_2745 was identified 

as one of the top 25 fitness factors required for spleen infection in a mouse model of bacteraemia 

(9). Herein, we set out to perform the first experimental characterisation of a DUF817 family 

protein from A. baumannii AB5075_UW (ABUW_1191), following our TraDIS work (Chapter 2). 

In this study we use a combination of bioinformatics and resistance assays to experimentally 
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determine whether the DUF817 family may represent a novel family of multidrug resistant efflux 

pumps in bacteria.  

Materials and methods 

Bioinformatic analyses 

All FASTA format sequences were downloaded from the National Centre for Biotechnology 

Information (NCBI). The coding region of ABUW_1191 was retrieved from the A. baumannii 

AB5075_UW genome (CP008706.1). Homologous sequences of ABUW_1191 were collected 

using the HMMER webserver (v. 2.41.2) against reference proteomes (10, 11). Full-length 

sequences with E-values ≤ 10-20 were deemed homologous. A multiple sequence alignment (MSA) 

of DUF817 homologues was performed using MUSCLE (12). The phylogenetic tree of DUF817 

homologs was constructed using the neighbor-joining method with n = 1000 bootstrap replicates 

with default parameters using MEGAX software and was visualised with iTOL (13–17). The 

pan-genome of A. baumannii AB5075_UW was analysed from data from our previous publication 

(18) to investigate the conservation of ABUW_0700 and its genetic neighbourhood and was 

visualised using Clinker (19). A. baumannii genomes included in the pan-genome analysis 

comprise all complete genomes deposited to the NCBI assembly database as of March 26, 2020. 

Gene conservation analysis of ABUW_1191 homologs across more distantly related bacteria using 

the WebFLaGs server with default parameters (20). 

In silico prediction of the structure of DUF817 protein, ABUW_1191 

In silico predictions of the ABUW_1191 was performed using AlphaFold2 (21). AlphaFold2 

models were run using ColabFold notebook with default parameters and MMseq2 generated 

sequence MSAs (22, 23). Ramachandran plots of the AlphaFold2 predicted structure were 

generated with PROCHECK (24). Amino acid conservation was mapped to the ABUW_1191 

structure with ConSurf (25, 26). Predictions of the channel regions were visualised with 

MOLEonline (v. 1.5.2.1) (27). Structural homologs of ABUW_1191 were reviewed with DALI 
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(accessed on the 26th  February, 2022) (28). All PDB files and figures were visualised and 

generated with Pymol (29).  

Bacterial strains and plasmids 

The coding region of ABUW_1191 from the AB5075_UW genome (CP008706.1) was chemically 

synthesised and cloned between the EcoRI and PstI sites within the MCS for in-frame transcription 

with the endogenous tac promotor and C-terminal hexa-histidine tag (RSGH6) of pTTQ18-RSGH6 

plasmid (30–32). Gene synthesis and cloning into the expression vector to yield pTTQ18-

ABUW_1191RSGH6 was purchased from Genscript (Piscataway, USA). For heterologous 

expression of ABUW_1191 in E. coli, chemically competent E. coli BL21 (DE3) were purchased 

from Bioline, USA. E. coli BW25113 ΔemrE, ΔmdfA and ΔacrB::kan cells were used for 

acriflavine transport assays against an efflux sensitive background (33).  

Preparation of chemically competent E. coli cells 

Chemically competent cells of the E. coli triple efflux mutant were prepared according to the 

calcium wash method. Briefly, E. coli cells were grown to mid-exponential phase (OD600nm = 0.4) 

and immediately incubated on ice for 30 minutes. Cells were harvested at 3000 × g for 15 minutes 

at 4°C and resuspended with ice-cold 100 mM MgCl2 solution. Cell suspensions were pelleted at 

2000 × g for 15 minutes at 4°C. Cell pellets were resuspended in ice-cold 100 mM CaCl2 solution 

and chilled on ice for 20 minutes. Cell suspensions were pelleted at 2000 × g for 15 minutes at 

4°C and resuspended in ice cold 85 mM CaCl2 with 15% glycerol. Cell suspensions were pelleted 

at 1000 × g for 15 minutes and resuspended to a final OD600nm = 200 in 2 mL of ice cold 

85 mM CaCl2 with 15% glycerol.  Samples were snap-frozen in liquid nitrogen and stored at 

– 80°C for transformation. 

Transformation of chemically competent E. coli cells.  

Transformation of E. coli BL21 (DE3) or BW25113 (ΔemrE, ΔmdfA and ΔacrB::kan) with 

pTTQ18-RSGH6 or pTTQ18-ABUW_1191RSGH6 was achieved using the heat shock method (34) 

with the following modifications. Briefly, 50 μL of chemically competent E. coli were thawed on 
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ice and incubated with 5 ng of plasmid DNA for 30 minutes, followed by heat-shock at 42°C for 

40 seconds. E. coli samples were immediately transferred to ice to incubate for 2 minutes prior to 

recovery in S.O.C media (Thermo Fischer) for 1 hour at 37°C, 200 rpm. Recovered cell culture 

was plated on LB-agar supplemented with 100 μg/mL ampicillin for selection and incubated 

overnight at 37°C. Following transformation, all E. coli cultures harbouring pTTQ18-RSGH6 

(empty vector) or pTTQ18-ABUW_1191RSGH6 were prepared in LB-media supplemented with 

100 μg/mL ampicillin and grown at 37°C, 200 rpm unless otherwise specified.  

Small scale culture and expression analyses of ABUW_1191 in E. coli 

Overnight cultures of E. coli BL21 (DE3) harbouring pTTQ18-RSGH6 or 

pTTQ18-ABUW_1191RSGH6 were grown in 50 mL of Luria-Bertani (LB) broth (10 g/L NaCl, 

10 g/L tryptone, 5 g/L yeast extract) supplemented with 100 μg/mL carbenicillin and 20 

mM glycerol at 37°C, shaking at 200 rpm. Overnight cultures were diluted 1:100 in fresh LB 

media supplemented with 100 μg/mL carbenicillin and 20 mM glycerol and grown at 37°C, 

shaking at 200 rpm to a final OD600nm = 0.8. Expression of ABUW_1191 was induced with IPTG 

(0.2 mM final concentration) for 3 hours. Cell cultures were harvested by centrifugation 

(12,000 × g) for 15 minutes at 4°C. E. coli mixed membranes were extracted according to the 

water-lysis spheroplast method as published (32). Briefly, cell pellets were resuspended in 

10 mL 0.2 M Tris-HCl, pH 8.0 and gently mixed on rollers for 20 minutes at room temperature. 

At time zero, 4.85 mL of sucrose buffer (0.2 M Tris-HCl, pH 8.0, 1 M sucrose, 1 mM EDTA) was 

added. At 1.5 minutes, 65 μL of freshly prepared 10 mg/mL lysozyme solution was added. At 

2 minutes, 9.6 mL MilliQ water was added, and the sample was gently mixed on rollers for 

20 minutes. The spheroplasts were sedimented at 25,000 × g for 20 minutes, then resuspended in 

15 mL MilliQ water and incubated at room temperature for 30 minutes. Mixed membranes were 

sedimented at 25,000 × g for 20 minutes, washed thrice with NaPi buffer (0.1 M disodium 

hydrogen phosphate, 0.1 M sodium dihydrogen phosphate, pH 7.2). Membrane pellets were 

resuspended in 500 μL of NaPi buffer, pH 7.2 containing 1 mM β-mercaptoethanol and were 

snap-frozen with liquid nitrogen and stored at –80°C prior to further SDS-PAGE and western blot 
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analyses. Total protein content was quantified using a Pierce™ BCA Protein Assay Kit (Thermo 

Scientific) (35). SDS-PAGE of mixed membrane samples followed the method published by 

Henderson and MacPherson (36). Heterologous expression of ABUW_1191 in mixed membranes 

of E. coli was detected by the western blotting using an anti-RGSH6–horseradish peroxidase 

conjugate (Bio-Rad). 

Antimicrobial sensitivity screening  

Biolog phenotype microarrays (PMs) were used to explore the antimicrobial profile of 

ABUW_1191 against 240 unique antimicrobials using the bacterial chemical sensitivity panel 

(PM11-20) (37). A full list of antimicrobials tested is available (Appendix B). Biolog phenotype 

microarrays were performed as described (38). E. coli BL21 (DE3) harbouring pTTQ18-RSGH6 

or pTTQ18-ABUW_1191RSGH6 were streaked onto LB agar plates supplemented with 100 μg/mL 

ampicillin and grown overnight at 37°C. Individual colonies were streaked onto a fresh 

LB-ampicillin agar plate and grown overnight at 37°C. Colonies were collected and suspended in 

Biolog GN IF-0a solution to 85% transmittance, measured by a Biolog turbidimeter. Cell 

suspensions were diluted 1:200 in Biolog IF-10b solution and supplemented with 1:100 dilution 

of Biolog redox dye mix A. PM plates were inoculated with IPTG (0.05 mM final concentration) 

and inoculated with 100 μL of bacterial cell culture in each well across PM11-PM20. PM plates 

were sealed with Breathe-Easy® film (Diversified Biotech) to allow for gas exchange. Plates were 

incubated and imaged using a Biolog OmniLog instrument to measure colorimetric change at 

37°C, with shaking for 72 hours.  

Minimum inhibitory concentration assays 

Minimum inhibitory concentration (MICs) assays according to the microbroth serial dilution 

method was performed as described with the following modifications (39). LB media was used 

for MICs, except for silver nitrate where LB media excluding sodium chloride was used 

throughout this assay to avoid precipitation of the silver salt. Briefly, fresh transformants of E. coli 

BL21 (DE3) harbouring pTTQ18-RSGH6 or pTTQ18-ABUW_1191RSGH6 were grown in fresh 

media overnight supplemented with 100 μg/mL ampicillin. Overnight bacterial cultures were 
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diluted 1:100 in fresh media supplemented with ampicillin (100 μg/mL) for positive selection and 

grown to mid-exponential phase (OD600nm = 0.6). Cells were further diluted in 1:100 in fresh media 

and inoculated into 96-well plate containing media supplemented with 0.05 mM and two-fold 

serial dilution of acriflavine or silver nitrate. Plates were sealed with Breathe-Easy® film 

(Diversified Biotech) and incubated at 37°C at 200 rpm for 24 hours before total growth was 

measured as absorbance at OD600nm by PheraSTAR FSX instrument (BMG LabTech).  

Fluorometric transport assays 

Overnight cell cultures of E. coli BW25113 (ΔemrE, ΔmdfA and ΔacrB::kan) cells harbouring 

pTTQ18-RSGH6 or pTTQ18-ABUW_1191RSGH6 were grown in LB media containing 100 μg/mL 

ampicillin at 37°C, 200 rpm shaking. Protein expression was induced at OD600nm = 0.8 with 

0.05 mM IPTG for 1 hour. Cells were washed thrice with HEPES buffer (20 mM HEPES-KOH 

pH 7.0, 145 mM NaCl, 5 mM KCl) and resuspended to a final OD600nm = 3 in 1 mL of HEPES 

buffer. Cells were treated with 10 μM CCCP and 5 μM acriflavine and incubated at 37°C in the 

dark for 1 hour. Cells were washed thrice with HEPES buffer to remove excess dye and 

protonophore. Cell pellets were resuspended immediately prior to transport assay initiation. All 

transport assays were performed using a Biotek HT synergy multiplate reader with excitation and 

emission wavelengths of 450 nm and 510 nm respectively. Assays began with an initial read to 

adjust for autofluorescence, followed by the injection of 0.5% w/v glucose in HEPES buffer 

(final concentration) to initiate transport-mediated efflux of acriflavine out of the bacterial cells.  

Results and discussion 

ABUW_1191 is part of the soft-core genome of A. baumannii 

Pan-genome analysis of A. baumannii indicated that ABUW_1191 is almost always present across 

A. baumannii genomes (n = 170/172), and thus is part of the soft-core genome of this species. 

Genomes that did not appear to host an ortholog includes A. baumannii strain KBN10P02143 

(GCF_001514375.1), A. baumannii strain 15A5 (GCF_002082705.1) and A. baumannii 

SMC_Paed_Ab_BL01 (GCF_002843665.1). Local genetic neighbourhood analysis reveals 
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ABUW_1191 is almost always adjacent to uroporphyrinogen decarboxylase gene (hemE, 

ABUW_1190) and a gene encoding a domain of unknown function protein (DUF3015, 

ABUW_1192) (Figure 1). In the case of A. baumannii (GCF_002504145), this organisation is 

disrupted by an IS5 family transposon ISAba27 insertion between hemE and DUF187 ortholog. 

Uroporphyrinogen decarboxylase is an enzyme important for the biosynthesis of tetrapyrroles 

(40). The enzyme specifically catalyses the decarboxylation of four acetate groups of 

uroporphyrinogen III to yield coproporphyrinogen III for heme biosynthesis (40). Analysis of 

conserved genes further downstream of ABUW_1191 (Figure 1), reveal the gene is almost always 

conserved nearby the acinetobactin biosynthesis gene cluster basIJH and a class C β-lactamase 

gene ampC (ABUW_1194). Acinetobactin is a major siderophore of A. baumannii important for 

iron scavenging and a major virulence factor (41). In other Acinetobacter species and 

Alkanindiges hydrocarboniclasticus, the ortholog of ABUW_1191 is similarly located adjacent to 

the uroporphyrinogen decarboxylase gene (Figure 2). 

Phylogenetic analysis of the DUF817 family 

The phylogenetic tree comprised of ABUW_1191 and homologs is presented in Figure 3. The 

phylogenetic tree is predominately comprised of members from the Proteobacteria, Firmicutes and 

Actinobacteria phyla. Overall, the phylogenetic tree divides into two main clusters, cluster 1 

(families I-VII) and cluster 2 (families VIII-XIII). ABUW_1191 and its Acinetobacter orthologs 

forms their own deeply rooted group, classified as family IV within cluster 1. This family is almost 

exclusively comprised of Acinetobacter spp. proteins, except for members from Serratia sp. S1B 

and Alkanindiges hydrocarboniclasticus from the Gammaproteobacteria and 

Pararhodobacter marinus from the Alphaproteobacteria.  

Overall, cluster 1 is mostly comprised of members from the Proteobacteria and Actinobacteria, 

largely from the Micrococcales order of the Actinobacteria and the Hyphomicrobiales and the 

Rhodobacterales orders within the Alphaproteobacteria. Cluster 2 is mostly comprised of proteins 

from the Bacillales order within the Firmicutes, the Streptomycetales order within the 

Actinobacteria and the Burkholderiales and the Rhizobiales from the Proteobacteria. The DUF817 
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family thus appears to be mostly found in soil and plant-associated bacteria, which is an intriguing 

observation that may provide clues to its physiological role(s).  

In silico prediction structure of ABUW_1191 reveals a novel protein fold 

Currently, there is no solved structure for a DUF817 family protein. AlphaFold2 predicts that 

ABUW_1191 forms a novel integral membrane protein fold topology. This structure consists of 

eight tightly packed transmembrane helices followed by a C-terminal β-sheet ‘cap’ comprising of 

five β-strands arranged in a single antiparallel β-sheet across the cytoplasmic based of the 

transmembrane helical bundle (Figure 4 and 5). AlphaFold2 provided lDDT analyses of 

confidence maps the transmembrane region and β-sheet region with very high confidence (>90%) 

(Figure 6). Ramachandran plot analysis confirms that 96.2% of residues are found in favoured 

regions, 2.9% were found in additional allowed regions and 0.8% were found in disallowed regions 

(Figure 6).  

ABPS (Adaptive Poisson-Boltzmann Solver) electrostatic potential mapped to the putative 

ABUW_1191 structure revealed a largely hydrophobic transmembrane surface with highly polar 

cytoplasmic and periplasmic regions (Figure 5). ConSurf analyses revealed the internal 

transmembrane region is highly conserved, whereas the peripheral residues and cytoplasmic 

β-sheet cap are variable (Figure 5). Based both on visual inspection and estimations by 

MOLEonline, three distinct tunnel regions can be observed: two lateral tunnels in the hydrophobic 

transmembrane domain, and one tunnel towards the periplasmic face of ABUW_1191 (Figure 5). 

The vertical tunnel spans ~50 Å in length with a maximum radius of ~3 Å and is lined with five 

ionisable residues (Figure 5, Figure S1, Table S2). The two lateral tunnels are hydrophobic, with 

no ionizable residues and are estimated to be ~45 Å in length with a maximum radius of ~4 Å 

(Figure 5, Figure S2, Table S3) and ~57 Å in length with a maximum radius of ~4 Å 

(Figure 5, Figure S3, Table S4). DALI analyses did not match the predicted fold of ABUW_1191 

to any known PDB structure. The orientation of the three tunnels in the predicted structure of 

ABUW_1191 makes it tempting to speculate that ABUW_1191 function is to transport a substrate 

from the lipid bilayer to the periplasm.  
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ABUW_1191 confers increased tolerance to a diverse range of antimicrobials in E. coli 

To determine whether ABUW_1191 from A. baumannii confers a resistance phenotype, it was 

heterologously expressed as a His-tagged fusion in E. coli. The coding region of ABUW_1191 

was chemically synthesised and cloned into the pTTQ18-RGH6 expression vector and both 

pTTQ18-RGSH6 and pTTQ18-ABUW_1191RGSH6 was transformed into E. coli BL21 (DE3) cells. 

Expression of the ABUW_1191 construct was confirmed by presence of a ~20 kDa band on 

SDS-PAGE and a western blot (Appendix C). 

Biolog phenotype microarray analysis indicated that ABUW_1191 conferred increased respiration 

in the presence of a diverse range of antimicrobials, including aztreonam, cefmetazole, cefotaxime, 

streptomycin, dihydrostreptomycin, paromomycin, polymyxin B, tinidazole and DTAB. In 

addition to these therapeutics, ABUW_1191 also conferred increased respiration on potassium 

tellurite, sodium salicylate, dichlofluanid, tolyfluanid, caffeine, compound 48/80, FCCP, 

oxycarboxin and umbelliferone, suggesting ABUW_1191 confers increased tolerance to multiple 

drugs (Figure 7). Tolerance conferred to β-lactams conferred by ABUW_1191 implies a potential 

connection with the previous observation that ABUW_1191 is typically encoded nearby the ampC 

β-lactamase gene (Figure 1). 

MIC analyses indicated that ABUW_1191 conferred log 2-fold increased MIC to silver nitrate, 

consistent with our previous TraDIS data (Table 1) see Chapter 2. MIC analysis also indicated that 

ABUW_1191 conferred log 2-fold increased MIC to acriflavine, an antimicrobial fluorophore and 

common substrate of drug efflux pumps (Table 1). 

Fluorometric transport assay demonstrates efflux mediated by ABUW_1191 

Fluorometric acriflavine transport assays were performed using E. coli BW25113 (ΔemrE, ΔmdfA 

and ΔacrB::kan) cells to monitor total acriflavine efflux in an efflux sensitive background. 

Expression of ABUW_1191 in efflux sensitive cells revealed an increase in total acriflavine efflux 

over time compared to cells harbouring an empty vector as a control (pTTQ18-RSGH6) (Figure 8). 
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These results suggest that the antimicrobial resistance profile conferred by ABUW_1191 may be 

via an active efflux mechanism. 

Conclusions 

This study reports on the first attempt to characterise a gene of unknown function, ABUW_1191, 

from the DUF817 family of proteins of unknown function. Its conservation in the core genome of 

A. baumannii nearby siderophore biosynthesis cluster and heme synthesis gene, suggests 

ABUW_1191 is playing an important physiological role(s) in this opportunistic pathogen. The 

findings described herein, in conjunction with previous literature results, suggest that this protein 

plays an important role in virulence which could be explored as a putative, novel virulence factor 

for this pathogen. Biolog phenotype microarrays, MIC analysis and fluorescent transport assays 

provide support that ABUW_1191 may confer a multidrug resistance phenotype, possibly via an 

efflux mechanism. This is consistent with identification of this gene as a silver nitrate fitness factor 

for A. baumannii (see Chapter 2). The predicted structure of ABUW_1191 provides support for a 

novel transport structure including three putative channels that provide a possible route in transport 

within the predicted structure that might suggest possible selection of substrate from the inner 

membrane bilayer. Future studies will focus on the purification of the ABUW_1191 protein, 

including screening potential ligands by nano-DSF or nano-ITC and reconstitution of the protein 

in proteoliposomes, followed by structural analysis. Such physio-chemical characterization of 

ABUW_1191 should clarify the biochemical and physiological function of this protein.  
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Figures and tables 

 

Figure 1: Visualization of the genomic context of DUF817 protein across A. baumannii genomes 

(n = 172). DUF817 is conserved as part of the soft-core genome (n = 170/172) with high-level of 

synteny. The top two alternate pathways are numbered 1 and 2 respectively. 

Path 1 (number of genomes = 50/170) is represented by A. baumannii DA33098. 

Path 2 (number of genomes = 25/170) is represented by A. baumannii AB5075_UW. Coloured 

genes are conserved genes with 100% identity across genomes. Grey genes represent unique genes 

across pathways. Gene conservation was visualised with Clinker (19) and annotated in Illustrator.  

 

 

Figure 2: Visualisation of the genomic context of DUF817 (black) across distant RefSeq 

homologs from family IV and V from the phylogenetic tree. Genes that are present in two or more 

regions are colored and numbered (Table S1). Non conserved genes are blank. Purple and green 

outlined genes are pseudogenes and RNA genes respectively. Branch values are provided in 

bootstrap support values. Figure generated by WebFLaGs (20). 
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Figure 3: Phylogenetic tree of DUF817 family. The phylogenetic tree was constructed by the 

neighbour-joining method across (n = 880) ABUW_1191 homologous sequences with E-values ≤ 

10-20. The phylogenetic tree was constructed in MEGAX and visualised in iTOL (13–17). 

Branches were drawn to scale where branch lengths represent the number of substitutions per site. 

The tree is colourised according to taxonomic phylum. Bootstrap values of at least n = 1000 

iterations £0.5 are represented as coloured branches from red to green (0.5-1.0), respectively. 

 

Figure 4: Sequence alignment with predicted secondary structure features from AlphaFold2 

structures of ABUW_1191 revealing the presence of nine α-helices (α), five β-strands (β), and two 

310-helices (η) present in ABUW_1191. Figure prepared with ESPript webserver (42).  
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Figure 5: AlphaFold2 prediction of the ABUW_1191 A) Rainbow representation of ABUW_1191 

from front-facing profile and side-facing profile reveals a single ABUW_1191 protomer 

comprised small eight transmembrane helices including N-terminal kinked helix. Top-down view 

revealing transmembrane pore region central to eight transmembrane helices. Bottom-up view 

revealing the presence of a five-member antiparallel β-sheet that caps the transmembrane protein 

at the cytoplasmic face. B) APBS electrostatics view of the distribution of charge on the surface 

and within the ABUW_1191 structure. C)  ConSurf analysis of ABUW_1191 coloured by 

conservation from variable (cyan) to conserved (magenta) (25, 26). D) MOLEonline estimation of 

~50 Å long transmembrane channel (red) and hydrophobic lateral tunnels ~56 Å (blue) and ~45 

Å (green) in length respectively (27). All figures were visualised in Pymol (29).
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Figure 6: Assessment of ABUW_1191 model quality. A) lDDT confidence analysis of ABUW_1191 generated by AlphaFold2 (21, 43). 

B) ABUW_1191 Ramachandran plot generated PROCHECK for the assessment of model quality (24)
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Figure 7: Resistance profile of ABUW_1191. Antimicrobial resistance phenotypes determined from the expression of ABUW_1191 in E. coli BL21 

cells. Results are displayed as a heatmap using a colored scale from no growth (dark blue) to maximum growth (yellow). Biolog phenotypes are 

represented in two heatmap panels. A) antimicrobials and B) toxic bioactive compounds. Phenotypes are organized according to antimicrobial class. 

Columns represent log 2-fold increase in antimicrobial concentration across four wells of the Biolog PM.
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Table 1: MICs of E. coli BL21 (DE3) pTTQ18 (control) or pTTQ18 (ABUW_1191) 

Drug MIC (μg/mL) for cells transformed with Drug category 

 pTTQ18 pTTQ18 
(ABUW_1191) 

 

Silver nitrate 3 6 Biocide 

Acriflavine 9.38 18.75 Dye 

    

 

 

Figure 8: Acriflavine transport assay.  Direct efflux of acriflavine associated with ABUW_1191 

expression in E. coli BW25113 (ΔemrE, ΔmdfA and ΔacrB::kan) cells. Acriflavine loaded cells 

after one hour of incubation in the presence of CCCP were measured to determine difference in 

efflux rate of acriflavine between IPTG induced E. coli BW25113 (ΔemrE, ΔmdfA and 

ΔacrB::kan) expressing pTTQ18-ABUW_1191RSGH6 (dotted line) verses an pTTQ18-RSGH6 

empty vector control (solid line). Black arrow depicts point of injection of 0.5% v/v glucose (final 

concentration) to initiate active efflux of acriflavine. Values are a means of three independent 

experiments and error bars are represented by the standard error of the mean. Statistical 
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significance was determined using an unpaired t-test. Acriflavine efflux was found to be 

statistically significant between ABUW_1191 and control groups (p-value <0.05).   
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Supporting information 

Table S1: FlaGs output of conserved genes of RefSeq homologs ABUW_1191 

Number RefSeq Accession  Gene 
1 WP_004928477.1 L,D-transpeptidase 
2 WP_067660507.1 uroporphyrinogen decarboxylase 
3 WP_066603232.1 serine hydroxymethyltransferase 
4 WP_035250835.1 propionate-CoA ligase PrpE 
5 WP_082176073.1 NAD kinase 
6 WP_206541105.1  GTP cyclohydrolase I FolE 
7 WP_044037149.1 alpha/beta fold hydrolase 
8 WP_139222460.1 hypothetical protein 
9 WP_009573072.1 response regulator 
10 WP_035250829.1 hypothetical protein 
11 WP_058245887.1 NADP-dependent malic enzyme 
12 WP_000914200.1 DUF3015 family protein 
13 WP_067660513.1 pirin-like bicupin family protein 
14 WP_076877982.1 Smr/MutS family protein 
15 WP_233733243.1 DUF4105 domain-containing protein 
16 WP_233733247.1 xanthine dehydrogenase small subunit 
17 WP_001076804.1 xanthine dehydrogenase molybdopterin binding 

subunit 
18 WP_005176472.1 cupin domain-containing protein 
19 WP_000983829.1 acinetobactin biosynthesis isochorismate synthase BasJ 
20 WP_009573063.1 translation elongation factor 4 
21 WP_043141875.1 aldo/keto reductase 
22 WP_058245886.1 hypothetical protein 
23 WP_058246404.1 DMT family transporter 
24 WP_066603216.1 entericidin A/B family lipoprotein 
25 WP_076877981.1 anthranilate phosphoribosyltransferase 
26 WP_004759654.1 indole-3-glycerol phosphate synthase TrpC 
27 WP_081405971.1 IS5 family transposase 
28 WP_180047200.1 diguanylate cyclase 
29 WP_233733223.1 ATP-binding cassette domain-containing protein 
30 WP_233733224.1 alpha/beta fold hydrolase 
31 WP_233733231.1 4'-phosphopantetheinyl transferase superfamily protein 
32 WP_001211238.1 class C extended-spectrum β-lactamase ADC-26 
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Figure S1: ABUW_1191 putative transmembrane channel 1, properties calculated by MOLE 

online (27). 3D visualisation of ABUW_1191 model in LiteMol showing transmembrane cavity 

spanning cytoplasmic domain towards periplasmic domain in ABUW_1191. 2D view reveals 

diameter and length of pore region in Angstroms. Mapped colours represent hydropathic (yellow) 

and hydrophilic (blue) residues respectively. Figure generated from MOLEonline report.  

  

Channel 1
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Table S2: Residues lining ABUW_1191 putative channel 1 

Pore-lining residues 

VAL72 PHE154 SER244 

ILE73 LYS157 VAL248 

PHE76 ARG164 LEU252 

GLU84 GLU208  

TRP95 TRP217  

MET115 TYR219  

TYR116 LYS233  

SER117 SER236  

VAL119 TRP237  

GLY120 LEU240  

ALA124 LEU243  
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Figure S2: ABUW_1191 putative transmembrane channel 2, properties calculated by 

MOLEonline (27). 3D visualisation of ABUW_1191 model in LiteMol showing transmembrane 

cavity spanning the lateral width in ABUW_1191. 2D view reveals diameter and hydrophobic 

nature of this channel, with length of pore region measured in Angstroms. Mapped colours 

represent hydropathic (yellow) and hydrophilic (blue) residues respectively. Figure generated from 

MOLEonline report. 

  

Channel 2
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Table S3: Residues lining ABUW_1191 putative channel 2 

Pore-lining residues of channel 2 

ILE11 LEU146 LEU242 

ALA14 ALA147 LEU243 

VAL15 SER150 LEU243 

ALA18 TYR151 SER244 

ILE22 LEU200  

LEU25 LEU203  

PHE76 ILE204  

TYR116 ALA207  

VAL119 TRP237  

PHE122 LEU239  

PHE123 LEU240  
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Figure S3: ABUW_1191 putative transmembrane channel 3, properties calculated by 

MOLEonline (27). 3D visualisation of ABUW_1191 model in LiteMol showing the additional 

hydrophobic lateral channel spanning the width in ABUW_1191. 2D view reveals diameter and 

hydrophobic nature of this channel, with length of pore region measured in Angstroms. Mapped 

colours represent hydropathic (yellow) and hydrophilic (blue) residues, respectively. Figure 

generated from MOLEonline report. 

  

Channel 3
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Table S4: Residues lining ABUW_1191 putative channel 3.  

Pore-lining residues of channel 3 

PHE10 SER126 TRP237 

VAL72 LEU130 LEU240 

ILE73 VAL132 LEU241 

PHE76 PHE134 LEU243 

TYR116 LEU180 SER244 

SER117 THR191 LEU245 

VAL119 VAL196 VAL248 

GLY120 LEU197 LEU252 

PHE122 THR199  

PHE123 LEU200  

ALA124 ILE204  
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Abstract 

Multidrug efflux systems are integral membrane proteins that can rapidly export noxious 

compounds out of the cell and are a key mechanism of intrinsic and adaptive resistance to survive 

antimicrobial challenge. Isogenic bacterial populations will have different numbers of efflux pump 

expression due to stochastic variations in gene expression, which can promote differential levels 

of resistance within a population. Bacterial drug efflux pumps are typically studied in at the 

population level, where the population average may obscure differences between subpopulations 

within these bacterial communities. In this work, a combination of microfluidics and single-cell 

epifluorescence microscopy allowed for the design and construction of a microfluidic chip to 

observe direct efflux out of bacterial cells in real-time. Herein, we demonstrate that this technique 

is suitable to observe differential rates of drug efflux within a wild type population of Escherichia 

coli, where distinct sub-populations are observed with differential fast, medium, and slow efflux 

rates. At submicromolar concentrations of rhodamine 6G (R6G), single-molecule resolution of 

R6G export was visualised and found undergo different transition states across a population of 

cells. This work provides proof-of-concept for a microfluidic chip approach that enables the study 

of efflux pumps at the single-cell level, enabling subtleties in efflux pump expression, function, 

and efflux rate across an isogenic population to be unmasked.   
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Introduction 

Antimicrobial resistance (AMR) is a significant threat to modern medicine, where deaths due to 

antimicrobial resistant infections is expected to rise to 10 million deaths globally by 2050 (1). 

AMR bacterial pathogens have acquired and express a diverse range of different mechanisms to 

confer resistance to antibiotics. These resistance mechanisms can be classed into four main 

categories, including: i) drug inactivation, ii) target modification, iii) reduced permeability, and 

iv) increased efflux v) metabolic bypass, and vi) target protection (2). Multidrug efflux pumps are 

polyspecific in nature and can recognise and transport a range of unrelated antimicrobial classes 

to confer antimicrobial resistance. Multidrug efflux pumps can also provide intrinsic or adaptive 

resistance to allow the cell to survive and develop high-level resistance under antimicrobial 

challenge (3–5). Natural variations in gene expression arising from mRNA transcription and 

protein translation can lead to remarkably different efflux phenotypes within an isogenic bacterial 

population and, hence, promote survival under rapidly changing and harsh conditions due to a bet 

hedging mechanism (6–8). Therefore, differential expression of a drug efflux pump(s) across an 

isogenic bacterial population can lead to different antimicrobial efflux rates and subsequently 

different drug resistance phenotypes between cells in an isogenic population (9).  

Conventionally, drug efflux function has been studied at the population-level, thus masking the 

presence of any hetergeneous efflux sub-populations (10, 11). Therefore, population methods may 

not accurately report the efflux dynamics of the multidrug efflux pump of interest. Advances in 

single-cell technologies have allowed researchers to start probing individual cell-to-cell 

phenotypes related to antimicrobial resistance, including drug efflux pumps. A swathe of 

techniques have been developed for this purpose, including the use of flow cytometry and single-

cell microfluidics which are typically used to measure relative drug accumulation as a proxy for 

differences in drug efflux between individual cells (12–15). To the best of our knowledge, a 

single-cell technique to directly visualise and quantify heterogeneous drug efflux rates as a 

measure of real-time, direct antimicrobial export out of individual cells has not been developed.  
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In this study, we designed a microfluidic chip to measure drug efflux rates for individual cells in 

real-time, and ask the question; can we quantify heterogeneous efflux rates across an isogenic 

population of cells? We validated our microfluidic chip by studying the efflux rate distribution of 

a wild type population of Escherichia coli BW25113 cells, the isogenic parent of the KEIO 

collection (16). This study provides a proof-of-concept that will pave the way for development of 

direct, quantitative evaluations of efflux rates within isogenic populations utilising microfluidics.  

Materials and methods 

Microfluidic chip design 

The microfluidic chip design utilises a PDMS-based chip that is cheap, porous, non-fluorescent 

and biocompatible (17). The schematic and dimensions of the microfluidic chip are provided in 

Figure 1. Briefly, the microfluidic chip is approximately 50 μm thick, and is comprised of a main 

channel, 18 mm in length that is connected to 9 side channels, 1 mm (l) × 4 mm (w), comprised of 

one independent side channel (s0) and eight side channels (s1-8) that connect to a reverse flow 

chamber via a serpentine channel (Figure 1). The serpentine channel and reverse flow chamber 

allow for hydrostatic pressure-driven reverse flow, to separate buffer in the main channel from the 

side channels which harbour the dye-loaded cells. This allows for control over the start of each 

independent transport assay across the eight side channels. The main channel connects to a syringe 

pump and all nine side channels (s0-8) connect to a secondary syringe pump via a bidirectional 

11-port microfluidic valve (M-SWITCH™, Fluigent) for independent flow control across each 

channel. The reverse flow chamber connects to an external buffer reservoir. The perimeter of the 

microfluidic chip connects to a vacuum line to prevent any air bubbles generating during the 

transport assay. The microfluidic chip was fabricated with polydimethylsiloxane (PDMS, 

Sylgard® 184, Sigma-Aldrich) by replicate mould on a SU-8 photoresist master wafer.  
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SU-8 master wafer fabrication 

The SU8 master wafer was prepared as follows. First, a silicon wafer was cleaned by washing in 

isopropanol and baked at 150°C for 15 minutes to remove excess moisture. A base layer ~2 μm 

thick was prepared with SU-8 2002 (MicroChem) by spreading the photoresist with a spin-coater 

set to 500 rpm at 100 rpm/second for 10 seconds, followed by spinning at 2000 rpm set to 

200 rpm/second for a total of 40 seconds. The wafer was placed on a hot plate set to 65°C for 

5 minutes, then ramped to 95°C to soft bake for 5 minutes, before being hard baked for 20 minutes 

at 150°C. A 100 μm thick SU-8 layer was prepared with SU-8 2075 (MicroChem) by spreading 

the photoresist with a spin-coater set to 500 rpm at 100 rpm/second for 10 seconds, followed by 

spinning at 1510 rpm set to 200 rpm/second for 40 seconds. The photoresist coated wafer was soft 

baked at 65°C for 5 minutes before the temperature was ramped to 95°C to bake for a further 

15 minutes. The SU-8 photoresist was etched using a laser scanning lithographer (μPG 101, 

Heidelberg Instruments) to generate the microfluidic pattern designed as described (see Figure 1). 

Post-exposure bake was performed at 65°C for 5 minutes and ramped up to 95°C for 30 minutes. 

The SU-8 master wafer was developed in SU-8 developer (MicroChem) at room temperature with 

gentle agitation for 15 minutes. The developed SU-8 wafer was hard-baked at 150°C for 

30 minutes. The master wafer was silanized to reduce PDMS adhesion to the wafer by addition of 

a few drops of silane (trichloro(1,1,2,2-perfluorooctyl) silane) directly onto the SU-8 wafer and 

vacuum desiccation for 15 minutes, followed by a post-silanization bake at 150°C for 10 minutes.  

PDMS microfluidic chip fabrication 

Disposable PDMS microfluidic chips were prepared as follows. PDMS (Sylgard® 184, Sigma-

Aldrich), was mixed in a ratio of 10:1 polymer:curing agent and thoroughly mixed to ensure equal 

distribution of curing agent throughout the polymer. The mixture was centrifuged at 1000 × g for 

15 minutes to remove most air bubbles generated during mixing. The PDMS mixture was poured 

onto the SU-8 master wafer and placed into a vacuum chamber to degas until all visible air bubbles 

were removed. The PDMS was cured by baking in an oven set to 150°C for 20 minutes. Once 

cool, the PDMS elastomer was removed from the SU-8 master and cut to glass slide dimensions 
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using a razor blade. Inlets and outlets of the master channel, reverse flow chamber, side channels 

and vacuum line were punched with a 0.75 mm biopsy punch (WellTech). Glass coverslips 

(0.17 mm) were cleaned under atmospheric plasma for one minute using a plasma cleaner 

(Zepto LF, Diener electronic). Immediately following this process, the PDMS and the cleaned 

glass coverslip were exposed to atmospheric plasma for 40 seconds. Once activated by plasma, 

the PDMS was immediately bonded, channel sides down to the glass coverslip. The bonded PDMS 

chip was baked at 100°C for 20 minutes to enhance covalent bonding between the PDMS chip and 

glass coverslip. All outlets were fitted with polyethylene tubing (PE-60, 0.76 mm inner diameter, 

1.22 mm outer diameter, Instech Laboratories, Inc.) and sealed with epoxy to create airtight 

connections to the microfluidic chip. Microfluidic flow of the PDMS chip was controlled using 

two syringe pumps with 50 mL plastic syringes. The first syringe pump was interfaced with the 

main channel outlet of the microfluidic chip. The second syringe pump was interfaced with an 

11-port microfluidic switch (M-SWITCH™, Fluigent) which connected to the nine side channels, 

allowing the microfluidic flow of each side channel to be controlled independently and initiate 

efflux assays across each channel in a controlled manner. The syringe pumps, microfluidic switch 

and PE-60 tubing were rinsed thoroughly with MilliQ water prior to transport assay experiments 

and were thoroughly rinsed with 70% ethanol at the end of each experiment. The microfluidic 

chips and tubing were then primed with MilliQ water to remove air at a slow flow rate. Once 

excess air was removed from the chip, the microfluidic chip was then primed with the HEPES 

assay buffer (20 mM HEPES-KOH, pH 7.0, 145 mM NaCl, 5 mM KCl) for single-cell efflux 

experiments.  

Microscopy setup for single-cell efflux experiments 

All single cell efflux measurements were acquired using a Nikon Eclipse Ti2 inverted fluorescence 

microscope, equipped with a 1.49 NA 100 × objective and 512 × 512-pixel EM-CCD camera 

(C9100-13, Hamamatsu). Excitation light was provided using continuous-wave optically pumped 

semidiode lasers at 514 nm wavelength (150 mW max. output) and 568 nm wavelength 

(200 mW max. output) (Sapphire LP, Coherent). To image R6G fluorescence, we collected light 
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emitted between 525-555 nm (ET540/30m filter, Chroma). Time-lapse movies were recorded to 

visualise real-time R6G export out of E. coli cells. Two sets of image acquisitions were acquired 

in each assay. A bright-field image was collected at 37 ms exposure. R6G fluorescence was 

acquired using 50 ms exposure times and EM gain of 175. A heating stage was set to 37°C to 

maintain optimal temperature for E. coli cells throughout the experiments. All images were 

processed and analysed in Fiji (18).  

Characterisation of hydrostatic reverse flow and ideal flow rate for rapid mixing. 

To characterise microfluidic flow rates viable for single-cell efflux experiments, initial flow rate 

experiments involved priming the microfluidic chips with MilliQ water and introducing a 

rhodamine B solution into the main channel to visualise the direction of flow of the fluorescent 

dye within the chip. This was used to determine the presence and absence of mixing of two 

solutions prior to directed flow-rate within a single cell channel, and the rate of complete mixing 

of two solutions once directed into the flow channel. For this purpose, flow rates of 10 μL/min, 

20 μL/min and 50 μL/min were tested. 

Bacterial strains and cell cultures for single cell transport experiments. 

E. coli BW25113 cultures were grown in EZ-rich media (Teknova) supplemented with 

0.2% v/v glucose to minimise background fluorescence during single cell imaging. Overnight 

cultures were grown in 500 μL of EZ-glucose media at 37°C, 800 rpm. The next day, cultures were 

diluted 1:100 into fresh EZ-glucose media and grown at 37°C, 200 rpm until OD600nm = 0.6) was 

reached. Cells were then harvested at 5,000 × g for 5 minutes, washed thrice in HEPES assay 

buffer and resuspended to a final volume of 1 mL to concentrate the cells. Cell suspensions were 

then treated with 10 μM CCCP and 1 μM R6G before incubating at 37°C, for 1 hour in the dark, 

allowing for accumulation of R6G in the E. coli BW25113 cells via passive diffusion. Cells were 

washed thrice at 15,000 × g for 1 minute in HEPES assay buffer. The sample was kept as a cell 

pellet and only resuspended to a final volume of 1 mL immediately prior to single-cell transport 

assays. 
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Single-cell R6G efflux assays  

E. coli cells loaded with R6G were introduced into the main channel at a flow rate of 20 μL/min 

and allowed to flow into each side channel for a couple of minutes to promote cell adhesion to the 

glass slide surface. To determine that dye loss is not due to photobleaching or the flow of the 

HEPES assay buffer, a bright-field image was collected and time-lapse imaging of E. coli 

BW25113 cells was initialised prior to flushing with a continuous flow of HEPES assay buffer at 

a flow rate of 20 μL/min for 100 seconds. After the control experiment data was acquired, the main 

channel inlet was switched to the HEPES assay buffer reservoir that had been supplemented with 

65 μM of sodium formate (HEPES-SF). The main channel was flushed with HEPES-SF solution 

for 20 minutes to ensure no buffer front was present before transport assays were recorded. Each 

efflux assay involved the collection of a bright-field image and initiation of the time-lapse series 

before directing continuous flow of HEPES-SF over dye-loaded E. coli cells for a total of 

100 seconds per assay. 

Image analysis and data visualisation 

Image analysis was performed using Fiji (18). Time-lapse series, comprising of 2000 frames were 

loaded into the Fiji software and the frame in which buffer exchange first occured was noted as 

the zero time-point for fluorescence decay analysis. Individual cells were manually selected using 

a selection brush (12 pixels wide) to create regions of interest (ROI). Manually created cell outlines 

were added to the ROI manager, in which only non-overlapping, in-focus cells that remained 

adhered to the surface throughout the time-lapse acquisition were chosen. The ROI were collated 

into an ROI manager in Fiji, and the fluorescence decay over time was measured across the time-

lapse series to track the rate of R6G efflux out of individual cells. To quantify the single-cell efflux 

rates across the isogenic populations, raw fluorescence intensity data was imported to GraphPad 

Prism. Single-phase decay analysis was used to obtain the half-life of fluorescence decay over 

time, correlating to the R6G efflux rate in each cell, as measured from the point of buffer exchange 

to the end of the time-lapse series. To determine the distribution of efflux rates within the isogenic 
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bacterial population, the half-life of fluorescence decay for individual cells were mapped to a 

frequency distribution plot. 

Results  

Microfluidic chip design 

To measure in vivo fluorimetric drug efflux transport assays at the population level, bacterial cells 

at mid-exponential growth phase were treated with a protonophore to dissipate the proton-motive 

force gradient, inhibiting active transport processes and allowing for passive diffusion of 

membrane-permeable dye to accumulate within the cell (11). Measurement of drug export was 

initiated through the introduction of a carbon source in the buffer to re-establish the proton-motive 

force gradient, enabling observation of changes in fluorescence intensity over time. To describe 

how the microfluidic chip has been designed to accommodate this experiment, the buffer 

separation and exchange features will be described using the terms Buffer A and Buffer B to 

denote the assay buffer without and with carbon source, respectively. 

To develop a microfluidic chip amenable to study drug efflux experiments at the single cell level, 

we required the chip to have four main features.  

i) a main channel — as a point of entry of Buffer A and Buffer B and to introduce 

dye-loaded cells into the microfluidic chip; 

ii) a side channel— as an isolated area for the collection of dye-loaded cells where Buffer B 

is introduced for the re-establishment of active efflux and can be directed in a controlled 

manner for time-lapse imaging of R6G export at the single cell level; 

iii) controlled separation of Buffer A and Buffer B with similar viscosity and 

physicochemical properties, to prevent passive diffusion of Buffer B from entering 

side-channels containing dye-loaded cells in assay buffer until required; and 
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iv) controlled buffer exchange within the side-channels, at a fast rate but without the 

presence of a buffer front or completely detaching E. coli cells adhered to the glass slide 

surface. 

The design features to achieve these four main elements are depicted as a 2D-schematic in 

Figure 1.  

The most challenging component of this research was to design a chip that could allow for 

separation and rapid mixing of two buffers with similar physicochemical properties without a 

buffer front affecting the timed initiation of the transport assay across a population of individual 

cells within the imaging area. Initially, we implemented a design where the user would 

intentionally introduce a small air bubble when exchanging Buffer A for Buffer B within the main 

channel to create a physical air barrier separating the two solutions. The bubble would be large 

enough to block the side-channel inlets from the main channel until buffer exchange was needed 

(by slowly flowing the air bubble over to block the next channel). However, the air bubble was 

unreliable and often collapsed mid-experiment leading to unintentional exposure to Buffer B 

before efflux experiments could be measured. Furthermore, the lack of a vacuum line to facilitate 

this air bubble, and the porous nature of PDMS led to many other unintentional air bubbles 

appearing throughout the chip, often blocking the channels or dislodging too many cells from the 

glass surface as they flowed through these channels. In response to these challenges, we 

re-designed the chip to facilitate buffer exchange through reverse flow and implemented the use 

of a vacuum line to remove introduction of air throughout the time frame of the efflux assay 

experiment.   

In a single-cell efflux experiment with this design, Buffer A is equilibrated through the 

microfluidic chip by directing flow through the main channel, side-channels, and reverse flow 

chamber. The hydrostatic reverse flow is established to allowed for passive reverse flow of 

Buffer A out of the side-channels into the main channel. Dye-loaded E. coli cells were loaded into 

each side-channel for single-cell export experiments. Buffer B is flushed through the main channel 
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and allowed to equilibrate within the main channel. Real-time single-cell efflux experiments were 

initiated for each separate side-channel through direction of Buffer B from the main channel into 

the side-channel of choice for time-lapse imaging of decay of fluorescence intensity over time as 

a function of active transport of R6G dye out of individual E. coli cells. 

Our initial experiments involved a set of controls to confirm the microfluidic chip design was 

suitable for single-cell export experiments. The first investigation involved testing the flow 

direction and flow rates achieved by equilibrating the microfluidic chip with MilliQ water to 

represent Buffer A, and introducing a fluorescent rhodamine B solution to represent Buffer B and 

allow the flow direction to be visualised in the absence of E. coli cells. Our experiment revealed 

controlled separation of Buffer A filled side-channels that flowed out of the side-channels into the 

main-channel to prevent passive diffusion of the Buffer B solution from the main channel into 

side-channels (Figure 2).  

Following this successful proof of concept, we needed to determine the flow rate that would allow 

for rapid buffer exchange to occur between Buffer A and Buffer B to occur without a significant 

buffer front and which would lead to delays in efflux initiation across a population of E. coli cells 

depending on their location within the different side-channels. The conical nature of the side-

channel allowed for tight, rapid mixing to occur near the surface and flow evenly across our 

bacterial cells further down the channel. Furthermore, our experiments to test different flow rates 

determined a flow rate of 20 μL/min was optimal for rapid buffer exchange between the MilliQ 

water and the rhodamine B solution without the presence of a significant buffer front or dislodging 

too many E. coli cells from the glass surface (Figure 3). These results confirmed our microfluidic 

chip design was amenable to reliable buffer separation, to prevent initiation of efflux assays before 

measurement and allowed for rapid buffer exchange at a suitable flow rate for reliable, 

simultaneous initiation of efflux to measure individual efflux rates across a single-cell population 

of E. coli. 
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In vivo single-cell observation of heterogenous R6G efflux in E. coli cells 

As described in the methods section, we ran a control experiment on wild type E. coli cells in the 

presence of the HEPES assay buffer only and found that the level of R6G fluorescence profile 

remained relatively stable throughout the course of a transport experiment and was not decreased 

by photobleaching or the presence of 20 μL/min flow of HEPES assay buffer over the individual 

E. coli cells (Figure 4).  

Mid-exponential phase E. coli cells loaded with 1 μM of R6G and treated with CCCP were washed 

and collected into eight independent side channels. Initiation of active efflux was induced with the 

introduction of HEPES-SF and rapid decay of fluorescence intensity of R6G was measured across 

each individual cell as a time-lapse series for 100 seconds. This experiment was repeated across 

the remaining seven side-channels, and fluorescence decay over time as a function of R6G efflux 

was acquired for a total of n = 65 cells. A representative bright-field image and corresponding 

time-lapse series are presented in Figure 5. A frequency distribution of individual efflux rates, 

represented as half-time of fluorescence decay in seconds, is presented in Figure 5. Representative 

fast and slow efflux rates of individual cells detected across this experiment are presented in 

Figure 6. Data of half-time, k-constant, and R-squared values for each cell measured is available 

in Table S1. 

Bright-field and epifluorescence imaging revealed E. coli cells appeared healthy and exhibited a 

normal cell morphology prior to transport assay initiation. Introduction of HEPES-SF reveals a 

rapid loss of cells within the flow channel and suggests the need for modification of a glass slide, 

such as APTES to improve cell adhesion to the glass surface. However, as up to eight channels 

were accommodated on a single microfluidic chip, we were able to count up to 65 individual cells 

across the experiment that remained attached to the glass surface throughout the entire efflux 

assay. Non-linear regression analyses of fluorescence decay rates (single-phase decay plots) 

revealed a diverse distribution of fluorescence decay half-lives (t1/2) across the bacterial cells 

measured. Frequency distribution analyses revealed three populations to emerge from a population 

of E. coli cells exporting R6G (Figure 5); a fast efflux population centred on t1/2 = 6 seconds, a 
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medium efflux population centred on t1/2  = 18 seconds and a slower efflux population centred on 

t1/2 = 22 seconds. The average fluorescence decay half-life was t1/2  = 13.43 seconds upon initiation 

of R6G efflux by HEPES-SF. This data further supports the notion that within an isogenic 

population, stochastic heterogeneity can affect antimicrobial efflux rates out of individual bacterial 

cells. The average half-life was not representative of the main population efflux rate, where a 

majority of individual cells were identified to have a t1/2 of approximately 8 seconds. 

Representative fluorescence decay curves of individual cells measured show different transition 

states during R6G transport, where some facilitate rapid, one-phase efflux of R6G out of the cell, 

while others show the presence of at least two phases of R6G efflux to occur (Figure 6).  

Observation of single-molecule transport of R6G out of individual E. coli cells. 

In a follow up experiment, we loaded a wild type population of E. coli BW25113 cells with a 

sub-micromolar concentration of R6G solution (<1 μM). At this concentration, we were able to 

observe individual foci associated close to the cell membrane, corresponding to R6G localisation 

within single cells (Figure 7, Appendix D). The total number of foci observed in this experiment 

was different across a population of E. coli BW25113 cells. Most cells contained multiple R6G 

foci associated at the cell membrane near the cell poles of the bacterial cell. Some cells only 

contained one R6G foci, while other cells did not have any visible foci (Figure 7, Appendix D). 

Not all foci were located at the cell poles; those with multiple foci appeared to have foci also 

associated  with the cell membrane towards the centre of the cell (Figure 7, Appendix D).  

We repeated the fluorescence decay experiments with sub-micromolar R6G, and as described in 

the methods, except we focused specifically to the foci. R6G fluorescence traces were produced 

for each foci. Three distinct transition states were observed within a population and representative 

R6G transport cycles are presented in Figure 7. Most foci appeared to export R6G as expected for 

normal fluorescence single-phase decay. However, we were also able to detect sharp, single-step 

R6G transport cycle and a two-step R6G transport cycle to occur at the single-molecule level 

(Figure 7). This data reveals that differences in mechanism of R6G transport for individual cells 

(possibly discrete efflux pumps) can be observed in our assay.  
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Discussion 

Multidrug efflux pumps are a main mechanism of antibiotic resistance in Gram-negative bacteria, 

where intrinsic and adaptive expression of a single multidrug efflux pump can confer a significant 

multidrug resistance phenotype (3, 19). The stochastic nature of protein expression is expected to 

contribute to different levels of native efflux pump expression and efflux phenotypes across an 

isogenic bacterial population (8, 9, 20). Therefore, it is important to continue to develop new tools 

to quantify differences in drug efflux rates across a bacterial population, which may impact overall 

heterogeneity in efflux mediated antimicrobial resistance.  

Current methods to study in vivo efflux activity have been developed to study efflux rates at the 

population-level (11). However, these population-based methods will average the efflux rate 

across an otherwise heterogeneous efflux population. Several approaches to examine drug 

accumulation in single cell bacterial populations have been developed to examine drug efflux in 

an indirect fashion (12–15). The limitation to using drug accumulation as a proxy for drug efflux 

is that it is not possible to directly determine efflux rates or to identify mechanistic differences in 

efflux at the single-molecule level. In this study we combined the use of microfluidics and 

epifluorescence microscopy to develop the first rapid, real-time single-cell efflux assay to quantify 

heterogeneity in efflux across an isogenic population as a function of direct antimicrobial export 

out of the cell. We demonstrate that individual cells can be tracked as regions of interest, and 

measurement of different fluorescence decay rates can be measured in under 100 seconds, 

providing a rapid and convenient test to study whole cell efflux of an antimicrobial fluorophore in 

bacteria. 

Our microfluidic chip is convenient and can be easily fabricated in-house at low cost without the 

need for specialist equipment. In addition, our microfluidic chip is capable of simultaneous 

separation of two buffer solutions, allowing for strict control of the flow rate and direction of 

transport assay buffer required to initiate active transport of dye out of individual cells collected 

in each side-channel. Hence, we can readily quantify drug export as a function of intracellular 

fluorescence decay across all cell populations that remain adhered to the glass surface across the 
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time-lapse series and repeat this process in up to eight replicate channels per experiment. Time-

lapse imaging allows us to easily identify the exact time-point in which buffer exchange occurs as 

the point in time where bacterial cells are exposed to carbon source to re-establish electrochemical 

gradients and begin active export. At this time point, the start point for phase decay analysis is 

established, and real-time measurement of fluorescence decay in each individual cell can be 

studied.  

Using this approach, we determined that within an isogenic wild type population of E. coli, efflux 

of R6G was heterogeneous and efflux rates were observed across a spectrum of fast, average and 

slow fluorescence decay half-times. Most cells demonstrated R6G fluorescence decay half-times 

between approximately 6 and 8 seconds, which is significantly different to the ensemble 

population average fluorescence decay half-time of approximately 13 seconds. This data not only 

shows very clear distinct subpopulations of efflux dynamics across a wild-type population, but 

also emphasised the importance of single cell efflux analyses in these populations, as true averages 

mask differences within the population.  

When sub-micromolar concentrations of R6G were loaded into wild type E. coli cells, we also 

observed the capability for our microfluidic chip to be used to resolve R6G export to the 

single-molecule level. Most cells in this population harboured multiple R6G foci or a singular R6G 

foci localised at the membrane interface at the cell poles. This is consistent with previous 

observations that the E. coli AcrAB-TolC multidrug efflux pump is largely localised to the poles 

of the cell (9). Hence, it is likely that each of these foci represent a single R6G efflux pump. 

Furthermore, we also observed three distinct R6G efflux transition states for these foci within a 

single E. coli cell population across a population (Figure 7). First, we observed a single-step 

change in fluorescence intensity that may represent the rapid efflux of a single-molecule of R6G. 

Secondly, we observed a two-step change in fluorescence intensity that may represent the 

sequential transport of two R6G molecules. Thirdly, we observed a gentle one-phase decay of 

fluorescence intensity. Hence, it is also tempting to speculate that these different decay profiles 

represent distinct mechanisms of efflux corresponding to different classes of transporter. However, 
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attributing these different R6G efflux dynamics to specific transporters from ABC, RND, MFS 

and other efflux pump families will require further experimentation with gene knockouts and/or 

fluorescently-tagged transporters. 

We were able to detect and observe membrane-bound R6G fluorescence foci across the population. 

Most cells in this population harboured multiple R6G foci or a singular R6G foci localised at the 

membrane interface at the cell poles. This is consistent with previous observations that the E. coli 

AcrAB-TolC multidrug efflux pump is largely localised to the poles of the cell (9).  

Our experiment is a proof-of-concept study. We have demonstrated the ability to study 

heterogeneous R6G efflux rates within isogenic bacterial population at the single-cell and 

single-molecule resolution. Our immediate next steps will focus on improving replicates and 

resolution of single-cell and single-molecule R6G experiments to verify the reproducibility of the 

phenotypes reported in this chapter. We also intend to further optimise our microfluidic chip. 

Surface modification tactics, such as the application of APTES ((3-aminopropyl) triethoxysilane) 

functionalised glass coverslips that form strong covalent bonds with the LPS of Gram-negative 

cells (21) will be explored to improve cell adhesion to the glass surface and increase the sample 

numbers in each side-channel. 

Conclusions 

In this study, we have developed a new approach to studying drug efflux of bacterial cells, using 

a combination of microfluidics and epifluorescence single-cell microscopy. We report on the first 

visualisation of R6G efflux at the single-cell and single-molecule level in E. coli. Our 

proof-of-concept study provides a step forward in how drug efflux systems are studied in 

single-cell populations, with potential benefits to unmask subtleties in drug efflux function not 

otherwise observed in population-level experiments. With minimal adaption, this new 

experimental platform should be amenable to other fluorescent probes, particularly with advances 

in photostability and brightness (11, 22, 23), to study efflux function at the single-cell and 
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single-molecule level across a range of bacterial strains and heterologous drug efflux pump 

expression systems. 
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Figures and Tables 

 

 

Figure 1: Schematic of the microfluidic chip designed used for the R6G efflux experiment. The 

main channel is 1800 μm in length, with channel height of 50 μm for continuous flow of HEPES 

assay buffer, cell delivery and HEPES-SF buffer. Cells are confined into side-channels, 100 μm 

in width and 4000 μm in length to allow multiple individual E. coli cells to be collected into a 

monolayer within a single channel (s1-s8).   

 

 

Figure 2: Epifluorescent image (λEx = 514 nm) displaying the strict separation of Buffer A and 

buffer B solutions by implementing hydrostatic reverse flow, preventing passive diffusion and 

mixing of Buffer B from reaching cells prior to transport assay initiation.   
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Figure 3: Buffer exchange between MilliQ water and rhodamine B solution at specific point 

within side-channels. Three flow rates were tested at 50 μL/min (blue) 20 μL/min (orange) and 

10 μl/min (green) to determine the flow rate sufficient for rapid buffer exchange with minimal 

buffer front for single cell R6G efflux assays. The 20 μL/min flow rate was seen to be rapid enough 

for buffer exchange without complete dissociation of E. coli cells attached to the glass surface. 
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Figure 4: Single cell R6G transport control experiment. HEPES assay buffer was flowed over the cells for the 100 seconds to determine if fluorescence is lost 

due to buffer flow and/or photobleaching from the laser excitation. B) E. coli cells in focus are adhered to the glass slide, E. coli cells out of focus are not 

adhered to the glass slide and are removed upon buffer exchange. C) Normalised fluorescence decay average over 100 second timeframe, reveals only a small 

loss of intracellular fluorescence without initiation of a transport experiment.  
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Figure 5: Single-cell R6G export experiment across wild type E. coli BW25113 cells. A) Representative time-lapse series of R6G single-cell efflux assay 

across a 100 second time frame. B) Bright-field image of bacterial cells prior to transport assay initialization; E. coli cells in focus are adhered to the glass 

slide, E. coli cells out of focus are not adhered to the glass slide and are removed upon buffer exchange. C) Frequency distribution plot of fluorescence decay 

half-time across E. coli BW25113 cells (n = 65).  
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Figure 6: A representative selection of normalized R6G fluorescence decay curves for two individual cells in the same channel (blue and red) showing different 

fluorescence decay rates and/or profiles. Differential fluorescence decay rates were observed across multiple cells in each channel. The half-time (seconds) of 

fluorescence decay of each curve is presented in the legend. Relatively faster (red) and slower (blue) rates were observed across each channel, and differences 

in transition states can be observed, including one-phase decay (Panels C, D, E) and two-phase decay states (Panels A, B, D, E, F). 
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Figure 7: Single-molecule R6G efflux experiment. A) Time-lapse series of single-molecule R6G export over 100 second timeframe. B) Brightfield image of 

cell sample prior to initiation of R6G transport assay. C) Representative fluorescent decay of three population states observed across foci within cell samples 

studied; solid grey lines were added manually to highlight the patterns of efflux transition states observed for individual foci within the same cell sample.  
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Supporting information 

Table 1: Phase decay analysis of single-cell R6G efflux experiment. 

Cell # Rate constant 
[s-1] 

Half-Life 
[s] 

R-squared 

Cell 1 0.0649 10.67 0.9792 
Cell 2 0.0882 7.862 0.9766 
Cell 3 0.1121 6.181 0.9552 
Cell 4 0.0797 8.692 0.977 
Cell 5 0.0923 7.514 0.9659 
Cell 6 0.0878 7.893 0.9081 
Cell 7 0.0848 8.172 0.9558 
Cell 8 0.0822 8.428 0.9638 
Cell 9 0.0791 8.765 0.978 
Cell 10 0.0443 15.65 0.939 
Cell 11 0.0591 11.73 0.9602 
Cell 12 0.0409 16.93 0.9569 
Cell 13 0.039 17.77 0.9638 
Cell 14 0.0558 12.43 0.9568 
Cell 15 0.0283 24.47 0.9552 
Cell 16 0.0304 22.78 0.9611 
Cell 17 0.2043 3.393 0.9906 
Cell 18 0.3567 1.943 0.8827 
Cell 19 0.385 1.8 0.872 
Cell 20 0.0775 8.942 0.99 
Cell 21 0.0822 8.428 0.9928 
Cell 22 0.0516 13.43 0.9731 
Cell 23 0.0458 15.14 0.9637 
Cell 24 6.821 9.841 0.9714 
Cell 25 3.324 4.796 0.9425 
Cell 26 6.726 9.704 0.9616 
Cell 27 13.22 19.07 0.9629 
Cell 28 11.05 15.95 0.964 
Cell 29 6.953 10.03 0.9322 
Cell 30 7.837 11.31 0.9347 
Cell 31 7.682 11.08 0.945 
Cell 32 0.0661 10.48 0.9886 
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Cell # Rate constant 
[s-1] 

Half-Life 
[s] 

R-squared 
value 

Cell 33 0.0703 9.86 0.9866 
Cell 34 0.0766 9.051 0.9864 
Cell 35 0.0653 10.62 0.9759 
Cell 36 0.0719 9.647 0.9698 
Cell 37 0.0387 17.92 0.9899 
Cell 38 0.0318 21.78 0.9874 
Cell 39 0.0302 22.95 0.961 
Cell 40 0.039 17.8 0.98 
Cell 41 0.0347 19.99 0.9849 
Cell 42 0.0249 27.86 0.9726 
Cell 43 0.0377 18.38 0.9539 
Cell 44 0.0552 12.57 0.976 
Cell 45 0.0467 14.83 0.9916 
Cell 46 0.0439 15.8 0.9873 
Cell 47 0.0332 20.85 0.9835 
Cell 48 0.0344 20.13 0.9793 
Cell 49 0.0207 33.47 0.9706 
Cell 50 0.0363 19.11 0.9693 
Cell 51 0.0252 27.5 0.9703 
Cell 52 0.0984 7.042 0.9275 
Cell 53 0.0324 21.42 0.9572 
Cell 54 0.2131 3.253 0.7884 
Cell 55 0.1197 5.79 0.9731 
Cell 56 0.0897 7.728 0.9803 
Cell 57 0.102 6.798 0.9661 
Cell 58 0.0373 18.58 0.9376 
Cell 59 0.0391 17.74 0.9367 
Cell 60 0.0717 9.669 0.9757 
Cell 61 0.0428 16.21 0.9648 
Cell 62 0.0462 15.02 0.916 
Cell 63 0.0311 22.31 0.9617 
Cell 64 0.0208 33.31 0.9249 
Cell 65 0.0385 17.99 0.9473 
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Identification of a Novel Ciprofloxacin Tolerance Gene, aciT,
Which Contributes to Filamentation in Acinetobacter baumannii
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ABSTRACT Fluoroquinolones are one of the most prescribed broad-spectrum antibi-
otics. However, their effectiveness is being compromised by high rates of resistance in
clinically important organisms, including Acinetobacter baumannii. We sought to inves-
tigate the transcriptomic and proteomic responses of the clinical A. baumannii strain
AB5075-UW upon exposure to subinhibitory concentrations of ciprofloxacin. Our tran-
scriptomics and proteomics analyses found that the most highly expressed genes and
proteins were components of the intact prophage phiOXA. The next most highly
expressed gene (and its protein product) under ciprofloxacin stress was a hypothetical
gene, ABUW_0098, named here the Acinetobacter ciprofloxacin tolerance (aciT) gene.
Disruption of this gene resulted in higher susceptibility to ciprofloxacin, and comple-
mentation of the mutant with a cloned aciT gene restored ciprofloxacin tolerance to
parental strain levels. Microscopy studies revealed that aciT is essential for filamenta-
tion during ciprofloxacin stress in A. baumannii. Sequence analysis of aciT indicates
the encoded protein is likely to be localized to the cell membrane. Orthologs of aciT
are found widely in the genomes of species from the Moraxellaceae family and are
well conserved in Acinetobacter species, suggesting an important role. With these find-
ings taken together, this study has identified a new gene conferring tolerance to
ciprofloxacin, likely by enabling filamentation in response to the antibiotic.

KEYWORDS Acinetobacter, fluoroquinolone, antibiotic resistance, ciprofloxacin,
filamentation, pathogen

A cinetobacter baumannii is a Gram-negative bacterium that is considered a serious
threat to global health care due to increasing rates of multidrug resistance (MDR)

in clinical isolates. MDR clinical isolates of A. baumannii can be a challenge to treat for clini-
cians as few therapeutic options are available. The World Health Organization (WHO) has
classified A. baumannii as one of the top three priority pathogens for which new antibiotic
development is needed urgently. Broad-spectrum antibiotics, including fluoroquinolones
such as ciprofloxacin, have been extensively used to treat infections caused by A. bauman-
nii. Ciprofloxacin is listed as an essential medicine by the WHO and has been reported by
the CDC to be one of the most prescribed oral antibiotics. Surveillance studies have shown
significant increases in resistance rates for ciprofloxacin in A. baumannii, thereby compro-
mising its use in health care. Discovery and characterization of novel ciprofloxacin-resistant
genes are therefore critical for future inhibitory drug designs.

Fluoroquinolones exert their antibacterial activity by interfering with the function of
type IIA topoisomerases—DNA gyrase and topoisomerase IV (1). Type IIA topoisomerases
modulate the topological state of DNA through negative supercoiling of DNA and by
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decatenating newly replicated DNA during transcription and replication. Quinolones
form a stable ternary complex with topoisomerase and DNA, preventing DNA strands
from religating, resulting in double-stranded DNA breaks (2).

In the well-studied Escherichia coli model, stalling of replication forks leads to RecA-
mediated autoproteolytic cleavage of the repressor LexA (3), which eventually self-
cleaves, leading to the derepression of more than 30 genes associated with DNA repair
and error-prone DNA polymerases (4). Collectively this process is referred to as the SOS
DNA damage response (5). The cell division inhibitor SulA which is part of the SOS
response, temporarily arrests cell division, allowing time for DNA repair to occur (6).
During this process, bacterial cells change shape to form long filamentous structures.
Filamentation has been described to occur in response to stressful environments,
including DNA damage, antibiotics (7), and desiccation (8), and to subvert host innate
defenses (9). In E. coli, filamentation in response to sub-MICs of ciprofloxacin has been
shown to generate multiple mutant chromosomes that asymmetrically divide at the fil-
ament tips, giving rise to resistant offspring cells (10): hence, filamentation is a signifi-
cant precursor in the evolution of resistance. Homologs of LexA and SulA, as well as
several other DNA damage and cell division genes, have not been identified in
Acinetobacter species (11, 12). It is unclear how Acinetobacter responds to genotoxic
antibiotic ciprofloxacin at the core genome level.

In A. baumannii, mutations that lead to ciprofloxacin resistance tend to primarily
emerge at the Ser81 codon of the DNA gyrase subunit GyrA, followed by secondary
mutations in the Ser84 codon of the topoisomerase IV subunit ParC (13–16).
Collectively, codon substitutions at these locations in the gyrA and parC genes have
been shown to increase resistance to the fluoroquinolone ciprofloxacin by ;128-fold
(17). In our current study, the global response to ciprofloxacin was investigated using
transcriptomics and proteomics in the ciprofloxacin-resistant A. baumannii isolate
AB5075-UW, which carries a mutation at the Ser81 codon of GyrA. This enabled the
identification of genes in the core A. baumannii genome that are involved in tolerance
to ciprofloxacin.

RESULTS AND DISCUSSION
Global transcriptomic and proteomic response to ciprofloxacin. An international

clonal complex I A. baumannii strain AB5075-UW (18), with a ciprofloxacin MIC of
125mg/ml (see Fig. S1A in the supplemental material) was exposed to a subinhibitory
concentration (31.25mg/ml) of ciprofloxacin for 1 h. Subsequently, the transcriptomic
and proteomic responses were analyzed via transcriptome sequencing (RNA-Seq) and
SWATH-MS (sequential window acquisition of all theoretical fragment ion spectra mass
spectrometry) (19), respectively. This combined approach provided quantitative
expression data for 3,983 out of 3,987 genes in total (20) in transcriptomics and 2,063
proteins in proteomics (21), representing 51.7% of the putative AB5075-UW proteome.
The transcriptomics and proteomics data showed that 1,135 genes and 917 proteins
were significantly (adjusted P value of 0.05) differentially expressed when exposed to
31.25mg/ml ciprofloxacin (see Data Set S1 in the supplemental material). The Pearson
correlation coefficient between mRNA abundance and protein abundance was 0.84
when gene expression and protein abundance data were filtered based on an adjusted
P value of 0.05 (Fig. 1A).

A total of 153 genes had higher transcript levels, and 159 genes had lower tran-
script levels, by a log2 fold change of .1.5 (adjusted P value of 0.05) (Fig. 1B). In con-
trast, proteomics data showed higher expression of 21 proteins and lower expression
of 14 proteins, by a log2 fold change of .1.5 (adjusted P value of 0.05) (Fig. 1B). These
data were filtered to investigate the intersecting genes and proteins. The 16 intersect-
ing abundant genes (and respective proteins) include components of the intact pro-
phage phiOXA, components of the CRISPR-Cas system, and the hypothetical proteins
ABUW_0369 and ABUW_0098 (Fig. 1C). Induction of prophage gene expression in
response to ciprofloxacin stress has been previously described in other pathogenic
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organisms, such as Salmonella enterica serovar Typhimurium and Staphylococcus aur-
eus, wherein ciprofloxacin is shown to facilitate phage-mediated gene transfer and
expression of phage-encoded virulence factors, respectively (22, 23). In contrast, 8
intersecting genes (and representative proteins) showing lower expression include
those coding for functions such as hypothetical proteins, the outer membrane protein
CarO, and entericidin B (EcnB) (Fig. 1C).

Functional class analysis of differentially expressed genes and proteins identified
enrichment of COG (Clusters of Orthologous Genes database) categories associated
with DNA replication, recombination and repair, and cell envelope (Fig. 1D). In tran-
scriptomics, several genes associated with DNA damage and repair were highly
expressed, including the translesion polymerase genes umuC and umuDAb (expressed
by log2 fold changes of 3.0 and 2.6, respectively).

The RND (resistance-nodulation-division) efflux pump AdeIJK has previously been
shown to confer intrinsic resistance to ciprofloxacin in the A. baumannii strain ATCC
17978 (17). The genes encoding AdeIJK were not highly expressed in our transcriptom-
ics or proteomics data. However, we conducted MIC tests with AB5075-UW DadeI,
DadeJ, DadeK, and DadeN mutants that have been inactivated by transposon mutation

FIG 1 (A) Correlation between transcriptomics and proteomics data after they were filtered based on an adjusted P value of 0.05. The Pearson correlation
coefficient between both data sets is 0.84. (B) Venn diagram depicting the relationship between genes and proteins that had a log2 fold change of greater
or less than 1.5 (adjusted P value of ,0.05). The proteomics data set is represented by the blue oval, and the transcriptomics data set is represented by
red. The expression of 16 intersecting genes and proteins was greater than 1.5 (log2 fold change), and the expression of 8 was less than 1.5 (log2 fold
change). (C) Intersecting genes and proteins from the Venn diagram were identified and plotted in a heat map. (D) Functional class analysis of genes/
proteins based on COG categories. Bars represent the number of genes (blue) or proteins (red) in each COG category that had either increased or
decreased expression by a log2 fold change of greater than 1.5 or less than 1.5 (adjusted P value of ,0.05), respectively. (E) The transcriptional (blue) and
proteomic (red) response of A. baumannii AB5075-UW to ciprofloxacin shock treatment. Each point in the graph represents a single ORF within the
genome, arranged according to their location in the genome on the x axis and their fold change (log2) in expression on the y axis, following treatment
with 31.25mg/ml ciprofloxacin for 1 h. (F) Distribution of DNA reads along AB5075-UW chromosome of ciprofloxacin-treated (31.25mg/ml, 1 h) and control
(no treatment). The height of the graph shows the coverage of reads represented as minimum (red), average (purple), and maximum (blue).
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(20) to test their susceptibility to ciprofloxacin (Fig. S1B). AdeN belongs to the TetR
family of regulators and represses the activity of AdeIJK efflux pumps (24). The adeN
mutant had a 2-fold decrease in susceptibility to ciprofloxacin, while adeIJK mutants
were more susceptible than the parental strain (Fig. S1B). This suggests that while
adeIJK expression was not induced in AB5075-UW, it plays an important role in intrinsic
resistance to ciprofloxacin (25).

Ciprofloxacin stress increases expression and gene dosage shift near the origin
of replication (oriC). As shown in Fig. 1E, when transcriptomics and proteomics data
are mapped as a function of gene position in the genome, transcription of genes proxi-
mal to the origin of replication (oriC) increases. We postulated that this may be due to
a higher number of gene copies closer to the oriC during ciprofloxacin stress. To show
that this was gene dosage dependent, we treated AB5075-UW with ciprofloxacin, using
the same conditions as in transcriptomics and proteomics analyses (31.25mg/ml for 1
h), and performed whole-genome sequencing. As shown in Fig. 1F, the gene dosage
closer to oriC was much higher in ciprofloxacin-treated cells than in the no-treatment
cells. Replication forks in the bacteria start from the oriC and extend bidirectionally to-
ward the terminus region of the chromosome. In healthy exponentially growing cells,
bidirectional replication of the bacterial chromosome leads to a higher replication-
associated gene dosage closer to the oriC (26). Genes that are essential for transcrip-
tion and translation tend to be located close to the oriC; as a result, these genes benefit
from a higher dosage, and their transcription activity increases, presumably contribut-
ing toward bacterial fitness (26). Ciprofloxacin-mediated stalling of replication forks
reduces the rate of DNA elongation; however, since new rounds of replication are con-
tinuously initiated, the replication-associated oriC-ter gene dosage increases, leading
to more copies of genes closer to the oriC, and thus a higher likelihood of transcrip-
tion/translation.

ABUW_0098 is a novel gene that confers tolerance to ciprofloxacin. The hypo-
thetical gene of unknown function ABUW_0098 and its encoded protein were overex-
pressed in transcriptomics and proteomics analyses by log2 fold changes of 3.26 and
4.10, respectively. To investigate whether ABUW_0098 provides tolerance to ciprofloxa-
cin, we cloned the ABUW_0098 gene with its predicted endogenous promoter (405-bp
upstream region of ABUW_0098) into the shuttle vector pVRL1Z (27), and the resulting
plasmid, pVRL1ZABUW_0098, was used to complement the AB00272 (ABUW_0098-inacti-
vated) mutant strain (see Fig. S2B in the supplemental material) (20). Growth measure-
ments were performed on five A. baumannii constructs. These included the AB00272
mutant and the AB00272 mutant complemented with pVRL1ZABUW_0098, as well as con-
trols, including the AB5075-UW parental strain, AB5075-UW with empty pVRL1Z plas-
mid, and the AB00272 mutant with empty pVRL1Z plasmid.

We found that AB00272 mutant strain and AB00272 with empty pVRL1Z plasmid
showed higher susceptibility to ciprofloxacin than AB5075-UW and AB5075-UW
expressing empty pVRL1Z plasmid (Fig. 2A to D). Complementation of the AB00272
mutant with pVRL1ZABUW_0098 restored complete tolerance to ciprofloxacin at 31.25mg/
ml (Fig. 2B) and partial tolerance at 46.87mg/ml (Fig. 2C) and 62.5mg/ml (Fig. 2D).
Interestingly, in all scenarios changes in the growth rate of all strains were only
observed at approximately 45 min (double cell density) after addition of ciprofloxacin.

We sought to investigate the morphologies of all five constructs used in the growth
curve experiment (see Fig. S4 in the supplemental material). Cells were imaged at four
different time points, which included no treatment (before adding antibiotic) and at 1, 2,
and 4 h after addition of 31.25mg/ml of ciprofloxacin (Fig. 2E; see Fig. S3 in the supple-
mental material). AB5075-UW and AB5075-UW carrying empty pVRL1Z were elongated
by 5 to 10! their original size at the 2-h time point (Fig. S4), consistent with phenotypes
observed in E. coli (10, 28). Strikingly, the AB00272 mutant carrying empty pVRL1Z
showed no signs of filamentation at any time point (Fig. 2E). Restoring the ABUW_0098
gene in AB00272 did not result in filamentation, similar to AB5075-UW expressing
pVRL1Z (Fig. 2E); this could be attributed to the gene copy number. To test this, we intro-
duced pVRL1ZABUW_0098 into AB5075-UW and compared its morphology with that of
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AB5075-UW expressing empty pVRL1Z at 1, 2, and 4 h after addition of 31.25mg/ml of
ciprofloxacin. We found that while AB5075-UW expressing pVRL1ZABUW_0098 was able to
form filamentous structures (see Fig. S6 in the supplemental material), the frequency of
filamentation may be less than that of AB5075-UW expressing empty pVRL1Z.

We also investigated whether the downstream gene (ABUW_0099) had any role in fila-
mentation during ciprofloxacin exposure. Growth measurements were performed on two
different transposon insertion mutants (AB00274 and AB00275) with this gene inactivated.
We found that there was no significant difference in growth rates between the parental
AB5075-UW strain and ABUW_0099 mutants when exposed to ciprofloxacin (see Fig. S5 in
the supplemental material). Furthermore, unlike the ABUW_0098 mutant, the ability of
AB00274 and AB00275 to form filaments was not perturbed in the presence of ciprofloxa-
cin (Fig. S6). A study recently published showed a novel gene, advA (ABUW_0096), located
approximately 1,700bp upstream of ABUW_0098, to be localized to cell division sites and
to cause cells to adapt filamentous morphologies when deleted (29). Mutations in advA
caused cells to become hypersensitive to fluoroquinolones and b-lactams.

In the well-studied E. coli model, SulA, which is membrane associated (30), is known
to inhibit cell division by sequestering FtsZ, preventing the formation of Z rings (31, 32).
The inhibition of cell division causes E. coli to become filamentous, while sulA mutants
are not able to form filaments (31). The ability to form filamentous structures in response
to fluroquinolones has been shown to give rise to resistant cells in E. coli (10). Several ca-
nonical proteins associated with cell division, including FtsE, FtsX, and SulA, are not
found in the core genome of Acinetobacter and Psychrobacter species (12). Orthologs of
ABUW_0098 are well conserved in Acinetobacter species and are found widely in other

FIG 2 (A) Graph shows 6.25-h growth rate in Mueller-Hinton broth of AB5075-UW (parental strain, blue line), AB5075-UW expressing empty pVRL1Z
plasmid (light blue), the AB00272 mutant strain (ABUW_0098 gene insertionally inactivated) (red), AB00272 mutant strain expressing empty pVRL1Z
plasmid (light red), and AB00272 mutant strain complemented with pVRL1ZABUW_0098 (black). (B) All AB5075-UW constructs shocked with 31.25mg/ml of
ciprofloxacin after 2 h 6min of growth. (C) All AB5075-UW constructs shocked with 46.87mg/ml of ciprofloxacin after 2 h 6min of growth. (D) All AB5075-
UW constructs shocked with 62.5mg/ml of ciprofloxacin after 2 h 6min of growth (OD600 of ;0.5). Growth of the DABUW_0098 mutant strain, AB00272,
was significantly inhibited in the presence of ciprofloxacin. Error bars show the standard errors from three independent experiments. (E) Cell morphology
of AB5075-UW expressing empty pVRL1Z plasmid, the AB00272 mutant strain expressing empty pVRL1Z plasmid, and the AB00272 mutant strain
complemented with pVRL1ZABUW_0098 grown without antibiotics to mid-log phase (no treatment) followed by exposure to a sub-MIC of ciprofloxacin
(31.25mg/ml) at 1, 2, and 4 h. Scale bar, 2mm.
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bacteria in the family Moraxellaceae (Fig. 3A), suggesting the possibility that ABUW_0098
may interfere with FtsZ formation of Z rings. Sequence analysis (33) indicates that the
protein encoded by ABUW_0098 has three predicted transmembrane a-helices and is
most likely localized to the cell membrane (Fig. 3B). We used quantitative real-time PCR
(qRT-PCR) analyses to determine whether ciprofloxacin induces the gene expression of
aciT orthologs in other A. baumannii strains, including ACICU, AYE, ATCC 17978, ATCC
19606, and D1279779. Each strain was treated with subinhibitory concentrations of
ciprofloxacin for 1 h. We found that ciprofloxacin caused a strong induction of aciT in
ciprofloxacin-resistant A. baumannii strains ACICU and AYE (log2 fold change of .2). In
contrast, expression of aciT in ciprofloxacin-susceptible A. baumannii strain ATCC 17978
was moderately induced (log2 fold change of 1.5) and weakly induced in ATCC 19606
(log2 fold change of 1) and D1279779 (log2 fold change of 1.05) (Fig. 3C). In a recent
study with ATCC 17978, the supplementary transcriptomic data presented showed that
expression of aciT (A1S_3385) was greater than 2-fold at log2 when exposed to ciproflox-
acin, and introduction of a single gyrA resistance allele in ATCC 17978 resulted in cipro-
floxacin-induced expression of aciT to be greater than 3-fold at log2 (17). The variations
in ciprofloxacin-induced expression of aciT could be attributed to many factors, which
include the concentration of antibiotic used, variations at the strain level, or differences
in aciT induction between ciprofloxacin-susceptible and -resistant strains.

The data presented in this study demonstrate that a previously uncharacterized gene,
ABUW_0098, is important for tolerance to ciprofloxacin in A. baumannii. We have named
ABUW_0098 the Acinetobacter ciprofloxacin tolerance (aciT) gene. In Acinetobacter species,
which lack the cell division inhibitor SulA, we propose that AciT may fulfil an equivalent

FIG 3 (A) Tree showing the phylogenetic relationship of ABUW_0098 protein. The tree was generated using iTOL from a Clustal Omega alignment of
protein sequence obtained from the National Center for Biotechnology Information database. (B) Predicted transmembrane topology of the ABUW_0098
protein (AciT) based on predictions made using TMHMM (36). This protein is predicted to have three transmembrane a-helices. (C) Induction of
ABUW_0098 (aciT) homologs by ciprofloxacin in A. baumannii strains ACICU, AYE, ATCC 17978, ATCC 19606, and D1279779. A subinhibitory concentration
of ciprofloxacin was added to the medium when cells were in the exponential growth phase. The bars represent a change in aciT gene expression
compared with an untreated control after 1 h of growth in the presence of ciprofloxacin. Error bars show the standard errors from at least 2 biological and
4 technical replicates.
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functional role. The discovery of aciT demonstrates the significant value of genome-wide
expression studies to identify novel drug targets and tolerance factors in multidrug-resist-
ant bacteria.

MATERIALS ANDMETHODS
Bacterial strains, plasmids, reagents, and growth media. The bacterial strains used in this study

include A. baumannii strains AB5075-UW, ATCC 17978, ACICU, and AYE and E. coli strain HST08. AB5075-
UW and its transposon mutants were obtained from the Manoil laboratory three-allele collection (20). All
bacterial cultures were maintained at 37°C in MH broth with shaking (200 rpm) unless specified other-
wise. E. coli strain HST08 was used as a host for plasmid propagation. The parent plasmid used in this
study was pVRL1Z (27). Strains carrying pVRL1Z plasmid variants were cultured in low-salt LB medium
containing 25mg/ml Zeocin for E. coli and 300mg/ml for A. baumannii.

Gene cloning, PCR, and complementation. The coding region of ABUW_0098 with its predicted
endogenous promoter (450-bp upstream region of ABUW_0098) was purchased from Integrated DNA
Technologies (see Table S2 in the supplemental material). This gene fragment was cloned in the pVRL1Z
plasmid, using EcoRI and NotI restriction enzymes. Insertion of the gene fragment in the plasmid was
confirmed via PCR followed by Sanger sequencing using universal M13 forward and reverse primers (see
Table S1 in the supplemental material). Disruption of the ABUW_0098 gene in the mutant strain
AB00272 was confirmed by gene-specific primers spanning the ABUW_0098 gene (Table S1).

Antibiotic susceptibility assays. Susceptibility assays were conducted in Mueller-Hinton (MH) broth
using the both microdilution method as described previously (34).

Ciprofloxacin growth rate assay. Overnight cultures of individual AB5075-UW constructs were
diluted (1/100) in MH broth and grown in 96-well plates at 37°C with shaking at 200 rpm in the
PHERAstar FSX (BMG Labtech, Germany), with optical density (OD) measurements recorded every 6 min.
Once the cultures reached an exponential phase of ;0.5 at the optical density at 600 nm (OD600), the
appropriate concentration of ciprofloxacin was added, and cultures were allowed to grow continuously
for an additional 4 h 20 min with regular OD measurements every 6 min.

Microscopic imaging. Overnight cultures of individual strains were diluted (1/100) in MH broth and
grown at 37°C with shaking at 200 rpm until cells reached the exponential phase at an OD600 of ;0.5.
Approximately 50ml of cells was harvested at this point and fixed (3% glutaraldehyde–0.1 M phosphate
buffer solution). Cultures were then treated with 31.25mg/ml ciprofloxacin and allowed to grow for a fur-
ther 4 h. During this time, cells were harvested at 1, 2, and 4 h and fixed immediately. Fixed cells were im-
mobilized on poly-L-lysine-coated cover slides. Imaging was performed with an Olympus FV3000 confocal
microscope (Olympus, Tokyo, Japan) using FluoView software (Olympus, Tokyo, Japan). The differential in-
terference contrast (DIC) image was obtained by a 405-nm laser and transmitted detector with a 100! oil
immersion objective (Olympus UApo N, 1.49NA, infinity-corrected 0.13- to 0.19-mm working distance/
FN22). Each image was saved in the OIF file format. Image processing was done using ImageJ software.

Cell treatments. A. baumannii AB5075-UW cells were grown overnight in 5ml MH broth. MH broth
was reseeded with cultures at 1:100, and the cultures were grown for ;2 h at 37°C to an OD600 of 0.6
with shaking (200 rpm) in 100-ml cultures. Three samples were treated with 31.25mg/ml ciprofloxacin,
whereas the other three samples were not treated and used as the control. Cultures were grown for a
further 1 h, at which point they were split into a 30-ml culture for RNA isolation and a 70-ml culture for
protein isolation.

Protein extraction and analysis. Bacterial cells were prepared for proteomic analysis as detailed in refer-
ence 35. For protein extraction, cells were first washed with phosphate-buffered saline (PBS; pH 7.4), resus-
pended in lysis buffer (50mM Tris-HCl [pH 8.8], 1% SDS [wt/vol], 8 M urea, EDTA-free protease inhibitor cock-
tail), and lysed by bead beating. Protein disulfide bonds were reduced using dithiothreitol (DTT) and alkylated
using iodoacetamide (IAA). Subsequently, samples were desalted using methanol-chloroform precipitation and
redissolved in 50mM Tris-HCl (pH 8.8)–8 M urea. After the pellet was dissolved, samples were diluted with
50mM Tris-HCl (pH 8.8) to reduce the concentration of urea to 1.6 M. The bicinchoninic acid (BCA) assay was
performed as per manufacturer’s instructions to determine the protein concentrations.

An equal amount of protein sample was digested with LysC protease at 37°C overnight, followed by
proteolysis with trypsin at 37°C. The digests were desalted using a C18 reverse-phase spin column, and
samples were divided into two fractions: one for the generation of the reference ion library, using infor-
mation-dependent acquisition mass spectrometry (IDA-MS), and another for label-free relative quantifi-
cation, using SWATH-MS (19).

To create a reference peptide ion library, first, a pool of tryptic peptides was generated by combin-
ing a fraction of sample from all the biological conditions. Peptides were prefractionated using strong
cation-exchange chromatography and high-pH reverse-phase chromatography. Fractionated peptides
were separated by reverse-phase (RP) liquid chromatography using a nano-liquid chromatography
(nano-LC) system and detected in a TripleTOF 5600 (SCIEX) mass spectrometer operated in IDA-MS
mode. The peptide ion library was generated by searching IDA-MS data against the A. baumannii (strain
AB5075-UW) reference protein sequence (3,839 sequences [source, Uniprot]), using the ProteinPilot 5.0
search engine with the Paragon algorithm at a 1% false-discovery rate.

For label-free relative quantification of proteins using SWATH-MS, equal amounts of peptides of the
individual samples were separated over a reverse-phase linear gradient of 5.5 to 33% of solvent B (90%
[vol/vol] acetonitrile–0.1% [vol/vol] formic acid) over 60min at a flow rate of 600 nl/min using a nano-LC
system in conjunction with a TripleTOF 5600 (SCIEX). The mass spectrometer was operated in positive
nanoflow electrospray analysis mode, and SWATH-MS acquisition was performed in a 60-variable m/z
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window method over anm/z range of 400 to 1,250, selected based on the distribution of intensities of the
precursor m/z values in the IDA data sets. Collision energies were calculated for 21 precursors with m/z
values of the lowestm/z1 20% for each window width, and a collision energy spread of 5 eV was used.

The reference ion library was imported into PeakView software 2.1 using the SWATH MicroApp 2.0
(SCIEX) and matched against SWATH-MS data from individual replicates. Cumulative protein areas from
extracted ion chromatograms, representing the quantitative value of individual proteins, were exported
to Excel for further analysis.

RNA extraction and analysis. Cells for RNA extraction was centrifuged immediately and suspended
in QIAzol (Qiagen). RNA extraction was carried out using the miRNeasy RNA extraction kit from Qiagen,
as per the manufacturer’s instructions. DNA was eliminated using the Turbo DNase kit (Ambion) as per
the manufacturer’s instructions. RNA integrity was determined using the Agilent Bioanalyzer, followed
by rRNA depletion using the Ribo-Zero rRNA removal kit for Gram-negative bacteria (Illumina, Inc., USA).
The cDNA library was generated using the TruSeq stranded total RNA sample preparation kit (Illumina,
Inc., USA) and samples sequenced on an Illumina HiSeq4000 platform. This yielded 20 million 100-bp
paired-end (PE) reads per sample approximately. The EDGE-pro (Estimated Degree of Gene Expression in
Prokaryotic Genomes) pipeline was used to align reads to the A. baumannii AB5075-UW reference ge-
nome (GenBank accession no. CP008706.1), using Bowtie2, and to generate the raw read counts.

DNA extraction and analysis. MH broth was reseeded with A. baumannii AB5075-UW cells at 1:100
from overnight cultures, and the cultures were grown for ;2 h at 37°C with shaking (200 rpm). Cultures
at an OD600 of 0.6 with and without the 31.25-mg/ml ciprofloxacin treatment were grown for 1 h at 37°C
with shaking. Two biological replicates were prepared. The total DNA of each sample was extracted
using the DNeasy UltraClean Microbial kit, following the manufacturer’s instructions. Geneious 2020.2.4
was used to map the raw sequencing reads to the AB5075-UW genome available from the NCBI data-
base (NZ_CP008706.1).

Quantitative real-time PCR analyses of aciT expression. A. baumannii strains ACICU, AYE, and
ATCC 17978 were grown as described above for AB5075-UW RNA and protein extraction. Cultures at an
OD600 of 0.6 with and without the subinhibitory concentration of ciprofloxacin (15.625mg/ml for ACICU,
31.25mg/ml for AYE, and 0.125mg/ml for ATCC 17978) (Fig. S1C and D) were grown for 1 h at 37°C with
shaking. Total RNA was isolated using the miRNeasy RNA extraction kit from Qiagen, as per the manufac-
turer’s instructions. DNA was eliminated using the Turbo DNase kit (Ambion) as per the manufacturer’s
instructions. Reverse transcription and qRT-PCR were performed using the Roche KAPA SYBR Fast one-
step qRT-PCR kit, as per manufacturer’s instructions The rpoB gene encoding the beta subunit of RNA
polymerase was used as an internal reference control.

Data analysis. All statistical analysis and data visualization were performed with the R program
(v.4.0.0), unless specified otherwise. The DESeq2 package (v.1.28.1), based on the negative binomial gener-
alized linear model with default settings, was used to estimate the differential expression for transcriptom-
ics and proteomics. Differential expression was generated by comparing treated samples against
untreated samples. The Benjamini-Hochberg adjustment was used to select differentially expressed genes.

Data availability. The DNA and RNA sequence data that support the findings of this study have
been deposited in the NCBI Sequence Read Archive (SRA) under accession no. PRJNA673281.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.9 MB.
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Rapid microevolution of biofilm cells in response to antibiotics
Anahit Penesyan 1,2, Stephanie S. Nagy 1, Staffan Kjelleberg3,4,5, Michael R. Gillings 6 and Ian T. Paulsen1*

Infections caused by Acinetobacter baumannii are increasingly antibiotic resistant, generating a significant public health problem.
Like many bacteria, A. baumannii adopts a biofilm lifestyle that enhances its antibiotic resistance and environmental resilience.
Biofilms represent the predominant mode of microbial life, but research into antibiotic resistance has mainly focused on planktonic
cells. We investigated the dynamics of A. baumannii biofilms in the presence of antibiotics. A 3-day exposure of A. baumannii
biofilms to sub-inhibitory concentrations of antibiotics had a profound effect, increasing biofilm formation and antibiotic resistance
in the majority of biofilm dispersal isolates. Cells dispersing from biofilms were genome sequenced to identify mutations
accumulating in their genomes, and network analysis linked these mutations to their phenotypes. Transcriptomics of biofilms
confirmed the network analysis results, revealing novel gene functions of relevance to both resistance and biofilm formation. This
approach is a rapid and objective tool for investigating resistance dynamics of biofilms.

npj Biofilms and Microbiomes �����������(2019)�5:34� ; https://doi.org/10.1038/s41522-019-0108-3

INTRODUCTION
Acinetobacter baumannii is a Gram-negative pathogen found in
hospitals worldwide.1 It is responsible for opportunistic infections
of the bloodstream, urinary tract, and other soft tissues, and can
account for up to 20% of infections in Intensive Care Units,
causing serious morbidity and mortality.1,2 Acinetobacter bauman-
nii belongs to a group of six pathogens responsible for many
multidrug-resistant (MDR) nosocomial infections (the ESKAPE
pathogens: Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter spp.).3 In 2017, A. baumannii was listed at the top
of the highest priority “Critical” group of antibiotic-resistant
pathogens identified by the World Health Organization as in
need of further research.4

The success of this pathogen is due to a combination of cellular
resistance mechanisms and the additional protection provided by
its biofilm lifestyle.5 Acinetobacter baumannii has an arsenal of
tools to defend against antimicrobials, including classical mechan-
isms of antibiotic resistance, such as enzymatic inactivation of
antibiotics, target and membrane modifications, and active export
of drugs via membrane-localized drug efflux transporters.6–8 These
mechanisms have been extensively studied in planktonically
grown A. baumannii. Transcriptomic and mutational studies under
antibiotic challenge using A. baumannii planktonic cultures
identified mutations and differentially expressed genes directly
linked with these known mechanisms of resistance to particular
antibiotics.9,10

Resistance and pathogenicity of A. baumannii is enhanced by its
ability to form biofilms.5 Acinetobacter baumannii biofilms can
form on various surfaces, including medical devices, where they
are persistent sources of contamination and infection.11 The
National Institutes of Health (NIH) estimates that biofilms account
for over 80% of microbial infections in the body.12 Biofilms are a
major obstacle to treatment because their cells can display up to a
1000-fold increase in antibiotic resistance compared to planktonic
cells.13,14 Biofilms provide additional resistance5 (also referred to

as “biofilm tolerance”15–17) via biofilm-specific mechanisms such
as the shielding effect of the biofilm matrix that leads to restricted
penetration of antimicrobials,18 the slower growth rate in deep
layers of biofilms,19 and the presence of persister cells.20

Biofilms are recognized as the predominant form of bacterial
life, with the majority of bacteria living as biofilm communities in
diverse environments, including within host organisms.15,21

Nevertheless, compared to the wealth of data collected using
planktonic cultures during the history of microbiological research,
the biofilm mode of life remains largely underexplored, leading to
a growing interest in the ecology of microbial biofilms, and the
factors involved in biofilm development and survival. In particular,
understanding the processes that occur in biofilms when exposed
to antibiotics is important, because this could give us insight into
how advantageous phenotypes arise, and help identify the
genomic basis of these phenotypes.
The ability of bacteria to adapt to new environmental

conditions arises from their short generation times and genomic
variability, allowing rapid emergence of favorable mutations.
Methods for investigating the effect of mutations on bacterial
phenotype, such as knock-out strains and transposon mutagen-
esis, are often time-consuming, involve extensive sample manip-
ulation, and often focus on single gene targets. In contrast, whole
genome sequencing can rapidly identify suites of naturally
occurring mutations, and also reveal potential synergy between
different mutations.
This study investigated how genetic and phenotypic diversity

was generated within biofilms of a highly virulent strain of A.
baumannii. We assessed the transcription profiles of biofilms
grown in the presence and absence of sub-inhibitory concentra-
tion of antibiotics ciprofloxacin and tetracycline, and examined
the genetic consequences of biofilm growth in the presence of
antibiotics, identifying de novo mutations by using whole genome
sequencing. Thus, we were able to link phenotypes with
genotypes and with population level gene expression patterns
in one experimental analysis, providing a holistic assessment of
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processes that occur in biofilms, and, subsequently, drive genomic
changes under the exposure to sub-inhibitory concentration of
antibiotics.
To assess changes in antibiotic susceptibility, the MIC (minimum

inhibitory concentration) levels of biofilm dispersal cells were
assessed against the antibiotics in a broth microdilution assay, and
compared to the MIC levels of initial planktonic cultures. The MIC
broth microdilution assay tests the level of antibiotic resistance in
the planktonic state, that is, the level of resistance determined by
classical “cellular” antibiotic resistance mechanisms5 and does not
capture the additional resistance provided by biofilm mode of life.
Additional resistance provided by the biofilm lifestyle (“biofilm
tolerance”) is directly related to the ability to form biofilms,5 which
was tested separately. Thus, by using the broth microdilution MIC
assay (to test “cellular” level resistance), and biofilm formation
assays (to assess the ability to form biofilms), we were able to
separate these two phenotypes, both of which can significantly
contribute to the overall resilience of biofilms.
Acinetobacter baumannii is intrinsically resistant to many

antibiotics, and consequently ciprofloxacin and tetracycline were
used in this study, due to the relatively low level of resistance of A.
baumannii AB5075-UW to these two antibiotics. These antibiotics
are chemically diverse and belong to different classes, with
different modes of actions. Ciprofloxacin (fluoroquinolone) func-
tions via inhibiting DNA gyrase and topoisomerases involved in
transcription, thereby inhibiting cell division.22 Tetracycline (tetra-
cycline class) inhibits protein synthesis by binding to the 30S
subunit of microbial ribosomes.23 Earlier studies also demon-
strated that both ciprofloxacin and tetracycline are able to
permeate biofilms,18,24 which is important to maximize the
exposure of biofilm cells to antibiotics.

RESULTS AND DISCUSSION
Understanding the dynamics of biofilms exposed to antibiotics is
important for developing control strategies and for tracking the
evolution of resistance. With this in mind, we exposed biofilms of a
highly virulent clinical strain of A. baumannii, AB5075-UW, to sub-
inhibitory concentrations of two antibiotics: ciprofloxacin and
tetracycline. Phenotypic and genomic analyses were undertaken
on cells dispersing from biofilms, while the biofilms were
investigated using transcriptomics. This multipronged approach
examined processes occurring in biofilm communities, reflected in
differential gene expression, while simultaneously examining
genomic changes in cells dispersing from biofilms.

Ability to form biofilms
Biofilm formation can increase the resistance/tolerance of biofilms
by orders of magnitude. Therefore, the ability to form biofilms has
serious implications for antibiotic therapy. Biofilm formation was
assessed using spectrophotometric quantification of biofilms
stained with crystal violet (CV). Compared to the initial planktonic
isolates, biofilm effluent isolates (with or without antibiotic
exposure) showed increased biofilm formation capability (Fig. 1).
Many tetracycline-exposed biofilm effluent isolates showed an
additional increase in biofilm formation. Increased biofilm forma-
tion in the presence of tetracycline has been reported in other
bacteria25,26 and can complicate treatment of biofilm-related
infections, because the treatment itself promotes biofilm forma-
tion and enhances biofilm-specific resistance mechanisms (also
known as “biofilm tolerance”).5 Here we demonstrate that these
phenotypes can be fixed within populations of biofilm dispersal
cells, which then display enhanced biofilm formation even after
treatment has ceased.

Fig. 1 Results of biofilm formation assay. X-axis: 30 planktonic isolates P101–P310 (P samples), 30 antibiotic-free biofilm effluent isolates
B101–B310 (B samples), 30 ciprofloxacin-exposed biofilm effluent isolates C101–C310 (BC samples), and 30 tetracycline-exposed biofilm
effluent isolates T101–T310 (BT samples). Each sample type includes 10 isolates from each biological replicate 1 (blue bars), biological replicate
2 (orange bars), and biological replicate 3 (gray bars). The Y-axis represents corresponding absorbance values of 5-fold diluted crystal violet
extracts at 590 nm (A590). Error bars represent standard deviations between 24 technical replicates. The average value for each sample type is
indicated by red dashed lines. P values denote differences between sample pairs based on nested mixed-factor ANOVA test followed by
Turkey’s HSD post hoc test. P values showing statistically significant (p < 0.05) differences are presented in bold
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Cells from ciprofloxacin-exposed biofilms showed no net
change in biofilm formation in comparison to those from
antibiotic-free biofilms and from planktonic cultures (Fig. 1). Some
individual isolates from the ciprofloxacin and tetracycline treat-
ments were outliers, exhibiting 5 to 10 times higher biofilm
formation than planktonic cells (Fig. 1). This strongly suggested
the accumulation of mutation(s) that enhanced biofilm formation.

Evolution of antibiotic resistance
Cells recovered from antibiotic-exposed biofilms showed consis-
tent increases in antibiotic resistance in the MIC assay, above their
initial MICs (Fig. 2). Out of 30 random isolates recovered from
ciprofloxacin-exposed biofilms, the overwhelming majority (93%)
showed increased resistance towards ciprofloxacin (2-fold or more
increase in the MIC), with most (76%) showing at least a 4-fold
increase in ciprofloxacin resistance. Many ciprofloxacin-exposed
isolates (80%) also showed increased resistance to tetracycline,
with one-third of the isolates showing high levels of resistance (4-
fold and above increase in the MIC) (Fig. 2).
Similar effects were also observed in cells from tetracycline-

exposed biofilms. More than half (53%) of the isolates displayed at
least a 2-fold increase in resistance to tetracycline, with eight
exhibiting high-level resistance, at 4-fold increases in the MIC or
more. Nine of the tetracycline-exposed isolates also gained
increased resistance to ciprofloxacin, in some cases exhibiting a
4-fold increase in the MIC. However, the net difference in average
ciprofloxacin MIC levels between the set of 30 tetracycline-
exposed isolates and the initial planktonic isolates was not
statistically significant (Fig. 2), suggesting that despite an
increased ciprofloxacin resistance observed in several isolates,
tetracycline does not lead to a significant net increase in cross-
resistance towards ciprofloxacin. In contrast, exposure of biofilms
to ciprofloxacin led to a statistically significant net increase in the
MIC levels for both antibiotics in cells dispersed from these
biofilms (Fig. 2).

To further investigate whether biofilm-derived isolates gained
cross-resistance against other antibiotics, the isolates were tested
for their susceptibility to colistin and erythromycin, both of which
differ structurally and functionally from antibiotics to which the
biofilms were exposed. Our choice of antibiotics was limited due
to the innate resistance of AB5075-UW to a broad range of
antibiotics. Many of the isolates that showed increased resistance
towards ciprofloxacin and/or tetracycline were also resistant
towards erythromycin (Supplementary Fig. 1). This suggests the
fixation of mutations for MDR in the resistant isolates. Significant
increase in the levels of erythromycin MIC was observed in the
population of ciprofloxacin-exposed isolates compared to initial
planktonic isolates and compared to antibiotic-free biofilms
(Supplementary Fig. 1). Similar pleiotropic effects have been
observed in studies with planktonic Escherichia coli,27,28 whereas
our study demonstrates that these effects also extend to biofilm
communities. However, for tetracycline-exposed isolates, no
statistically significant net difference was observed overall
between the erythromycin MIC levels of tetracycline-exposed
isolates, antibiotic-free biofilms, and initial planktonic isolates
(Supplementary Fig. 1), reinforcing the fact that tetracycline
exposure had a limited effect on the development of cross-
resistance in the population of antibiotic-exposed cells. No
significant changes were observed in the levels of colistin
resistance between the treatments, although sporadic emergence
of resistance was observed.
Unexpectedly, more than two-thirds of cells recovered from

antibiotic-free biofilms also developed a moderate increase in
tetracycline resistance, and, overall, exhibited a statistically
significant increase in net tetracycline resistance compared to
planktonic isolates (p value= 0.013) (Fig. 2). Interestingly, as was
observed in the biofilm formation assay (Fig. 1), tetracycline
exposure also led to enhanced biofilm formation seen in many
tetracycline-exposed isolates, and in a slight increase in the net
biofilm formation among the 30 tetracycline-exposed isolates,
compared to isolates from antibiotic-free biofilms (p value=

Fig. 2 Results of the minimum inhibitory concentration (MIC) antibiotic susceptibility assay. X-axis: 30 planktonic isolates P101–P310 (P
samples), 30 antibiotic-free biofilm effluent isolates B101–B310 (B samples), 30 ciprofloxacin-exposed biofilm effluent isolates C101–C310 (BC
samples), and 30 tetracycline-exposed biofilm effluent isolates T101–T310 (BT samples). Each sample type includes 10 isolates from each
biological replicate 1 (blue parentheses), biological replicate 2 (orange parentheses), and biological replicate 3 (gray parentheses). Blue bars
represent the MIC levels of ciprofloxacin (in μg/ml, measured on the primary Y-axis on the left), and red bars—the MIC levels of tetracycline (in
μg/ml, measured on the right-hand Y-axis). Consensus MIC levels in the initial planktonic cultures are shown by the horizontal blue (for
ciprofloxacin MIC) and red (for tetracycline MIC) dashed lines. P values denote differences between sample pairs based on nested mixed factor
ANOVA test followed by Turkey’s HSD post hoc test. P values showing statistically significant (p < 0.05) differences are presented in bold
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0.039). Such effects suggest a mild synergistic effect between
mechanisms of biofilm formation and tetracycline resistance. It is
widely accepted that enhanced biofilm formation leads to an
increased resistance to various antibiotics and other environ-
mental stressors via biofilm-specific resistance mechanisms.5 This
indicates that tetracycline may act to promote MDR by enhancing
the protection mechanisms provided by the biofilm. Such biofilm-
specific effects are overlooked in broth microdilution MIC assays
that test resistance levels in a planktonic state, and as a
consequence, do not detect a significant net increase in antibiotic
resistance in the MIC assay for tetracycline-exposed isolates (Fig. 2,
Supplementary Fig. 1).
In contrast, ciprofloxacin exposure leads to the development of

MDR via classical “cellular level” mechanisms5 that operate in
individual cells. These effects result in significantly increased
antibiotic resistance that can be detected by the broth microdilu-
tion MIC assays performed on planktonic cells (Fig. 2, Supple-
mentary Fig. 1). Thus, our data suggest two distinct pathways for
the development of MDR under ciprofloxacin vs. tetracycline
exposure: (1) via increasing “cellular” drug resistance mechanisms
(as tested in the MIC assay), especially seen for ciprofloxacin, often
with a cross-resistance towards tetracycline and erythromycin, and
(2) via increasing biofilm formation (as seen in the biofilm
formation assay), as suggested for tetracycline.

Genomic DNA sequencing and mutation analysis: Network
analysis
Cells dispersing from biofilms have been reported to have high
rates of phenotypic variation.29 To investigate the potential
genetic basis of diversity in biofilm effluent cells, we sequenced
the genomes of 30 random isolates from each treatment type, as
well as the initial inoculum. Genome sequencing detected
multiple mutations in each isolate (Supplementary Data 1). The
majority of mutations were insertions and deletions and muta-
tions mediated by the ISAba13 mobile element, followed by
synonymous/intergenic and non-synonymous single-nucleotide
polymorphisms (SNPs). A number of mutations mediated by
mobile genetic elements ISAba1 and ISAba125 were also detected,
as well as loss of plasmids 1 and 2 from various isolates (Table 1).
From planktonic growth experiments, the doubling time of

AB5075 in a rich medium at 37 °C is estimated to be ~ 1 h,30 and
the spontaneous mutation rate of multidrug resistant A. bauman-
nii strains can vary from 0 to 2.1 × 10−6 mutations per cell

division.31 However, the effects of doubling time and mutation
rate on the number of mutations observed are not straightfor-
ward. The timing of mutation occurrence has a great impact on
the overall number of mutations detected, since the earlier a
mutation occurs, the greater the likelihood; it will be passed on
and multiplied within subsequent generations, compared to a
mutation appearing at a later timepoint. Furthermore, the biofilm
mode of growth represents an additional challenge for such
calculations, due to the heterogeneity and differences in the
cellular activity across the biofilm layers.32,33 Therefore, we chose
not to make such calculations and estimates, instead using de
facto results on the number and nature of mutations as detected
based on bioinformatic analyses.
Although it is hard to estimate exact mutation rates in biofilms,

the number of mutations observed in this study was surprisingly
high. A study by Hammerstrom et al.34 showed the emergence of
a hypermutator phenotype characterized by inactivation of the
mutS gene (encoding an essential protein for the DNA mismatch
repair) in A. baumannii, when grown to evolve tigecycline
resistance over 26 days, with gradually increasing concentrations
of tigecycline, up to 32 times the initial MIC. No mutS gene
mutations were observed in our data (Supplementary Data 1). The
emergence of several mutations, mainly SNPs, and the develop-
ment of resistance towards streptomycin was reported in a recent
study of planktonically grown Salmonella enterica serovar Typhi-
murium LT2, in the presence of sub-inhibitory concentrations of
streptomycin.35 Our study showed an abundance of not only SNPs
but also a high number of mutations related to structural
rearrangements such as insertions and deletions. The latter may
not be unexpected as biofilms are known to promote genomic
rearrangements and increased rates of horizontal gene transfer.36

Cells from antibiotic treatments displayed a higher number of
IS-mediated mutations compared to antibiotic-free samples (Table
1), in agreement with reports that these mobile elements increase
their rates of mobilization in the presence of antibiotics.37

Conversely, fewer instances of plasmid loss were detected in
antibiotic-exposed cells, despite the fact that neither of the A.
baumannii plasmids carry known ciprofloxacin or tetracycline
resistance genes.

Description of main correlation patterns in network analysis. To
examine the emergence of specific mutations in each sample
type, as well as their possible effect on phenotype, network
analyses were performed. These analyses were based on co-

Table 1. Summary of mutations detected in P, B, BC, and BT samples, and the distribution of mutations across the three biological replicates
(represented by R1, R2, and R3, respectively)

P B BC BT

R1 R2 R3 Total (P) R1 R2 R3 Total (B) R1 R2 R3 Total (BC) R1 R2 R3 Total (BT) Total (per
mutation type)

SNP non-synonymous 1 1 1 3 4 2 9 15 9 6 3 18 4 1 9 14 50

SNP synonymous 4 2 1 7 9 4 4 17 12 6 7 25 7 9 10 26 75

SNP intergenic 10 0 2 12 8 0 6 14 10 0 1 11 17 0 1 18 55

Insertions/deletions 1 12 5 18 6 7 9 22 6 13 8 27 10 21 10 41 108

Loss of plasmid 1 1 3 6 10 5 7 6 18 3 4 1 8 1 1 1 3 39

Loss of plasmid 2 0 0 2 2 0 1 1 2 0 0 0 0 0 0 0 0 4

ISAba1 mediated 1 1 0 2 1 5 0 6 0 0 9 9 2 1 2 5 22

ISAba13 mediated 10 1 9 20 12 4 10 26 21 16 8 45 25 10 7 42 133

ISAba125 mediated 0 0 0 0 1 0 1 2 0 3 0 3 2 6 1 9 14

Total (per replicate) 28 20 26 46 30 46 61 48 37 68 49 41

Total (per sample type) 74 122 146 158

P planktonic samples, B antibiotic-free biofilm samples, BC ciprofloxacin-exposed biofilm samples, BT tetracycline-exposed biofilm samples
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occurrence patterns (i) between the presence of specific muta-
tions and the sample type/growth regime, (ii) between the
presence of specific mutations and phenotypic traits (antibiotic
resistance measured by the MIC analyses, and biofilm formation
tested in the microtiter plate assay), and (iii) between specific
mutations and biological replicates.
A strong positive correlation between a mutation and a sample

type suggests that the particular treatment regime acted as a
selective pressure that favored the fixation of that mutation,
because the mutation conferred a phenotypic advantage under
those growth conditions. Conversely, negative correlations indi-
cate the reduced likelihood of certain mutations being fixed under
particular growth conditions.
A positive correlation between a gene mutation and a

phenotype implies a positive effect of that mutation on the
emergence of the given phenotype, while negative correlations
imply a negative effect on a given phenotype.
Positive/negative correlations between a mutation and a

biological replicate indicate the prevalence/absence of that
mutation in that biological replicate.

Correlations directly linking specific mutations with sample origin
and/or a phenotype. Several mutations in locus ABUW_0885
(mainly synonymous SNPs; nodes labeled 5.1–5.6 in Fig. 3) were
linked with resistance to both antibiotics, as well as to enhanced
biofilm formation. Despite a relatively large number of synon-
ymous/intergenic SNPs included in the analyses (Table 1), only
those five synonymous SNPs directly correlated with either a
specific sample type or a phenotype, and, interestingly, all five
synonymous mutations were in the same locus ABUW_0885
(nodes 5.2–5.6 in Fig. 3, Table 2). The limited effect of synonymous
mutations may not be surprising as they do not change protein
sequence, and, hence, often do not impact cellular fitness.
However, in some cases synonymous SNPs can contribute to
changes in phenotype and undergo selection.38 ABUW_0885
encodes a large, possibly secreted, protein often annotated as
“biofilm-associated protein” (Bap). Bap proteins of A. baumannii
are important for adherence to surfaces, including human
epithelial cells, and for the development of the three-
dimensional architecture of mature biofilms.39 Sequence analysis
of the protein encoded by ABUW_0885 using the InterPro tool40

revealed multiple repeats, immunoglobulin (Ig)-like folds, and a
type I secretion C-terminal target domain. The relatively high
number of point mutations identified in ABUW_0885 suggests
that it might be a hot spot for genetic and phenotypic variability.
Similar repeat-containing genes with a high occurrence of
mutations have been previously termed “contingency loci”—
regions of hypermutable DNA that mediate high-frequency,
stochastic, heritable changes that drive rapid evolution and
adaptation of bacteria under changing environmental condi-
tions.41

In ciprofloxacin-exposed samples, mutations were often directly
linked to increased ciprofloxacin resistance, or resistance to both
ciprofloxacin and tetracycline (as tested in MIC assays) (Fig. 3,
Table 2). These include mutations in smpB and ABUW_3609 (nodes
20 and 23.1, respectively). SmpB in association with SsrA (tmRNA)
plays an important role in rescuing stalled ribosomes and
detoxifying toxic protein products under stress conditions. In
earlier studies, deletion of these genes led to increased suscept-
ibility to a range of antibiotics and environmental stresses,42 but
increased resistance to fluoroquinolones, possibly due to a
preventive effect on chromosome fragmentation.43 Likewise, in
our study a mutation in smpB could have decreased or abolished
the activity of the protein, leading to similar effects specific to the
fluoroquinolone ciprofloxacin.
Three types of non-synonymous point mutations were detected

in the adeS gene in effluent cells from ciprofloxacin-exposed
biofilms (nodes 13.1–13.3 in Fig. 3, Table 2). Two of these affected

codon 318 and resulted in the substitution of glycine with valine
or aspartic acid, respectively (nodes 13.1 and 13.2 in Fig. 3, Table
2). These mutations showed strong association with resistance to
both tetracycline and ciprofloxacin in the network analysis. The
third non-synonymous point mutation (node 13.3), affecting
codon 167, showed a weak association with tetracycline resistance
(Fig. 3). AdeS is a sensor which, in conjugation with the AdeR
response regulator, regulates the expression of the AdeABC RND
family multidrug efflux system—one of the major mechanisms of
MDR in A. baumannii. Mutations in adeS can lead to the
constitutive expression or overexpression of this efflux system.44,45

Corroborating our mutation analysis, the AdeABC efflux pump was
highly up-regulated in the transcriptomic data from ciprofloxacin-
exposed biofilm samples, and, to a lesser degree, in tetracycline-
exposed biofilm samples and antibiotic-free biofilms (Fig. 4,
Supplementary Fig. 2, Supplementary Data 3). Based on InterPro
analysis,40 codon 318 is located within the ATPase domain of the
adeS histidine kinase, whereas codon 167 is within the dimeriza-
tion/phospho-acceptor domain. Thus, in addition to identifying
gene mutations linked to particular phenotypes, our data can
identify mutations in different parts of a gene that may have
different phenotypic impacts. In the case of adeS histidine kinase,
mutations in the ATPase domain, particularly those affecting
codon 318, may have greater impact on the expression of the
adeS-regulated AdeABC efflux pump, and, subsequently, on
antibiotic resistance, compared to mutations in phospho-
acceptor domain.
Mutations in two neighboring genes, ABUW_3824 (nodes 25.1

and 25.2 in Fig. 3, Table 2) and ABUW_3825 (nodes 26.1–26.4),
encoding a family 1 glycosyl transferase and a hypothetical
protein, respectively, were common in both ciprofloxacin- and
tetracycline-exposed biofilm samples. These mutations were often
linked with antibiotic resistance phenotypes, suggesting that they
might confer antibiotic resistance and were selected in the
presence of antibiotics (Fig. 3). Genomic analysis showed that
these genes are within the K-locus, which determines the
production of capsular polysaccharide known to protect against
killing by host serum, and to increase virulence.46,47 The K-locus in
strain AB5075-UW includes genes with locus tags
ABUW_3815–ABUW_3833, flanked by lldP and fkpA. A similar
organization of the K-cluster occurs in other A. baumannii
strains.46 Geisinger and Isberg47 have reported an increase in
the K-locus exopolysaccharide when grown in the presence of
sub-inhibitory concentrations of chloramphenicol and erythromy-
cin, due to increased transcription of K-locus genes.47 Whether
mutations in K-locus genes identified in our study lead to changes
in the production in the capsular polysaccharides is not known.
However, our study demonstrates mutational changes in the K-
locus at a genomic level in the biofilm effluent cells with the
potential to translate into fixed alterations in the production of the
polysaccharide. In our transcriptomic data, various sets of K-locus
genes were significantly up- or down-regulated depending on the
growth regime (Supplementary Fig. 2, Supplementary Data 3),
suggesting that the treatments might result in variation of the K-
capsule structure.
ISAba13 mobile element-mediated mutations affecting

ABUW_3609 were detected in antibiotic-exposed biofilm samples
(nodes 23.1–23.3 in Fig. 3, Table 2). This locus encodes the DNA-
binding H-NS protein. These mutations were linked to resistance
phenotypes, as well as to enhanced biofilm formation (Fig. 3). IS-
mediated mutations in an H-NS protein have been linked to high-
level colistin resistance in A. baumannii48 and led to enhanced
adherence to human pneumocytes and an increase in virulence.49

The latter was accompanied by up-regulation of type VI secretion
system and pili. Up-regulation of these genes was also observed in
our transcriptomic data (Supplementary Fig. 2, Supplementary Data
3). Taken together, these suggest that antibiotic exposure may
facilitate the emergence of H-NS mutants, and, subsequently, lead
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to increased antibiotic resistance and virulence. H-NS has several
roles in the cell, most notably in gene regulation and the silencing
of horizontally acquired foreign DNA that often encodes virulence
factors and antibiotic resistance determinants.50 The mutations
affecting ABUW_3609 may lead to inactivation of this gene, and,
therefore, activation or “de-silencing” of horizontally acquired
genes. These may include genes involved in antibiotic resistance,
resulting in the emergence of antibiotic-resistant phenotypes.

Mutations in ABUW_2055, encoding a fimbrial adhesin, appeared
in antibiotic-free biofilm samples and had a positive correlation
with increased biofilm formation (node 14 in Fig. 3). The link
between ABUW_2055 and biofilm formation is not surprising as
fimbrial adhesins, also called attachment pili, are polymeric fibers
that play an important role in surface attachment and biofilm
formation.51

A mutation in csuB (ABUW_1489), part of the csu operon that codes

Fig. 3 The network linking mutations with the growth regime, phenotypes, and biological replicates. The force-directed representation of the
network is constructed based on co-occurrence patterns and correlations (p value <0.01) between mutations and the growth regime, between
mutations and phenotypic measures, and between mutations and biological replicates. Growth regime/sample types are presented as color-
filled nodes: P—planktonic culture (yellow-filled), B—antibiotic-free biofilm effluent (blue-filled), BC—ciprofloxacin-exposed biofilm effluent
(red-filled), BT—tetracycline-exposed biofilm effluent (green-filled). Phenotypes are presented as color-outlined nodes: Bf (blue-outlined)—
biofilm formation, measured in microtiter plate assay; Cr (red-outlined)—resistance to ciprofloxacin measured in MIC assay; and Tr (green-
outlined)—resistance to tetracycline measured in MIC assay. P, B, BT, and BC nodes represent the sample type; Bf, Cr, and Tr nodes represent a
phenotype; R1, R2, and R3 represent biological replicates 1, 2, and 3, respectively; all other nodes denote mutations directly linked with a
specific sample type and/or phenotype. The fill color of nodes corresponds to the sample type that the mutation directly correlates with
(linked to P—yellow-filled, to B—blue-filled, to BC—red-filled, to BT—green-filled). The node outline color corresponds to the phenotype with
which the mutation is directly linked to (linked to Bf—blue-outlined, to Cr—red-outlined, to Tr –green-outlined). Mutations directly linked to
both ciprofloxacin and tetracycline resistance are outlined in khaki. Mutations linked to a particular biological replicate are indicated as
squares (linked to replicate 1), triangles (linked to replicate 2), diamonds (linked to replicate 3), pentagons (linked to replicates 1 and 2),
octagons (linked to replicates 1 and 3), and a hexagon (linked to replicates 1, 2, and 3). The size of the node is relative to the node authority.
Edges (the lines connecting the nodes) represent correlations between two nodes, positive correlations are presented in green, and negatives
in magenta. Edge thickness/intensity represents the strength of correlation. The full description of each mutation is presented in Table 2
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for proteins involved in a chaperon-usher pili assembly system
important for pilus assembly and biofilm formation,52,53 was linked to
increased biofilm formation in our analyses (node 10 in Fig. 3). Peleg
et al.54 showed that the csu operon was only present in pathogenic

strains of A. baumannii, suggesting this is an important virulence factor.
A mutation in vfr (node 18 in Fig. 3) encoding the virulence factor

regulator was also positively correlated with biofilm formation. Up-
regulation of vfr was observed in the transcriptomic data of biofilm

Table 2. Description of mutations that directly correlate (p value <0.01) with a growth regime, a phenotype, or a biological replicate

Label Mutation Annotation Gene/s Gene product/s

SNPs Non-synonymous 2.1 A→ G K5E (AAA→ GAA) rplX 50S ribosomal protein L24

2.2 A→ T K6N (AAA→ AAT) rplX 50S ribosomal protein L24

4 G→ A Intergenic (−98/−30) ABUW_0747/ABUW_0748 Putative transcriptional regulator Cro/CI family/HP

5.1 A→ C E2690A (GAG→GCG) ABUW_0885 Biofilm-associated protein

6 C→ T P233L (CCG→ CTG) ABUW_0944 Oxidoreductase α (molybdoprotein)-subunit

10 C→ T A20V (GCA→ GTA) ABUW_1489 CsuB, putative secreted protein related to type I pili

13.1 C→ A G318V (GGC→GTC) adeS AdeS kinase

13.2 C→ T G318D (GGC→GAC) adeS AdeS kinase

13.3 C→ A D167Y (GAT→ TAT) adeS AdeS kinase

14 G→ A R41H (CGT→ CAT) ABUW_2055 Fimbrial protein

17 T→ A L102I (TTA→ ATA) ABUW_2540 Transposase

27 C→ T Intergenic (+446/−139) ABUW_4067/ABUW_4068 HP/HP

30 G→ A Intergenic (+110/−135) ABUW_1900/ABUW_1901 Oxidoreductase FAD, FMN binding/HP

Synonymous 5.2 A→ G A2635A (GCA→GCG) ABUW_0885 Biofilm-associated protein

5.3 T→ C G1510G (GGT→GGC) ABUW_0885 Biofilm-associated protein

5.4 A→ G L2636L (TTA→ TTG) ABUW_0885 Biofilm-associated protein

5.5 A→ T V2367V (GTA→GTT) ABUW_0885 Biofilm-associated protein

5.6 T→ A T1913T (ACT→ ACA) ABUW_0885 Biofilm-associated protein

InDels Insertions 1 (CTTTGGATT)10→ 11 Intergenic (+257/−590) tyrS/ABUW_0015 Tyrosyl-tRNA synthetase/16S rRNA gene

8 +C Intergenic (−206/−47) ABUW_1059/ABUW_1060 HP/HP

25.1 (T)5→ 6 Coding (737/1212 nt) ABUW_3824 Family 1 glycosyl transferase

Deletions 3.1 (A)5→ 4 Coding (236/1239 nt) ABUW_0633 Putative methyltransferase

15 (A)7→ 6 Coding (198/888 nt) ABUW_2169 Putative membrane protein

18 Δ1 bp Coding (85/708 nt) vfr Virulence factor regulator, cAMP receptor-like protein

19 Δ1 bp Intergenic (−132/+517) ABUW_3017/ggt Integrase/gamma-glutamyltransferase

21.1 (CGGTGCAGT)19→ 7 Coding (313–420/1368 nt) filE Pilus assembly protein

21.2 Δ135 bp Coding (421–555/1368 nt) filE Pilus assembly protein

22 Δ141 bp Partial loss of the gene [ABUW_3448] Glycosyl transferase, group 1

ISAba1 Insertions 3.2 ISAba1 (–)+ 9 bp Coding (356–364/1239 nt) ABUW_0633 Putative methyltransferase

11 ISAba13 (–)+ 9 bp Coding (327–335/654 nt) ABUW_1731 Transcriptional regulator, TetR family

20 ISAba1 (+)+ 9 bp Coding (169–177/477 nt) smpB SsrA-binding protein

26.1 ISAba1 (+)+ 9 bp Coding (229–237/1254 nt) ABUW_3825 HP

ISAba13 Insertions 16 ISAba13 (–)+ 9 bp Coding (170–178/1470 nt) ABUW_2208 Adenylate guanylate cyclase

23.1 ISAba13 (+)+ 9 bp Coding (70–78/327 nt) ABUW_3609 DNA-binding protein HNS

23.2 ISAba13 (–)+ 9 bp Coding (70–78/327 nt) ABUW_3609 DNA-binding protein HNS

23.3 ISAba13 (+)+ 9 bp Intergenic (−27/+160) ABUW_3609/ABUW_3610 DNA-binding protein HNS/thioesterase superfamily protein

25.2 ISAba13 (–)+ 9 bp Coding (779–787/1212 nt) ABUW_3824 Family 1 glycosyl transferase

26.2 ISAba13 (+)+ 9 bp Coding (1008–1016/1254 nt) ABUW_3825 HP

26.3 ISAba13 (+)+ 9 bp Coding (1224–1232/1254 nt) ABUW_3825 HP

Deletions 7 Δ9965 bp ISAba13-mediated [ABUW_1758]–ABUW_1764 Putative acetyl esterase/lipase; extracellular serine protease;
sulfate permease; HP; gdhB2 quinoprotein glucose
dehydrogenase-B; UspA domain protein; GGDEF family
protein

9 Δ8706 bp ISAba13-mediated ABUW_1759–ABUW_1764 Extracellular serine protease; sulfate permease; HP; gdhB2
quinoprotein glucose dehydrogenase-B; UspA domain protein;
GGDEF family protein

12 Δ871 bp ISAba13-mediated [ABUW_1764] GGDEF family protein

24 Δ34,453 bp ISAba13-mediated ABUW_3804–[ABUW_3830] HP; HP; FE/S-dependent 2-methylisocitrate dehydratase;
2-methylcitrate synthase; methylisocitrate lyase; GntR family
transcriptional regulator; aromatic amino acid
aminotransferase; D-lactate dehydrogenase; K-capsule
biosynthesis genes

ISAba125 3.3 ISAba125 (+)+ 3 bp Coding (696–698/1239 nt) ABUW_0633 Putative methyltransferase

26.4 ISAba125 (+)+ 3 bp Coding (695–697/1254 nt) ABUW_3825 HP

28 Δ1985 bp Between ISAba125 ABUW_4087–ABUW_4089 HP; transposase

Loss of
plasmid

29 Δ83,610 bp Loss of plasmid 1 [repAci6]–ABUW_4123 Loss of plasmid 1

Labels correspond to node labels presented in Fig. 3. In the “Mutation” and “Annotation” columns, for SNPs the arrow shows changes in the codon. In the
“Mutation” column, short repeat insertion/deletions are presented as the repeat sequence, in parentheses, followed by the number indicating changes in the
number of corresponding repeat; for IS-mediated insertions—the IS element involved is given, followed by the strand (“+” or “−”), followed by the number of
base pairs involved in the target site amplification. In “Annotation” column, for intergenic mutations, numbers within parentheses represent the position of the
mutation, in nucleotide numbers, relative to the two neighboring genes: upstream (with “−” sign) or downstream (with “+” sign) of each gene. For InDels, the
numbers within parentheses represent the positions of nucleotides affected in a coding sequence, out of the full number of the nucleotides in the gene. In the
“Gene Product/s” column “HP” denotes a hypothetical protein. The slash separates the two genes on each side of an intergenic mutation
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samples (Supplementary Data 3). This locus has been implicated in
quorum sensing and flagellar biogenesis,55,56 both of which are
important determinants of biofilm formation.

Correlations between tetracycline exposure and biofilm formation.
Several genes were commonly mutated in tetracycline-exposed
samples. However, these mutations often positively correlated
with increased biofilm formation rather than increased resistance
to tetracycline, as can also be seen by the close proximity of nodes
representing tetracycline exposure and biofilm formation (nodes
BT and Bf, respectively, Fig. 3). This reinforces a possible synergy
between biofilm formation and tetracycline resistance mechan-
isms. Among these mutations was a large 8706 bp deletion
involving genes ABUW_1759–ABUW_1764 found in tetracycline-
exposed cells and linked to enhanced biofilm formation (node 9,
Fig. 3). This region encodes several proteins, including a
diguanylate cyclase/phosphodiesterase containing GGDEF and
EAL domains. This protein is involved in the regulation of c-di-GMP
levels and is known to affect physiological processes including
biofilm formation.57

Mutations in a putative SAM-dependent methyltransferase
(ABUW_0633) also arose predominantly in tetracycline-exposed
biofilm dispersal cells (Fig. 3). Mutations in SAM-dependent
methyltransferases have been linked to the increased resistance
to doxycycline and tigecycline.58,59 Considering the structural
similarities of these two antibiotics with tetracycline (all belonging
to the tetracycline class of antibiotics), we can speculate that
mutations in ABUW_0633 also have a role in increasing
tetracycline resistance. Tetracycline-class antibiotics inhibit protein
synthesis by preventing the aminoacyl tRNA subunit from binding
to the acceptor site of the 30S ribosomal subunit. Webb et al.58

suggested that a SAM-dependent methyltransferase that has been
shown to confer resistance to doxycycline in in Burkholderia
pseudomallei probably methylates the tetracycline binding site of
the 30S ribosomal subunit. Subsequently, alteration of this gene
function through mutation or deletion might change ribosomal
methylation patterns, which in turn decreases binding efficiency.58

However, based on our analysis, none of the mutations in
ABUW_0633 (nodes 3.1–3.3 in Fig. 3) was directly linked with
tetracycline resistance, but mainly correlated with increased
biofilm formation. This suggests that increased biofilm formation
in these cells may be at least partially responsible for the increased
tetracycline resistance.
The intergenic mutation between ABUW_0747 and ABUW_0748

that can affect the promoter region of the two genes (node 4 in
Fig. 3) predominantly occurred in tetracycline-exposed isolates.
The presence of this mutation also correlated with biofilm
formation and not tetracycline resistance. ABUW_0747 and
ABUW_0748 are part of a prophage (predicted to include genes
ABUW_0733–ABUW_081560) and encode Cro/CI family transcrip-
tional regulators involved in controlling the life cycle of the phage
and its transformation into the lytic phase. Clusters of genes in this
phage were significantly up and down-regulated during biofilm
growth in our transcriptomics data, and were mainly down-
regulated under tetracycline exposure (Fig. 4, Supplementary Fig.
2, Supplementary Data 3). Bacteriophage life cycles have been
linked with biofilm development.61 Whether the putative phage
ABUW_0733–ABUW_0815 has a role in biofilm formation in A.
baumannii and/or in antibiotic resistance is not known.
Thus, our study revealed an interesting phenomenon. Mutations

that appeared in the tetracycline-exposed cells were primarily
linked with increased biofilm formation, and not directly with
increased tetracycline resistance, based on the p value threshold
for each correlation. Corroborating these data, the biofilm
formation assays showed that many tetracycline-exposed isolates
had a notable increase in their capacity to form biofilms,
compared to antibiotic-free biofilm effluent isolates (Fig. 1),
suggesting that tetracycline exposure may drive the emergence

of mutations that result in increased biofilm formation. Ultimately,
such events could lead to serious consequences, as increased
biofilm formation can result in increased resistance to a wide
range of antibiotics and environmental stressors via biofilm-
specific resistance mechanisms.5

Loss of plasmid 1. Complete loss of the largest plasmid, plasmid 1
(shown as node 29 on Fig. 3) positively correlated with antibiotic-
free biofilm samples, indicating this event was common in
antibiotic-free biofilms. However, loss of plasmid 1 was negatively
correlated with tetracycline exposure, suggesting there may be
selective pressure to retain plasmid 1 in the presence of
tetracycline. Interestingly, despite having several annotated genes
involved in resistance towards antibiotics such as streptomycin, no
tetracycline resistance genes are known to be harbored on
plasmid 1. Similarly, no loss of plasmid 2 was observed for
antibiotic-exposed cells (Table 1).

Differences in mutational spectra between biological replicates. As
demonstrated in Fig. 3, there were only a limited number of
mutations that were prevalent or absent in specific biological
replicates, as evident by few positive and negative edges linking a
particular replicate (represented by nodes R1, R2, and R3) with
specific mutations. Moreover, the nodes representing biological
replicates are relatively centrally located within the network, in
close proximity to each other. This implies that there were strong
similarities between biological replicates in their overall muta-
tional spectrum, and none of the replicates showed a strong
inclination towards a specific growth regime or a phenotype. In
accordance with the latter, the nodes representing biological
replicates had no direct correlation with a growth regime or a
phenotype, except biological replicate 3 (node R3) that showed a
negative correlation with tetracycline resistance (node Tr).
Corroborating this observation from the network analysis, in our
MIC assay the isolates originating from biological replicate
3 showed notably decreased tetracycline resistance compared to
isolates from other replicates (Fig. 2).
All three biological replicates correlated with an intergenic SNP

indicated by node 30, replicate 1 showing a strong positive
correlation, while replicates 2 and 3 displayed negative correla-
tions with this node in the network figure (Fig. 3). Apart from these
correlations, the mutation represented by node 30 was not
directly linked with a particular phenotype or a sample type, and,
thus, had no phenotypic implications and was not enriched in a
particular sample type. Upon inspection (Supplementary Data 1), it
became apparent that this mutation was consistently and
exclusively detected in isolates carrying numbers 101–110, from
all sample types P, B, BC, and BT. This implies that this mutation
was present in the original clone used to inoculate the overnight
culture (from which the planktonic isolates P101–P110 were
obtained) for biological replicate 1 and was also detected in nearly
all random biofilm isolates originating from biological replicate 1.
The mutation was absent in isolates originating from replicates 2
and 3. This shows that there was a degree of variability among the
initial clones used for inoculation of triplicate overnight cultures
and, once again, highlights the power of our mutation analysis.

Correlations between mutations. Multiple correlations were
observed between mutations, highlighting the potential for
interplay between genes in generating advantageous phenotypes
(Fig. 3, Table 2, Supplementary Data 2).
A strong positive correlation between two mutations indicates

that these mutations often co-occur within the same genome, for
which there are two likely explanations: there are (i) cumulative
effects where the two mutations may be co-dependent and act in
tandem, possibly having a synergistic effect on the phenotype; or
(ii) compensatory effects where emergence of one mutation under
given growth conditions requires a second mutation to rescue any
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fitness defect imposed by the first mutation.
There were strong positive correlations observed between the

ISAba1-mediated mutation in the smpB gene (node 20 in Fig. 3,
Table 2) and the insertion of ISAba13 into ABUW_3609, encoding a
DNA-binding H-NS protein (node 23.1). These mutations emerged
together in ciprofloxacin-exposed samples, were directly linked
with ciprofloxacin resistance, and, according to the literature,
might play a role in chromosome architecture and stability.43,62

Strong correlations were observed between all three mutations
in the adeS gene (nodes 13.1–13.3 in Fig. 3), the sensor kinase
involved in AdeABC efflux pump regulation, and mutations in
either ABUW_3824 or ABUW_3825 (nodes 25.2, 26.2, and 26.4),
involved in the biosynthesis of the K-capsule. This suggests a
possible functional link between the two mechanisms. Both of
these may affect membrane permeability of the antibiotics, and/or
changes in the K-capsule might ameliorate toxic effects of AdeS-
mediated overexpression of AdeABC. Such interconnectivity
between gene functions remains largely unexplored.
Two mutations in rplX gene, encoding ribosomal protein L24,

were linked with enhanced biofilm formation. These two
mutations, leading to amino acid substitutions in positions 5
and 6 (nodes 2.1 and 2.2 in Fig. 3), were strongly correlated with
each other and were only found as co-occurring mutations.
Also strongly linked were mutations in ABUW_3824 and

ABUW_3448 (nodes 25.1 and 22 in Fig. 3), both of which encode
similar glycosyl transferases. These two mutations in turn were
also correlated with a mutation in ABUW_0633 (node 3.3) and the
deletion of uncharacterized plasmid genes ABU
W_4087–ABUW_4089 (node 28).
Negative correlations between mutations indicate that the two

mutations are not likely to be present in the same genome,
possibly due to the lethal, or highly disadvantageous phenotypic
effects that one mutation may have in the presence of the other.
Such relationships also suggest functional links between affected
genes. An example is the intergenic mutation between the genes
ABUW_3609–ABUW_3610 (node 23.3), which is negatively corre-
lated with mutations in vfr (node 18), ABUW_2055 (node 14), and
ABUW_2208 (node 16), many of which are enriched in the
antibiotic-free biofilms or linked with increased biofilm formation
(Fig. 3). It is likely that the intergenic mutation affects expression
of ABUW_3609, as an ISAba13 insertion in ABUW_3609 (node 23.2)
is linked with increased biofilm formation.
Interactions between various mutations observed in this study

were unexpected, as these links had not been identified
previously. Because our study involved whole genome-wide
analysis of all mutations, it was possible to reveal multiple
mutations per genome and, subsequently, investigate correlations
between the presence and absence of mutations in different parts
of the genome. Such analyses can identify novel interactions
between genes, which have been previously overlooked, and
provide targets for future studies.

RNA-sequencing transcriptomics
As soon as effluent isolates were collected from each biofilm
sample, whole biofilms were harvested and used for RNA
extraction and transcriptomics to identify genes whose transcrip-
tion was up- or down-regulated in each of the treatments. Nearly
half the genes (1516 out of 3895 genes, including plasmid genes)
of A. baumannii AB5075-UW were significantly (p adj. <0.05) up- or
down-regulated in biofilms compared to stationary phase
planktonic cultures (Supplementary Fig. 2, Supplementary Data
3). This reflects profound physiological differences between
planktonic and biofilm lifestyles.
Among the most up-regulated genes in biofilms were genes

involved in the synthesis of ribosomal proteins (Supplementary
Fig. 2). This has been observed previously, for example, in
comparisons between gene expression levels in biofilms and

stationary phase cultures of E. coli.63 In Gardnerella vaginalis,
ribosomal proteins were down-regulated in comparison to
planktonic cells in exponential phase.64 Consequently, differences
in the expression of ribosomal proteins are probably related to
differences in cellular activity between the stationary phase
cultures and exponentially growing planktonic cultures, whereby
the ribosomal turnover in biofilms is higher compared to
stationary phase planktonic cultures, but lower in comparison to
exponentially growing planktonic cultures. A number of other
genes involved in basic metabolic processes such as protein
synthesis, carbohydrate metabolism, and cell division were also
up-regulated in biofilms (Supplementary Fig. 2, Supplementary
Data 3), further suggesting that differences in cellular activity lie
behind the differential expression of genes involved in these
processes.
In comparison to stationary phase planktonic cultures, genes

encoding universal stress proteins and catalases were down-
regulated in biofilms, supporting ideas that the stationary phase is
characterized by nutrient limitation, changes in pH, and the
accumulation of toxic by-products.65,66

Among the highly up-regulated and down-regulated genes in
all biofilm samples were genes/gene clusters involved in the
biosynthesis of proteins for type VI secretion systems, efflux, cell
surface modification, and pili, as well as membrane proteins and
lipoproteins of unknown function (Supplementary Fig. 2, Supple-
mentary Data 3). These gene products often have important roles
in cell interaction and communication, which is of paramount
importance in biofilm formation and functioning. All biofilm
samples, with or without antibiotic exposure, exhibited up-
regulation of drug efflux transport systems. While these systems
are best known for their role in MDR, they were up-regulated in
biofilms even in the absence of antibiotics. This suggests that such
systems have a biofilm-specific role that has been largely
overlooked. There are a few reports that suggest a link between
efflux transporters and biofilm formation. For example, an efflux
transporter component TolC was found to promote cell aggrega-
tion in E. coli.67 In P. aeruginosa, an ABC-family efflux pump was
preferentially expressed in biofilms compared to planktonic cells,
conferring biofilm-specific antibiotic resistance.68 Despite these
reports suggesting the importance of efflux in biofilms, the role of
efflux transporters in biofilms remains largely unknown69

The operon that includes genes nuoA-nuoN (ABUW_
3165–ABUW_3177) and encodes NADH dehydrogenase I was
significantly up-regulated in biofilm samples (Supplementary Fig.
2). In the rhizosphere-dwelling bacterium Pseudomonas fluores-
cens, the nuo-encoded NADH dehydrogenase I was essential for
plant root colonization.70 Since biofilm formation is an essential
trait for colonization, we speculate that the nuo operon has a role
in biofilm formation in A. baumannii.
To identify specific transcriptional responses to each antibiotic,

transcriptomic data from antibiotic-exposed biofilm samples were
compared to data from antibiotic-free biofilms (Fig. 3). The
addition of antibiotics further increased the up-regulation of
genes related to antibiotic resistance, most notably, the RND
family efflux transport system AdeABC, involved in resistance to a
variety of antibiotics.71 Several other putative multidrug efflux
systems were also up-regulated. Ciprofloxacin exposure led to an
increase in the expression of genes in phage and phage-like
islands previously identified in the genome of AB5075-UW,60

whereas tetracycline generally had the opposite effect by down-
regulating these genes (Fig. 4, Supplementary Fig. 2).
Ciprofloxacin exposure resulted in increased expression of

tniABC genes involved in transposition, tra genes involved in
translocation/plasmid conjugation, and the genes recA and umuD
(Fig. 4, Supplementary Fig. 2). The DNA recombination and repair
protein RecA, in conjunction with UmuD polymerase, plays a
central role in the induction of SOS pathway of DNA repair and
mutagenesis. The SOS response also promotes homologous
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recombination and horizontal gene transfer,72 processes impor-
tant for phage transduction, conjugation, and DNA repair. The recX
gene, which encodes the inhibitor of RecA and has a preventive
effect on the induction of the SOS response,73 was significantly
down-regulated under ciprofloxacin exposure.
Induction of recA-facilitated homologous recombination by

ciprofloxacin has been previously reported in other bacteria.74–76

Up-regulation of phage transduction, type IV pili-related transfor-
mation systems, and plasmid conjugation genes observed in this
study is probably the result of recA-mediated induction of the SOS
pathway under ciprofloxacin exposure. Other genes up-regulated
by ciprofloxacin included the CAS genes, part of the CRISPR-
related defense system against bacteriophage and conjugative
plasmid transfer. This is probably a consequence of the up-
regulation of chromosomally encoded phage and plasmid-
encoded conjugation genes.
Tetracycline exposure led to differential expression of unchar-

acterized hypothetical proteins, putative transporters, and the
twin-arginine translocation tatABC genes involved in proofreading
and translocation of large folded proteins across the cytoplasmic
membrane77 (Fig. 4, Supplementary Fig. 2). High-level up-
regulation of tatABC genes (up to 40-fold) suggests a possible
novel mechanism of action for TatABC in tetracycline resistance in
biofilms.
Intriguingly, among the most up- or down-regulated genes in

biofilm samples were a large number of genes/gene clusters
encoding hypothetical proteins with no known function (Supple-
mentary Fig. 2, Supplementary Data 3). Differential expression in
these genes reached more than 1000-fold highlighting significant
gaps in our knowledge of how biofilms form and persist. These
currently unknown gene products could be key factors in biofilm
function and could be explored as targets for controlling biofilm
formation in medical and environmental contexts.

Implications and concluding remarks
Biofilms are recognized as the predominant lifestyle for the
majority of microorganisms. They represent cell communities with
significant physiological differences from their planktonic counter-
parts.15,78,79 Consequently, many processes that have been
studied using planktonic cultures may not apply to biofilms. This
is a particular problem for antibiotic resistance research, with the
realization that microbial resistance in biofilms far exceeds the
resistance levels observed in planktonic cultures.13,21 The unique
properties of biofilms provide protection against antibiotics.5

Biofilm-specific processes such as cell differentiation and
increased rates of horizontal gene transfer can further facilitate
the dissemination of antibiotic resistance.36

Dispersal of cells from biofilms is an essential process in the
biofilm life cycle and is associated with formation of genetic
variants that help to ensure successful re-colonization,80 and
genetic diversification during biofilm growth has been demon-
strated in P. aeruginosa.81 Here, we demonstrate that the
emergence of genomic variants within biofilm dispersal cells is
largely synchronized with changes in the environment. Thus, after
6 days of biofilm growth, only 3 days of which were in the
presence of sub-inhibitory concentration of antibiotics, A.
baumannii biofilm dispersal cells had accumulated a wide diversity
of mutations that conferred phenotypic changes that were
advantageous in the presence of antibiotics. Moreover, we could
also trace mutations to changes in specific gene expression
profiles in these biofilms.
Our data demonstrate the remarkable ability of microorganisms

to adapt to particular environments via rapid evolution, driven by
generation of mutations that are subsequently fixed in cell
populations. These genomic changes conferred fitness advantages
that could overcome environmental pressures such as antibiotic
exposure. In particular, our work demonstrates the alarming

Fig. 4 Transcriptomic changes observed in antibiotic-exposed biofilms compared to antibiotic-free biofilm samples. Transcriptomic changes
(log2 fold change; p adj <0.05) detected in ciprofloxacin- and tetracycline-exposed biofilm samples are presented by orange and green circles,
respectively. The X-axis represents locus tag numbers of the AB5075-UW main chromosome and the largest plasmid 1 (separated by the blue
dashed line). Putative phage genes are outlined by red rectangles. Three independent biological replicates were used for evaluating
significance
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emergence of resistant phenotypes within a very short time
period after exposure to sub-inhibitory concentrations of anti-
biotics. It provides us with an unprecedented window into the
consequences of antibiotic exposure on bacteria in various natural
and medical settings. These rapid and dramatic effects of
antibiotic exposure on biofilm cells might not have been fully
appreciated.
Sequencing technologies have developed to the point where

whole genome sequencing has become a trivial task. Using DNA-
sequencing to understand mutation, transcription, and phenoty-
pic changes to organisms is now practical. We can move beyond
understanding the effect of specific single mutations on
phenotype. Direct investigation of the natural emergence of
mutations under selective pressures via high-throughput genome
sequencing, with minimal sample manipulation, allows an
unbiased and potentially global understanding of bacterial
evolutionary processes. The consequence of interplay between
specific mutations can thus be studied.
In summary, our data highlight the genomic flexibility of

bacteria to quickly adapt to changing environments. These
responses can involve multiple mutations within a single genome
that, combined, may generate novel phenotypes, thus challenging
the “one mutation–one phenotype” paradigm. By using the power
of large-scale genome sequencing and transcriptomics, it is
possible to decipher processes and natural adaptations occurring
in bacteria. This will help to identify mutations with potential roles
in biofilm formation and antibiotic resistance. Since biofilms are
the prevalent form of microbial life in many environments, the
results of our study and our approach are applicable to a wide
range of microorganisms, both in clinical and environmental
settings. In turn, these findings will become a roadmap for future
studies to focus on the role of newly discovered genes and gene
combinations in the development of resistant phenotypes. These
are potential targets in the war on bacterial resistance.

METHODS
Strains and growth conditions
A previously sequenced and characterized, highly virulent strain of A.
baumannii, AB5075-UW,60,82 was used. The strain was maintained on a
cation-adjusted Mueller–Hinton (MH) medium (Becton, Dickinson and
Company).

Biofilm growth and antibiotic exposure
Biofilms were grown in Tygon R-3603 tubes (VWR International) attached
to a peristaltic pump delivering fresh medium at a rate of 4 ml/h. Three
single colonies of AB5075-UW were inoculated into liquid MH medium in
three separate tubes (a separate colony per tube). One hundred microliters
of diluted overnight culture of AB5075-UW (at 1.6 × 104 cells per ml) were
inoculated into sterile tubes, using three independent biological replicates
for each treatment, each replicate in a separate tube/channel (three
channels per treatment). After 3 days of growth at 37 °C to allow biofilm
establishment, one set of triplicate samples was left antibiotic-free, while
the MH medium for the second set was supplemented with 62.5 μg/ml
ciprofloxacin (0.5 MIC), and the growth medium for the third set of samples
was supplemented with 2 μg/ml tetracycline (0.25 MIC). In order to choose
an appropriate concentration of antibiotics for these biofilm experiments,
an MIC test was performed using the broth microdilution method as
described below. The concentration of antibiotics chosen represented the
minimum concentrations that excluded any growth inhibitory effects in
the MIC test. After the addition of antibiotics, biofilms were grown for a
further 3 days, at which time the biofilm effluent cells were collected for
DNA-sequencing. Biofilms formed inside the tubes were harvested for use
in RNA extraction and sequencing.

DNA extraction, sequencing, and mutation analysis
After 72 h of growth, 1 ml of biofilm effluent containing cells detaching
from biofilms were collected from each channel. Effluents were diluted
1000-fold and spread on fresh solid MH medium to grow colonies

overnight. Ten random, distantly located single colonies were picked from
each biological replicate, totaling 90 isolates. These included 30 biofilm
effluent isolates grown under ciprofloxacin exposure (BC samples), 30
effluent isolates grown under the tetracycline exposure (BT samples), and
30 effluent isolates derived from antibiotic-free biofilms (B samples).
Isolates were also collected from the initial overnight planktonic cultures
that were used to inoculate biofilms by spreading the aliquot of the diluted
culture, in corresponding biological triplicates, on MH solid medium and
collecting 10 distantly located random single colonies per biological
replicate, totaling 30 isolates derived from the initial planktonic culture (P
samples).
Genomic DNA was extracted from all 120 isolates individually using the

DNeasy kit (Qiagen) and the manufacturer’s protocol. Genomic DNA
samples were submitted to the Ramaciotti Center for Gene Function
Analysis (UNSW, Sydney, Australia), where samples were sequenced using
HiSeq2500, yielding 120 million paired end reads of 250 bp in length.
Sequence data were trimmed from low-quality data using Trimmomatic

software83 and the quality of sequence data was assessed using FastQC
(Babraham Bioinformatics). Paired end reads were combined using Flash.84

The Breseq algorithm85 was used for mutation analysis of each individual
sample, using combined sequencing reads derived from each isolate. The
complete genomic sequence of AB5075-UW available from GenBank
(Accession: PRJNA243297) was used as a reference. Mutations with <50%
frequency (as estimated by Breseq) were excluded.

Network analysis using mutation data
Pearson’s correlations based on mutation co-occurrences and quantitative
phenotypic data were calculated in R using the Hmisc 4.1-0 package.86 The
correlation data obtained (as presented in Supplementary Data 2) was
imported into the network visualization software Gephi87 to generate
networks based on the ForceAtlas2 layout algorithm.88 Only correlations
with p value <0.01 were included in network analyses. Only mutations
directly linked with major nodes (those representing growth regimes,
phenotypes, and biological replicates) are shown. Full unfiltered correla-
tion results are presented in Supplementary Data 2.

RNA extraction, sequencing, and analysis
After 72 h of growth following the addition of antibiotics and immediately
upon collection of biofilm effluent cells, tubes containing biofilms (three
independent biological replicates for each treatment, each replicate in a
separate tube/channel, as stated previously) were washed with MH
medium to remove planktonic or loosely attached cells. Qiazol reagent was
added directly to the biofilms in tubes to lyse and collect the cell material.
RNA extraction was performed using the miRNeasy kit (Qiagen) according
to the manufacturer’s protocol. RNA samples were submitted to the
Ramaciotti Center for Gene Function Analysis (UNSW, Sydney, Australia) for
ribosomal RNA depletion and sequencing. RNA samples were sequenced
on the NextSeq500 platform generating 400 million paired end reads,
75 bp in length.
Sequence data were trimmed from low-quality data using Trimmomatic

software.83 The quality of sequence data was assessed using FastQC
(Babraham Bioinformatics). Genome mapping was performed using the
EDGE-pro algorithm.89 Differential expression was calculated in R using the
Deseq2 package.90 To validate the differential expression data, the RNA-
sequencing analysis was also performed using the Rockhopper software91

and the Tophat/Cufflinks/Cuffdiff pipeline,92 both of which yielded results
similar to the EDGE-pro/Deseq2 output.

Quantification of biofilm formation
The capacity of each isolate to form biofilms was tested by the ability of
the cells to adhere to the wells of 96-well microtiter dishes (Cellstar, flat
bottom, Greiner Bio-One) followed by CV staining of the biofilms formed,
as described by O’Toole and Kolter93 with slight modifications. Briefly,
overnight cultures of each isolate, in triplicate, were inoculated (resulting in
1:100 dilution of the overnight culture) into wells of 96-well microtiter
plates containing 100 μl cation-adjusted MH liquid medium. Inoculated
plates were incubated at 37 °C with shaking (100 r.p.m.) for 20 h. After
incubation, the growth was confirmed as the OD600 using a PHERAstar
microplate reader (BMG Labtech), after which the liquid medium was
removed from each well and the wells rinsed twice with phosphate-
buffered saline (PBS, pH 7.4, Sigma) to remove loosely attached cells. A
0.2% (w/v) aqueous solution of CV stain (Sigma) was applied for 15min
followed by PBS washing, twice, to remove the excess stain. Ethanol
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(150 μl, 100%) was added to each well to extract the CV stain. The extract
was diluted 5-fold and absorbance of the CV stain read at 590 nm using the
microplate reader.
To evaluate net differences in biofilm formation between isolates

originating from planktonic (P), antibiotic-free biofilm (B), ciprofloxacin-
exposed biofilm (BC), and tetracycline-exposed biofilm (BT) samples, a
three-level mixed-factor nested analysis of variance (ANOVA) was used
(technical replicates nested within each isolate, isolates nested within
samples in separate biological replicates, and biological replicates nested
within sample types) revealing significant heterogeneity between samples
(F3.8= 12.97; p= 0.002). The post hoc Tukey’s HSD (honestly significant
difference) test was employed to reveal differences between sample pairs.

Antibiotic susceptibility testing
Antibiotic susceptibility of each isolate was tested using an MIC broth
microdilution method,94 using 2-fold dilutions of antibiotics starting from
1000 μg/ml for ciprofloxacin, 125 μg/ml for tetracycline, 30 μg/ml for
colistin, and 1000 μg/ml for erythromycin.
To evaluate net differences in MICs between isolates originating from P,

antibiotic-free B, ciprofloxacin-exposed BC, and tetracycline-exposed BT
samples, a mixed-factor nested ANOVA was used (MICs for individual
isolates nested within samples in separate biological replicates, and
biological replicates nested within sample types), followed by the post hoc
Tukey’s HSD to reveal differences between sample pairs. The ANOVA test
revealed statistically significant heterogeneity between samples in all MIC
tests, including for ciprofloxacin (F3,8= 40.83; p= 3.38E− 05), tetracycline
(F3,8= 5.22; p= 0.027), and erythromycin (F3,8= 4.96; p= 0.031). Due to
the nature of MIC microdilution assay, MIC values often do not follow a
normal distribution, as was also apparent in our study when tested using
data distribution histograms. To achieve normal distribution, the data was
log-transformed prior to ANOVA calculations, as described in ref. .95

Reporting summary
Further information on experimental design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
The DNA and RNA sequence data that support the findings of this study have been
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Chapter 9: Discussion and future directions 

Acinetobacter baumannii is an opportunistic, nosocomial pathogen that has acquired a diverse 

range of antimicrobial resistance mechanisms (1, 2). An important resistance mechanism are 

multidrug efflux systems that can directly expel noxious compounds out of the cell before 

bactericidal concentrations are reached (3). Direct efflux of noxious compounds allow bacterial 

pathogens to survive antimicrobial therapy and subsequently develop more specific resistance 

mechanisms (4). 

Advances in modern genome sequencing and increasing accessibility of high-throughput genomic 

sequencing technologies, such as TraDIS and transcriptomics has provided an exciting opportunity 

to sequence drug resistant isolates and study global fitness and gene responses to antimicrobial 

challenge (5, 6). Such high-throughput approaches have led to the discovery of new efflux pumps 

and even novel efflux pump families (7-9). The work presented throughout this thesis features the 

use of high-throughput methods, such as TraDIS (Chapter 2) and transcriptomics (Chapter 7-8) at 

sub-inhibitory concentrations of biocides and antimicrobials to identify novel genes conferring 

antimicrobial resistant phenotypes in A. baumannii (Chapter 3-5). In addition to this work, we 

developed a new method for real-time visualisation of heterogeneity in drug efflux rates within an 

isogenic bacterial population (Chapter 6).  

In Chapter 2, TraDIS was utilised to understand fitness factors contributing to biocide tolerance to 

ten distinct biocides that were important for resistance to both biocides and antibiotics in 

A. baumannii. In Chapter 6, transcriptomics and proteomics were applied to investigate the global 

gene response of A. baumannii AB5075_UW to subinhibitory ciprofloxacin challenge. In Chapter 

7, transcriptomics was applied to study the global gene response to ciprofloxacin and tetracycline 

antibiotics in biofilms. Drug efflux pumps played a central role in the global gene responses across 

all three studies (Chapter 2, 7, 8). In Chapter 2, TraDIS analysis identified a number of 

well-characterised drug efflux pumps of A. baumannii (AdeABC, AdeIJK, ArpAB, AmvA) and 

known efflux pump regulators (AdeRS, AdeN, AmvR and TetR) that were important fitness 
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determinants for a diverse range of biocides. This suggests biocide exposure in clinical settings 

may play a role in the emergence of antibiotic resistant pathogens. In Chapter 7, transcriptomic 

and proteomic studies of subinhibitory exposure of A. baumannii to ciprofloxacin, revealed the 

AdeIJK RND efflux system contributed to intrinsic resistance of this pathogen to ciprofloxacin. In 

Chapter 8, genome sequencing and subsequent transcriptomic analysis of biofilm isolates exposed 

to ciprofloxacin or tetracycline at subinhibitory concentrations for three days showed frequent, 

co-occurring mutations in the transcriptional regulator adeS gene, potentially leading to 

constitutive overexpression of the AdeABC multidrug efflux system. Subsequent transcriptomic 

analyses showed significant upregulation of AdeABC efflux system genes in biofilms compared 

to planktonic cultures. 

The high-throughput nature of these experiments led to the identification of a swathe of 

hypothetical proteins of unknown function conferring significant increased fitness or higher gene 

expression in response to biocides, ciprofloxacin, or tetracycline. Following the biofilm study, 

transcriptomics revealed significant increased expression of a range of hypothetical genes of 

unknown function, including an uncharacterised member of the MATE family of drug efflux 

pumps (Chapter 8). Such genes might simultaneously play important roles in both biofilm 

formation and drug resistance.  Ciprofloxacin transcriptomic analyses in Chapter 7 indicated that 

the ABUW_0098 gene (aciT) is upregulated by ciprofloxacin shock. Initially, we thought this 

might be a potential new ciprofloxacin efflux system, but further work showed that AciT confers 

tolerance to ciprofloxacin via formation of a filamentous cellular morphology. Interestingly, the 

biofilm work in Chapter 8 indicated that expression of aciT is also upregulated in response to 

ciprofloxacin in biofilms. 

In addition to these published works, Chapter 2 identified three hypothetical membrane proteins 

of unknown function that confer fitness to silver nitrate that may represent new efflux pumps. 

Chapters 3-5 explored the potential roles of these hypothetical proteins in drug efflux. These genes 

included yadGH (ABUW_1247/1248) encoding an ABC-2 transporter of unknown function, 

ABUW_0700 encoding an ArAE transporter of unknown function and ABUW_1191 encoding a 
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DUF817 protein of unknown function. These chapters describe a combination of bioinformatics 

and drug resistance and transport assays to investigate their function.  

Silver is a soft transition metal and commonly used anti-infective agent that can act as a 

bactericidal or bacteriostatic biocide with a pleiotropic mechanism of action to inhibit bacterial 

cell growth (10, 11). These mechanisms include generation of reactive oxygen species (ROS) 

through the displacement of iron by binding to iron-sulfur centres, disruption of DNA replication 

through pyrimidine dimerization, and disrupting the surface of the cell envelope leading to 

downstream effects such as electron transport chain inhibition and proton leakage (10–15). Silver 

resistance is largely mediated by the differential expression of porins and metal efflux systems 

(11). Due to the pleiotropic mechanism of action of silver ions on bacteria, we sought to further 

understand the function of the three novel genes through bioinformatic analysis and phenotypic 

assays (Chapter 3-5). 

In Chapter 3, we investigated the YadGH ABC transporter in A. baumannii AB5075_UW, which 

may represent a new multidrug efflux pump and/or may also represent a lipid or polysaccharide 

transport system contributing to cell envelope homeostasis. Bioinformatics analyses reveal the 

conservation of yadGH near a genome region of high synteny related to cell envelope integrity 

and redox. Further in silico analyses with AlphaFold2 predicted a structure that suggests a possible 

role in lipid export. Biolog phenotype microarrays provided further evidence for a putative role in 

cell envelope stress response as heterologous expression of YadGH in E. coli conferred greater 

respiration on QAC detergents dequalinium chloride and domiphen bromide, two antiseptics that 

primarily damage bacterial cell envelope (16–18). Furthermore, yadGH expression appeared to 

specifically confer higher respiration activity on heterocyclic nitrogenous compounds including 

nitrofurans and nitroimidazoles, that form reactive nitrogen intermediates to exert bactericidal 

activity by damaging rRNA, DNA and proteins involved in normal cellular function (19, 20). 

Therefore, the overlap in selectivity for antimicrobials involved in membrane disruption and 

oxidative stress response, and conserved adjacency to an oxygen-insensitive nitroreductase is 

consistent with the role of yadGH in silver tolerance to A. baumannii.  
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Further MIC and efflux assays revealed yadGH was able to confer increased resistance and efflux 

of acriflavine, suggesting it may function as a multidrug efflux pump. Acriflavine has pleiotropic 

effects on the cell including DNA intercalation and cell membrane disruption (21, 22). It is unclear 

whether the acriflavine efflux observed in whole-cell assays is directly attributable to YadGH, or 

whether indirect effects on the integrity or composition of the cell envelope are leading to changes 

in expression of other multidrug efflux pumps. Investigation of the effects of a yadH knockout 

mutant in A. baumannii revealed pleiotropic effects on the cell envelope including changes in fatty 

acid composition, capsule loss and increased permeability and aggregation. 

Further work needs to be undertaken to clearly delineate the physiological role of YadGH and 

identify the ligand of this ABC transporter. Future directions could include recombinant 

purification of the YadGH transport complex and biophysical assays such as nanoDSF, nanoITC 

and SPR could be used to identify the ligand(s) of this ABC transporter. Following identification 

of YadGH substrates, we could pursue proteoliposome transport assays to validate direct transport 

of radiolabelled substrate. Identification of the real ligand(s) of this transporter would likely 

suggest further physiological follow-up experiments. 

In Chapter 4, we investigated ABUW_0700 encoding an aromatic acid exporter family protein of 

unknown function. Members related to this family include AaeB, a p-hydroxybenzoic acid 

transporter that acts as a metabolic relief valve under acid stress in E. coli, and the distantly related 

ALMT family of organic acid transporters that play an important role in metal detoxification and 

nutrient acquisition in plants (23, 24). 

Bioinformatic analysis indicated that ABUW_0700 is part of the core A. baumannii genome and 

conserved adjacent to genes involved in xenobiotic detoxification, redox and peptidoglycan 

maintenance. In silico analyses revealed the ABUW_0700 predicted structure was comprised of 

twelve transmembrane helices and two large cytoplasmic domains, with a large transmembrane 

cavity that is positively charged, suggesting that it binds to an anionic ligand.  
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Heterologous expression of ABUW_0700 in E. coli conferred increased respiration to aromatic 

antimicrobial compounds and toxic anions, but also cations. MICs revealed that ABUW_0700 

conferred increased resistance to sulfadiazine, silver nitrate and acriflavine, and whole-cell 

transport assays suggested acriflavine resistance was mediated by increased efflux. Considering 

the resistance profile characterised for ABUW_0700 were not all anionic in nature, it is suggested 

that ABUW_0700 may also confer antimicrobial tolerance through other mechanisms separate to 

anion transport.   

Future directions to clarify whether ABUW_0700 functions as a drug and/or anion efflux pump, 

could include recombinant purification of the ABUW_0700 transporter protein and biophysical 

assays to determine its ligand(s). Reconstitution of ABUW_0700 protein into proteoliposomes 

will provide an opportunity to determine transport of radiolabelled substrate across a lipid bilayer 

to deduce whether ABUW_0700 may represent an aromatic acid metabolic relief valve and/or 

novel multidrug efflux protein. In addition to these experiments, gene knockout and 

complementation of ABUW_0700 should be conducted to test resistance phenotypes compared to 

parental A. baumannii AB5075_UW strain. This strain can also be used to investigate whether 

ABUW_0700 confers similar impacts to cell envelope homeostasis as YadGH, since 

ABUW_0700 was identified in the same silver nitrate TraDIS experiment.  

In Chapter 5, we investigated ABUW_1191 encoding a DUF817 protein from A. baumannii. In 

Chapter 2, ABUW_1191 was shown to be important for fitness on silver nitrate but, detrimental 

to fitness on four other biocide compounds that act on cell membranes, including chlorhexidine, 

CTAB, hypochlorous acid and glutaraldehyde. This suggests that ABUW_1191 impacts the cell 

envelope in a manner that can lead to differential outcomes depending on the biocide employed.  

Bioinformatic analyses revealed ABUW_1191 was encoded as part of the soft-core genome in 

A. baumannii adjacent to genes involved in virulence and resistance, including the acinetobactin 

siderophore cluster, heme biosynthesis gene, hemE and class C β-lactamase gene, ampC. As silver 

can bind to iron-sulfur clusters and lead to the displacement of iron, conservation of ABUW_1191 
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involved in silver tolerance in a conserved genome region involved in iron-homeostasis is 

suggestive of a putative role in metal detoxification and homeostasis.  

In silico analyses predicted that ABUW_1191 had a unique structure fold, comprised of eight 

transmembrane helices with an antiparallel β-sheet cap over the cytoplasmic pore. In addition to 

the central transmembrane pore were two lateral pores that appear as pathways for substrate 

translocation from the lipid bilayer leaflet to the periplasmic space.  

Heterologous expression of ABUW_1191 in E. coli revealed a multidrug resistant phenotype 

including the β-lactam antimicrobials aztreonam, cefotaxime and cefmetazole. Our bioinformatics 

highlighted that ABUW_1191 is almost always conserved nearby an ampC β-lactamase gene 

(ABUW_1194), where members of this class are known to contribute to aztreonam and cefotaxime 

resistance in A. baumannii (25). Furthermore, ABUW_1191 also conferred resistance to potassium 

tellurite, a potent superoxide generator that can lead to inactivation of iron-sulfur clusters and 

generation of ROS in cytoplasmic space of Gram-negative bacteria (26, 27). MICs indicated that 

ABUW_1191 conferred increased resistance to silver nitrate and acriflavine. Whole-cell transport 

assays showed increased acriflavine efflux conferred by ABUW_1191.  

Our study provides a foundational characterisation of ABUW_1191, and similar to the other two 

proteins, future directions could include purification of ABUW_1191, followed by biophysical 

assays and reconstitution into proteoliposomes. This would hopefully clarify the ligand(s) of 

ABUW_1191 and its physiological role in the cell. Experiments relating to cell membrane 

composition, cell permeability, flow cytometry and capsule production and oxidative stress 

tolerance should be pursued to identify whether presence or absence of ABUW_1191 has 

significant impacts on A. baumannii cell envelope integrity which can influence silver tolerance 

and multidrug resistance phenotypes in this pathogen.  

Chapter 6 describes the development of a novel technique for single cell visualization and 

quantitation of efflux rates within individual cells in an isogenic bacterial population. Natural 
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variations in drug efflux pump expression can lead to different efflux-mediated resistance 

phenotypes in individual cells within an isogenic bacterial population (28, 29).  

We studied heterogeneity in R6G efflux mediated by wild-type E. coli BW25113, following the 

same experimental principles as one would follow a traditional whole cell fluorometric transport 

assay, with the exception that washed and resuspended cells are flowed into a microfluidic chip 

connected to syringe pumps rather than loaded into a cuvette for fluorometric analyses. The design 

of the microfluidic chip enabled strict control over the timing and flow of buffer to initiate the 

transport assay process to allow for rapid efflux rates across a population of individual E. coli 

cells. We were able to clearly define different efflux rates occurring within an isogenic bacterial 

population. By using low concentrations of R6G we were able to visualize single-molecule foci 

largely localized at the cell poles across a bacterial population, that may represent individual efflux 

pumps transporting R6G. We observed three distinct R6G fluorescence transition states at this 

resolution which could reflect the activity of different types of multidrug efflux pump families.  

The design and successful demonstration of our microfluidic chip opens a wealth of experimental 

possibilities looking at multidrug efflux pumps at a single-cell and single-molecule level. For 

example, it could be applied to study drug efflux across a range of different fluorophores and 

fluorescent antimicrobial compounds. It could be potentially linked with gene knockout strains or 

fluorescently-tagged efflux pumps to link the different observed single-molecule efflux dynamics 

to individual transporters. The microfluidic chip functionality could be further optimized, for 

example by modification of the glass slide surface to enhance bacterial cell adhesion. This 

microfluidic chip system could also be used to study other types of transporters such as nutrient 

uptake systems with labelled fluorescent substrates. Moreover, our device provides a versatile 

platform that may be adapted to examine the efficacy of novel efflux inhibitors at the single-cell 

level. The device can allow for the potential characterization of novel efflux inhibitors for the 

complete or partial efflux inhibition across a heterologous efflux population. If only a sub-

population of cells are inhibited, or partially inhibited, this can lead to further development of 

mutagenesis and antimicrobial resistance (21, 30). 
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In summary, the continual exposure of antimicrobial agents to bacteria is driving drug resistance 

and to expand our understanding of antimicrobial resistance, it is imperative to identify and 

develop new techniques to study novel efflux systems and subtleties in their function.  This thesis 

provides a toolkit to preliminarily characterise hypothetical membrane proteins of unknown 

function as putative drug efflux pumps and provides a new method to study heterogeneity in efflux 

rates in vivo. Here we have characterised the genomic context, putative structure, and preliminary 

multidrug resistant and efflux phenotype of three unique genes selected under sub-inhibitory 

biocide exposure of A. baumannii. We have also developed a rapid method to study heterogeneity 

in drug efflux rates within an isogenic population of cells, which will allow for further 

understanding of heterogeneity in efflux function to be studied at the individual cell level.  

In conclusion, multidrug efflux systems play significant roles in antimicrobial resistance and have 

potentially significant roles contributing to biofilm formation and virulence in bacterial pathogens. 

The development of efflux pump inhibitors to combat efflux mediated resistance seems like a 

straightforward therapeutic strategy, however, so far, no efflux pump inhibitor has successfully 

been brought to market largely due to toxicity or pharmacokinetic issues (31, 32). This is likely 

due to the fact that canonical bacterial efflux pump families generally have mammalian homologs, 

leading to undesirable toxicity side-effects of these inhibitors. The discovery of novel efflux pump 

families may provide a new avenue to understand drug resistance mechanisms yet to be discovered 

and provide new therapeutic targets to ameliorate their effects. Furthermore, a thorough 

understanding of the physiological roles played by current and novel efflux systems can provide 

information to construct strategies to select against them or inhibit their mode of action. Together, 

we can hopefully utilise our knowledge of the ecology and evolution of these drug efflux systems 

to help overcome and further understand the role of efflux in the AMR crisis and develop effective 

therapeutic strategies to combat resistance in multidrug resistant pathogens, including 

A. baumannii.  
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Appendix A: Biocide TraDIS supplementary data 

Supplementary data for Chapter 2 “Genomic fitness profiling of Acinetobacter baumannii reveals 

modes of action for common biocides and mechanisms of biocide-antibiotic antagonism” can be 

accessed online: https://www.researchsquare.com/article/rs-157820/latest and is provided in 

“Supplementaryinformation.xlsx”. The Biocide TraDIS values against all ten distinct biocides for 

yadGH (Chapter 3) and ABUW_0700 (Chapter 4) are available in excel sheet titled “Transporters” 

and for ABUW_1191 (Chapter 5) in the excel sheet titled “Hypothetical”.  
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Appendix B: Antimicrobials screened with Biolog PM11-20 

PM11 Compound PM12 Compound 

A1-4 Amikacin A1-4 Penicillin G 

A5-8 Chlortetracycline A5-8 Tetracycline 

A9-12 Lincomycin A9-12 Carbenicillin 

B1-4 Amoxicillin B1-4 Oxacillin 

B5-8 Cloxacillin B5-8 Penimepicycline 

B9-12 Lomefloxacin B9-12 Polymyxin B 

C1-4 Bleomycin C1-4 Paromomycin 

C5-8 Colistin C5-8 Vancomycin 

C9-12 Minocycline C9-12 D, L-Serine hydroxamate 

D1-4 Capreomycin D1-4 Sisomicin 

D5-8 Demeclocycline D5-8 Sulfamethazine 

D9-12 Nafcillin D9-12 Novobiocin 

E1-4 Cefazolin E1-4 2,4-Diamino-6,7-diisopropylpteridine 

E5-8 Enoxacin E5-8 Sulfadiazine 

E9-12 Nalidixic acid E9-12 Benzethonium chloride 

F1-4 Chloramphenicol F1-4 Tobramycin 

F5-8 Erythromycin F5-8 Sulfathiazole 

F9-12 Neomycin F9-12 5-Fluoroorotic acid 

G1-4 Ceftriaxone G1-4 Spectinomycin 

G5-8 Gentamicin G5-8 Sulfamethoxazole 

G9-12 Potassium tellurite G9-12 L-Aspartic-β-hydroxamate 

H1-4 Cephalothin H1-4 Spiramycin 

H5-8 Kanamycin H5-8 Rifampicin 

H9-12 Ofloxacin H9-12 Dodecyltrimethylammonium bromide 
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PM13 Compound PM14 Compound 

A1-4 Ampicilliin A1-4 Acriflavine 

A5-8 Dequalinium chloride A5-8 Furaltadone 

A9-12 Nickel chloride A9-12 Sanguinarine 

B1-4 Azlocillin B1-4 9-Aminoacridine 

B5-8 2,2’-Dipyridyl B5-8 Fusaric acid 

B9-12 Oxolinic acid B9-12 Sodium arsenate 

C1-4 6-Mercaptopurine C1-4 Boric acid 

C5-8 Doxycycline C5-8 1-Hydroxypyridine-2-thione 

C9-12 Potassium chromate C9-12 Sodium cyanate 

D1-4 Cefuroxime D1-4 Cadmium chloride 

D5-8 5-Fluorouracil D5-8 Iodoacetate 

D9-12 Rolitetracycline D9-12 Sodium dichromate 

E1-4 Cytosine-1-β-D-arabinofuranoside E1-4 Cefoxitin 

E5-8 Geneticin (G418) E5-8 Nitrofurantoin 

E9-12 Ruthenium red E9-12 Sodium metaborate 

F1-4 Cesium chloride F1-4 Chloramphenicol 

F5-8 Glycine F5-8 Piperacillin 

F9-12 Thallium (I) acetate F9-12 Sodium metavanadate 

G1-4 Cobalt chloride G1-4 Chelerythrine 

G5-8 Manganese chloride G5-8 Carbenicillin 

G9-12 Trifluoperazine G9-12 Sodium nitrite 

H1-4 Cupric chloride H1-4 EGTA 

H5-8 Moxalactam H5-8 Promethazine 

H9-12 Tylosin H9-12 Sodium orthovanadate 
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PM15 Compound PM16 Compound 

A1-4 Procaine A1-4 Cefotaxime 

A5-8 Guanidine hydrochloride A5-8 Phosphomycin 

A9-12 Cefmetazole A9-12 5-Chloro-7-iodo-8-hydroxyquinoline 

B1-4 D-Cycloserine B1-4 Norfloxacin 

B5-8 EDTA B5-8 Sulfanilamide 

B9-12 5,7-Dichloro-8-hydroxyquinaldine B9-12 Trimethoprim 

C1-4 5,7-Dichloro-8-hydroxyquinoline C1-4 Dichlofluanid 

C5-8 Fusidic acid C5-8 Protamine sulfate 

C9-12 1,10-Phenanthroline C9-12 Cetylpyridinium chloride 

D1-4 Phleomycin D1-4 1-Chloro-2,4-dinitrobenzene 

D5-8 Domiphen bromide D5-8 Diamide 

D9-12 Nordihydroguaiaretic acid D9-12 Cinoxacin 

E1-4 Alexidine E1-4 Streptomycin 

E5-8 5-Nitro-2-furaldehyde semicarbazone E5-8 5-Azacytidine 

E9-12 Methyl viologen E9-12 Rifamycin SV 

F1-4 3,4-Dimethoxybenzyl alcohol F1-4 Potassium tellurite 

F5-8 Oleandomycin F5-8 Sodium selenite 

F9-12 Puromycin F9-12 Aluminum sulfate 

G1-4 CCCP G1-4 Chromium chloride 

G5-8 Sodium azide G5-8 Ferric chloride 

G9-12 Menadione G9-12 L-Glutamic-γ-hydroxamate 

H1-4 2-Nitroimidazole H1-4 Glycine hydroxamate 

H5-8 Hydroxyurea H5-8 Chloroxylenol 

H9-12 Zinc chloride H9-12 Sorbic acid 
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PM17 Compound PM18 Compound 

A1-4 D-Serine A1-4 Ketoprofen 

A5-8 β-Chloro-L-alanine hydrochloride A5-8 Sodium pyrophosphate decahydrate 

A9-12 Thiosalicylic acid  A9-12 Thiamphenicol 

B1-4 Sodium salicylate B1-4 Trifluorothymidine 

B5-8 Hygromycin B B5-8 Pipemidic acid 

B9-12 Ethionamide B9-12 Azathioprine 

C1-4 4-Aminopyridine C1-4 Poly-L-lysine 

C5-8 Sulfachloropyridazine C5-8 Sulfisoxazole 

C9-12 Sulfamonomethoxine C9-12 Pentachlorophenol 

D1-4 Oxycarboxin D1-4 Sodium m-arsenite 

D5-8 3-Amino-1,2,4-triazole D5-8 Sodium bromate 

D9-12 Chlorpromazine D9-12 Lidocaine 

E1-4 Niaproof E1-4 Sodium metasilicate 

E5-8 Compound 48/80 E5-8 Sodium m-periodate 

E9-12 Sodium tungstate E9-12 Antimony (III) chloride 

F1-4 Lithium chloride F1-4 Semicarbazide 

F5-8 DL-Methionine hydroxamate F5-8 Tinidazole 

F9-12 Tannic acid F9-12 Aztreonam 

G1-4 Chlorambucil G1-4 Triclosan 

G5-8 Cefamandole nafate G5-8 3,5-Diamino-1,2.4-triazole  

G9-12 Cefoperazone G9-12 Myricetin 

H1-4 Cefsulodin H1-4 5-Fluoro-5’-deoxyuridine 

H5-8 Caffeine H5-8 2-Phenylphenol 

H9-12 Phenylarsine oxide H9-12 Plumbagin 
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PM19 Compound PM20 Compound 

A1-4 Josamycin A1-4 Amitriptyline 

A5-8 Gallic acid A5-8 Apramycin 

A9-12 Coumarin A9-12 Benserazide 

B1-4 Methyltrioctylammonium chloride B1-4 Orphenadrine 

B5-8 Harmane B5-8 D, L-Propanolol 

B9-12 2,4-Dinitrophenol B9-12 Tetrazolium violet 

C1-4 Chlorhexidine C1-4 Thioridazine 

C5-8 Umbelliferone C5-8 Atropine 

C9-12 Cinnamic acid C9-12 Ornidazole 

D1-4 Disulphiram D1-4 Proflavine 

D5-8 Iodonitrotetrazolium violet D5-8 Ciprofloxacin 

D9-12 Phenylmethylsulfonyl fluoride D9-12 18-Crown-6 ether 

E1-4 FCCP E1-4 Crystal violet 

E5-8 D, L-Thioctic acid E5-8 Dodine 

E9-12 Lawsone E9-12 Hexachlorophene 

F1-4 Phenethicillin F1-4 4-Hydroxycoumarin 

F5-8 Blasticidin S F5-8 Oxytetracycline 

F9-12 Sodium caprylate F9-12 Pridinol 

G1-4 Lauryl sulfobetaine G1-4 Captan 

G5-8 Dihydrostreptomycin G5-8 3,5-Dinitrobenzene 

G9-12 Hydroxylamine G9-12 8-Hydroxyquinoline 

H1-4 Hexammine cobalt (III) chloride H1-4 Patulin 

H5-8 Thioglycerol H5-8 Tolyfluanid 

H9-12 Polymyxin B H9-12 Troleandomycin 
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Appendix C: SDS-PAGE and western blot analysis of YadGH 

(Chapter 3), ABUW_0700 (Chapter 4) and ABUW_1191 (Chapter 5) 
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A) SDS-PAGE and B) anti-His6 western blot of all three hypothetical membrane proteins of 

unknown function against pTTQ18 empty vector (negative control) and pTTQ18-AceI (positive 

control) visualised with Coomassie brilliant blue and anti-His6 probe (Bio-Rad), respectively. 

MMW (Molecular weight marker, 250 kDa precision plus, Bio-Rad). 

AceI positive control appears as two bands at ~10kDa and ~15 kDa as expected. ABUW_1191 

appears as a clear band at ~20 kDa, ABUW_0700 is not clearly visible in the SDS-PAGE gel but 

appears as a smeared wave-like band at ~70kDa in the western blot. The SDS-PAGE gel for 

YadGH shows a band at ~20 kDa that may represent YadH and a band at ~30 kDa that may 

represent YadG. In the western blot, YadH can be visualised as a clear band at 20 kDa, the second 

band at ~37 kDa may represent a YadH dimer, or a His-rich protein contaminant.  

  



 301 

Appendix D: Single-cell R6G efflux assay supplementary data 

A supplementary file titled “single-molecule movie.mov” is provided with this thesis to assist 

visualisation of individual foci observed in the single-molecule efflux assay described in 

Chapter 6.  
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Appendix E: Biosafety approval letter 

 

 

Office of the Deputy Vice-Chancellor (Research) 

Research Office 
C5C Research HUB East, Level 3, Room 324 
MACQUARIE UNIVERSITY NSW 2109 AUSTRALIA 

Phone +61 (0)2 9850 4194 
Fax +61 (0)2 9850 4465 
Email biosafety@mq.edu.au 

 

1 
 

 
6 February 2015  
  
Professor Ian Paulsen 
Department of Chemistry and Biomolecular Sciences 
Faculty of Science and Engineering 
Macquarie University 
 

 

Dear Professor Paulsen, 
 
Re: "Characterizing bacterial transporter, regulator and metabolic genes” (Ref: 5201401141) 
 

NOTIFICATION OF A NOTIFIABLE LOW RISK DEALING (NLRD) 
The above application has been reviewed by the Institutional Biosafety Committee (IBC) and 
has been approved as an NLRD, effective 6 February 2015. 
 
This approval is subject to the following standard conditions: 

 The NLRD is conducted by persons with appropriate training and experience, within a 
facility certified to either Physical Containment level 1 (PC1) or PC2. 

 Working requiring Quarantine Containment level 2 (QC2) does not commence until 
the facility has been certified 

 Only persons who have been assessed by the IBC as having appropriate training and 
experience may conduct the dealing. This includes persons involved in all parts of 
the dealing e.g. researchers, couriers and waste contractors. A copy of the IBC’s 
record of assessment must be retained by the project supervisor. 

 NLRDs classified under Part 1 of Schedule 3 of the Regulations must be conducted in 
a facility (or class of facilities) that is certified to at least a PC1 level and that is 
mentioned in the IBC record of assessment as being appropriate for the dealing; 

 NLRDs classified under Part 2.1 of Schedule 3 of the Regulations must be conducted 
in a facility (or class of facilities) that is certified to at least a PC2 level and that is 
mentioned in the IBC record of assessment as being appropriate for the dealing; 

 Any transport of the GMO must be conducted in accordance with the 
Regulator’s Guidelines for the Transport of GMOs available 
at: http://www.ogtr.gov.au/internet/ogtr/publishing.nsf/Content/transport-guide-1 

 A copy of the IBC’s record of assessment has been attached to this approval.  

 The record of assessment must be kept by the person or organisation for 8 years 
after the date of assessment by the IBC (regulation 13 C of the Gene Technology 
Regulations 2001). 

 All NLRDs undertaken by Macquarie University will be reported to the OGTR at the 
end of every financial year. 

 If the dealing involves organisms that may produce disease in humans, the NLRDs 
must be conducted in accordance with the vaccination requirements set out in the 
Australian Standard AS/NZS 2243.3:2010 
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2 

 

x The Chief Investigator must inform the Biosafety Committee if the work with GMOs is 
completed or abandoned. 

  

Please note the following standard requirements of approval: 

1. Approval will be for a period of 5 years subject to the provision of annual reports.  If, at the 
end of this period the project has been completed, abandoned, discontinued or not 
commenced for any reason, you are required to submit a Final Report. If you complete the 
work earlier than you had planned you must submit a Final Report as soon as the work is 
completed. Please contact the Committee Secretary at biosafety@mq.edu.au for a copy of 
the annual report.   

 

A Progress/Final Report for this study will be due on: 1 February 2016 

 

2. If you will be applying for or have applied for internal or external funding for the above 
project it is your responsibility to prRYLGH�WKH�0DFTXDULH�8QLYHUVLW\¶V�5HVHDUFK�*UDQWV�
Management Assistant with a copy of this email as soon as possible. Internal and External 
funding agencies will not be informed that you have final approval for your project and funds 
will not be released until the Research Grants Management Assistant has received a copy of 
this email. 

If you need to provide a hard copy letter of approval to an external organisation as evidence 
that you have approval, please do not hesitate to contact the Committee Secretary at the 
address below. 

 

Please retain a copy of this email as this is your formal notification of final Biosafety approval. 

Yours Sincerely 

 

Associate Professor Subramanyam Vemulpad 

Chair, Macquarie University Institutional Biosafety Committee 

  

Encl. Copy of record submitted by Macquarie University to the OGTR.   
   
Biosafety Secretariat 
Research Office 
Level 3, Research Hub, Building C5C East 
Macquarie University  
NSW 2109 Australia 
 
T: +61 2 9850 6848 
F: +61 2 9850 4465 
 
http://www.mq.edu.au/research 
 

 
CRICOS Provider Number 00002J 
 
Please consider the environment before printing this email. 
This email (including all attachments) is confidential. It may be subject to legal professional privilege and/or protected by copyright. If you receive it 
in error do not use it or disclose it, notify the sender immediately, delete it from your system and destroy any copies. The University does not 
guarantee that any email or attachment is secure or free from viruses or other defects. The University is not responsible for emails that are personal or 
XQUHODWHG�WR�WKH�8QLYHUVLW\¶V�IXQFWLRQV� 




