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Abstract 
 
Acinetobacter baumannii is a critical priority category pathogen for which new drug 

treatments are urgently required. A major cause of nosocomial infection, A. baumannii is able 

to colonise and persist for long periods of time in hospital environments. Here we have 

characterised a novel colony variant of the well-studied, highly virulent, and drug-resistant, 

model strain AB5075.  

 

We determined the biological mechanism for formation of these rare colonies; insertion 

sequence ISAba13 disrupts gene gtr52 of the capsule synthesis locus. As a consequence, there 

are profound phenotypic effects. We also probed the effects of ISAba13 on transcription of 

adjacently located genes. This led to the discovery of the first bidirectional promoter within a 

bacterial insertion sequence.  

 

Finally, we developed a method termed native Tn-Seq to map genome-wide natural insertions 

of ISAba13 across a population of AB5075. This highlighted a propensity for insertion into AT-

rich DNA, and a pivotal role for the chromosome folding protein H-NS in directing 

transposition to these regions. We show that the ability of H-NS to bridge DNA is required for 

directing these transposition events. To our knowledge, this is the first example of a bacterium 

dictating its own downstream evolution by manipulating patterns of transposition. 
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1.1. The Acinetobacter genus 

The genus Acinetobacter is comprised of aerobic, Gram-negative, non-fermentative, catalase-

positive and oxidase-negative coccobacilli (Juni, 1978; Lee et al., 2017). Within this genus are 

diverse non-pathogenic and commensal species which have been isolated from environments 

including soil, water, sewage and the skin/upper respiratory tract of humans (Juni, 1978; 

Bergogne-Bérézin and Towner, 1996; Jung and Park, 2015). Currently, six 

phenotypically/genetically related species, indistinguishable by simple biochemical tests, have 

been grouped together into the Acinetobacter calcoaceticus-Acinetobacter baumannii 

complex (ACB complex) (Vijayakumar, Biswas and Veeraraghavan, 2019). These include the 

environmental species Acinetobacter calcoaceticus and the human pathogens Acinetobacter 

baumannii, Acinetobacter pittii, Acinetobacter seifertii, Acinetobacter dijkshoorniae and 

Acinetobacter nosocomialis (Vijayakumar, Biswas and Veeraraghavan, 2019). Pathogenic 

Acinetobacter species which are not members of the ACB complex are less commonly isolated 

from clinical specimens (less than 30 % of specimens containing Acinetobacter compared with 

ACB complex members), and include Acinetobacter lwoffi, Acinetobacter haemolyticus, 

Acinetobacter junii, Acinetobacter radioresistens, and Acinetobacter johnsonii (Gupta et al., 

2015; Vijayakumar, Biswas and Veeraraghavan, 2019; Sheck et al., 2023). Globally, the most 

frequently isolated pathogenic Acinetobacter species are three members of the ACB complex, 

A.  nosocomialis, A. pittii, and A. baumannii (Weber, Harding and Feldman, 2016). The latter 

is most prevalent and associated with the greatest mortality (Visca, Seifert and Towner, 2011; 

Park et al., 2014; Lee et al., 2017; Mohd Rani et al., 2018; Rebic et al., 2018). In 2019, A. 

baumannii was estimated to cause over 450,000 deaths (Ikuta et al., 2022). 
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1.1.1. Infections caused by A. baumannii 

A. baumannii is most frequently found within hospital environments and is an opportunistic 

pathogen of immunocompromised individuals and patients in intensive care units (ICUs) 

(Visca, Seifert and Towner, 2011). Although predominantly a nosocomial pathogen, 

community-acquired infections are increasingly prevalent, particularly in tropical climates, 

with up to 88 % of patients presenting during humid months (Dexter et al., 2015). The 

organism causes meningitis, and can infect the skin, wounds, urinary tract, blood, and most 

commonly, the lungs, often manifesting as ventilator-associated pneumonia (VAP) (Ayoub 

Moubareck and Hammoudi Halat, 2020). Interestingly, a high incidence of infection has been 

reported in wounded military personnel serving in Iraq/Afghanistan (Johnson et al., 2007; 

Calhoun, Murray and Manring, 2008). The propensity of A. baumannii to cause nosocomial 

infections is enabled  by its ability to colonise multiple surfaces, survive desiccation, resist the 

host immune response, and resist multiple antibiotics (Monem et al., 2020). First-line 

antibiotic treatments for A. baumannii include β-lactams such as penicillin’s, cephalosporins 

and carbapenems with β-lactamase inhibitors, while second-line treatments include 

aminoglycosides, polymyxins, trimethoprim/sulfamethoxazole and tetracycline and related 

derivatives (Rafailidis et al., 2024). 

 

1.1.2. A. baumannii model strains 

Antibiotic resistance can vary drastically between A. baumannii isolates. For example, the 

model strain ATCC 17978 is susceptible to aminoglycosides, cephalosporins and 

fluoroquinolones, whereas the commonly studied strain AYE is classified as resistant to these 
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antibiotics (Harris et al., 2013). Strain  A. baumannii  AB5075, isolated from a tibial 

osteomyelitis infection, is susceptible only to tetracycline, doxycycline, erythromycin, 

hygromycin, tigecycline and polymyxin B (Jacobs et al., 2014; Cheng et al., 2019). AB5075 was 

chosen as the model strain in this study because it has been shown to be highly drug resistant, 

genetically tractable, and highly virulent in both Galleria mellonela and murine pulmonary 

models, making it an infectious isolate of interest (Jacobs et al., 2014). 

 

1.1.3. Phase switch in A. baumannii 

Previously, it was reported that AB5075 can undergo a phase switch in colony opacity (Tipton, 

Dimitrova and Rather, 2015). The two forms, virulent opaque (VIR-O) and avirulent 

translucent (AV-T) must be distinguished using oblique indirect lighting with a stereo 

dissecting microscope (Fig.1.1) (Tipton, Dimitrova and Rather, 2015). At a particular angle of 

incident light, VIR-O colonies have a rainbow shine around half of the colony (Fig.1.1a), 

whereas AV-T colonies have a thicker blue outer layer surrounding the entire colony, and a 

paler inner area (Fig.1.1b). Intermediate colonies undergoing switching between the two 

phases can occasionally be observed (Fig.1.1c). This phase switch is not limited to AB5075, 

with 3/4  strains, and all of 54  isolates in a separate study, found to produce translucent 

colonies (in the context of a majority opaque morphology) when plated on LB agar (Tipton, 

Dimitrova and Rather, 2015; Ahmad et al., 2019). Recently, a low-switching opaque variant, 

with a 1000-fold decrease in switching frequency compared to a typical VIR-O cell, has been 

discovered (Anderson et al., 2020). This variant has only one copy of an amplified region of a  
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Fig.1.1. Colony morphology of AB5075 VIR-O and AV-T variants 
Colonies viewed using an SMZ1000 Nikkon stereomicroscope with oblique indirect 
illumination (a) VIR-O variants (b) AV-T variants (c) colony undergoing ‘switching’ between 
VIR-O and AV-T. 

(a) 

(b) 

(c) 
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plasmid integron locus (compared to two copies in typical VIR-O cells), with switching to AV-T 

regulated by part of the amplified region encoding a putative global regulator small RNA 

(sRNA) (Anderson et al., 2020). VIR-O and AV-T cells show differences in capsule thickness, 

virulence, host antimicrobial susceptibility, antibiotic susceptibility, desiccation survival, 

biofilm formation, and motility (Tipton, Dimitrova and Rather, 2015; Chin et al., 2018). These 

phenotypes may provide advantages in different environments. A TetR-like transcriptional 

regulator (ABUW_1645) has been identified as a key factor in maintaining the AV-T phase, 

initially identified as an essential gene for growth in the G. mellonella infection model 

(Gebhardt et al., 2015; Chin et al., 2018). 

 

1.2. Virulence factors of A. baumannii 

In order to successfully colonise a host, Acinetobacter species use a large arsenal of virulence 

factors. The most well-known virulence factors are illustrated in Fig.1.2 with functions 

outlined in Table 1.1. The most relevant virulence factors to this study are described in the 

subsections following. 

 

1.2.1. Capsular polysaccharide 

The cell capsule is the outermost exopolysaccharide layer of A. baumannii,  formed of 

repeating oligosaccharide subunits (K-units) (Singh, Adams and Brown, 2019). Genes involved 

in capsule biosynthesis are organised into a genetic region called the K-locus (Fig.1.3a) 

(Kenyon and Hall, 2013). Strain AB5075 has a K-locus designated as type KL25, as illustrated in 

Fig.1.3b. In multiple strains of A. baumannii, K-unit synthesis starts with the production of the 
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Fig.1.2. Illustration of a selection of well characterised virulence factors of A. baumannii 
Bap = Biofilm associated protein, PNAG = poly-β-1,6-N-acetylglucosamine, OMV = outer 
membrane vesicle, LOS = lipooligosaccharide, T6SS = type 6 secretion system, T2SS = type 2 
secretion system, T4P = Type IV pilus. Figure created with Biorender. 
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Factor Function Reference 
Phospholipase D Acts on phosphatidylcholine of 

eukaryotic membranes for epithelial cell 
invasion 

(Jacobs et al., 2010; Stahl 
et al., 2015) 

OmpA Adherence and invasion of epithelial 
cells, induction of apoptosis of host cell, 
adhesion to abiotic surfaces 

(Choi et al., 2005, 2008; 
Gaddy, Tomaras and Actis, 
2009) 

OMV Small spherical proteoliposomes 
formed from outer membrane which 
release OmpA and other virulence 
factors into target cells 

(Jun et al., 2013) 

Acinetobactin High affinity iron chelator essential for 
utilising host iron 

(Sheldon and Skaar, 2020) 

LOS Formed of a lipid A anchor glycosylated 
with core oligosaccharides, without an 
O-antigen repeat as seen in 
lipopolysaccharide (LPS). Confers 
rigidity and permeability. 

(Morris et al., 2019; 
Simpson et al., 2021) 

Capsular 
polysaccharide 

Provides resistance from desiccation, 
disinfectants, antibiotics, and 
antimicrobials 

(Singh, Adams and Brown, 
2019) 

Csu pilus Attachment to abiotic and biotic 
surfaces, biofilm maturation, epithelial 
cell adhesion 

(Tomaras et al., 2003; 
Ahmad et al., 2023) 

T2SS Secretion of protein effectors (toxins 
lipases, proteases) 

(Johnson et al., 2016) 

T6SS Injection of proteins to kill neighbouring 
bacterial competitors 

(Carruthers et al., 2013) 

Bap Formed of immunoglobulin-like 
domains, involved in biofilm formation 
and adhesion to epithelial cells and 
abiotic surfaces 

(Brossard and Campagnari, 
2012) 

PNAG Attachment to abiotic surfaces and 
biofilm formation 

(Choi et al., 2009) 

T4P Twitching motility, natural 
transformation, epithelial cell 
adherence 

(Vesel and Blokesch, 2021; 
Ahmad et al., 2023)  

 

Table 1.1. Well characterised virulence factors of A. baumannii and their functions 

 



 9 

 

 

 

 

 
 
 
 
 
 
 
 
 

 
 

 
 
 
Fig.1.3. Arrangement of the K-locus in A. baumannii 
(a) General arrangement of the K-locus in A. baumannii. Capsule production and processing 
region (white box) shows less conservation than the other two regions, indicating a high 
variability of genes. Figure adapted  from (Wyres et al., 2020).  (b) KL25 capsule biosynthesis 
locus of AB5075. Note synonyms for genes include itrA1/pglC (weeH), qhbA (weeI), qhbB 
(weeJ). The genes mnaA and mnaB are for synthesis of the sugar UDP-D-ManNAcA, and the 
genes, weeI, weeJ and weeK are used for synthesis of UDP-D-QuiNAc4NR. Figure adapted from 
(Senchenkova et al., 2015). 
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 sugar nucleotide UDP-N,N-diacetylbacillosamine (UDP-diNAcBac), also known as UDP-D-

QuiNAc4NAc) (Fig1.4a) (Morrison and Imperiali, 2013). Phospho-diNAcBac is added by the 

initial phosphoglycosyltransferase (itr, also known as pglC/weeH) onto the lipid carrier 

undecaprenyl-pyrophosphate (Und-P) to give Und-PP-diNAcBac (Morrison and Imperiali, 

2013; Singh, Adams and Brown, 2019). Note that some strains of A. baumannii can use UDP-

N-acetylglucosamine (UDP-GlcNAc) or UDP-N-acetylgalactosamine (UDP-GalNAc) as starting 

phosphorylated monosaccharides for transfer onto the Und-P scaffold (Harding et al., 2018). 

Additional sugars are then added to this scaffold by further glycosyltransferase enzymes (for 

example gtr51 and gtr52 in AB5075) to produce the final K-unit (Singh, Adams and Brown, 

2019). In AB5075 K-units are a trisaccharide repeat, as illustrated in Fig. 1.4b. Note that in 

AB5075, WeeI can add either an acetyl group or an (S)-3-hydroxybutanoyl group (Fig.1.4b).   

K-units are translocated to the periplasm by the flippase Wzx, polymerized by Wzy, and 

exported through the outer membrane for presentation on the surface by the Wza/Wzb/Wzc 

complex (Singh, Adams and Brown, 2019). Alternatively, K-units can be used for O-linked 

protein glycosylation of selected surface proteins. The O-oligosaccharyltransferase, PglL, 

attaches the sugar unit to the target protein via a serine/threonine residue (Lees-Miller et al., 

2013). 

 

The capsule is a barrier against disinfectants, antibiotics, antimicrobials and complement, and 

protects from desiccation (Singh, Adams and Brown, 2019). The propensity of Acinetobacter 

to persist and survive in the hospital environment is greatly enabled by its ability to survive 

long periods of desiccation. Capsule forms a negatively charged hydrophilic layer at the  
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Fig.1.4. Synthesis of capsular polysaccharide 
(a) Pathway of UDP-diNAcBac synthesis in A. baumannii. WeeK catalyses oxidation of the 4-
hydroxyl of UDP-GlcNac to a ketone by NAD+, with loss of water and subsequent reduction of 
the alkene bond at C6 to give UDP-4-keto. The aminotransferase WeeJ attaches an amino 
group from glutamic acid at C4 using pyridoxal 5’-phosphate (PMP) to create UDP-4-amino. 
The acetyltransferase WeeI uses Acetyl coenzyme A (AcCoA) to attach an acetyl group at C4 
to generate UDP-diNAcBac, which is attached to Und-P by WeeH. Figure adapted from 
(Morrison and Imperiali, 2013). (b) Biochemical structure of capsular polysaccharide K-unit in 
AB5075. R group can be either (S)-3-hydroxybutanoyl or an acetyl group. Figure from 
(Senchenkova et al., 2015). 
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surface which helps to retain water (Singh, Adams and Brown, 2019; Kon et al., 2020). A. 

baumannii clones with greater hydrophobicity show decreased desiccation tolerance, 

reduced virulence and an increased biofilm forming propensity (Vesel and Blokesch, 2021). 

Interestingly, the oxidoreductase thioredoxin A decreases cell surface hydrophobicity by 

maintaining levels of the Type IV pilus (T4P) (May et al., 2019). 

 

1.2.2. Type IV pilus  

The T4P is a multi-protein helical fibre structure critical for twitching motility, natural 

transformation, adhesion and infection (Vesel and Blokesch, 2021). The backbone of the T4P 

consists of multiple units of the major pilin subunit PilA. These polymerise to extend, and 

depolymerise to retract, the pilus (Ellison et al., 2021). The cytoplasmic AAA+ ATPase motor 

proteins, PilB and PilT, mediate extension and retraction respectively via interactions with 

integral membrane protein PilC (Ellison et al., 2021). There is  large functional diversity of PilA 

in terms of  sequence and glycosylation patterns (Ronish et al., 2019). While some strains carry 

a designated type IV pilus glycosylation enzyme (TfpO) others, such as AB5075, do not 

(Harding et al., 2015; Ronish et al., 2019).  Variation of PilA properties such as surface charge, 

between different Acinetobacter, may indicate a choice between motility and biofilm 

formation (Ronish et al., 2019). 

 

1.2.3. Csu pilus 

The Csu chaperone-usher type pili are longer than T4P, and are encoded by an operon formed 

of the genes CsuA/B, csuA, csuB, csuC, csuD and csuE  (Ahmad et al., 2023). Csu pili are key 
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mediators of biofilm maturation at abiotic surfaces. Unlike deletion of genes encoding the T4P 

major subunit pilA, deletion of csuA or csuC significantly reduces pellicle biofilm formation 

(Ahmad et al., 2023). The CsuA/B subunit was discovered to be the most abundant protein of 

air-liquid interface pellicles of  three morphologically different clinical isolates (Chabane et al., 

2014). Csu pili were also shown to reduce surface motility, enhance murine bacterial 

colonization, and mediate adherence to A549 epithelial cells (Ahmad et al., 2023). 

 

1.2.4. Type VI secretion system (T6SS) 

The T6SS secretion system is a multi-protein contractile structure mediating the contact-

dependent injection of effector proteins into neighbouring cells. These can be other bacteria 

or eukaryotic hosts. Initially, T6SS of A. baumannii were only thought to target bacterial cells 

(Carruthers et al., 2013; Morris et al., 2019). However, recently, three yeast species were 

shown to be killed by A. baumannii using a T6SS secreted DNase called TafE (Luo et al., 2023). 

However, the utility of the T6SS appears strain-dependent; the system is lost from some 

clinical isolates (Wright et al., 2014). One study found that, despite expression of the T6SS in 

five A. baumannii strains, including three clinical isolates, only one non-clinical isolate could 

kill E. coli in a T6SS-dependent manner (Repizo et al., 2015). This non-clinical isolate also 

showed dependency on the T6SS for virulence in G. mellonela (Repizo et al., 2015).  

 

1.2.5. OmpW 

Though less well studied than other A. baumannii virulence factors, the β-barrel porin OmpW 

is significantly up-regulated in persister cells (quiescent bacteria which can survive transient 
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exposure to bactericidal antibiotics), which may partly explain increased virulence of 

persisters  in G. mellonella  (Schmitt et al., 2023). Deletion of ompW decreases adherence, 

invasion, and cytotoxicity whilst the minimum lethal dose of A. baumannii in a mouse sepsis 

infection model increases (Gil-Marqués, Pachón and Smani, 2022). OmpW is also involved in 

the uptake of iron, and is found in OMVs with the potential to elicit a strong immune response, 

making it an attractive vaccine target (Huang et al., 2015; Catel-Ferreira et al., 2016). OmpW 

interacts with the OXA-23 carbapenamase, and is down-regulated in the carbapenem 

resistant strain ABRS307, and some colistin-resistant A. baumannii (Vila, Martí and Sánchez-

Céspedes, 2007; Tiwari et al., 2012). This suggests levels of OmpW could play a role in 

susceptibility to carbapenems, and/or colistin. While deletion of ompW decreases 

susceptibility to multiple antibiotics in E. coli, in A. baumannii only a change in minimal 

inhibitory concentration (MIC) is seen for meropenem (Catel-Ferreira et al., 2016; Wu et al., 

2016). Additionally, OmpW has been shown to play a positive role in biofilm formation in ATCC 

17978 (Gil-Marqués, Pachón and Smani, 2022). 

 

1.3. Biofilm formation 

Biofilms are a population of surface-associated bacterial cells surrounded by a matrix of 

exopolysaccharides, extracellular DNA, proteins, and OMVs. When in a biofilm, bacteria are 

more resistant to antibiotic treatments, disinfectants, desiccation, and the host immune 

response (Gunn, Bakaletz and Wozniak, 2016). Biofilm formation on medical equipment such 

as catheters, prosthetic joints, pacemakers, and dry surfaces enables persistence of A. 

baumannii in the nosocomial environment (Pour et al., 2011; Espinal, Martí and Vila, 2012; 

Upmanyu, Haq and Singh, 2022). In A. baumannii the main mediators of biofilm formation are 
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the aforementioned T4P and CsuA/BABCDE chaperone-usher complex, as well as OmpA, 

biofilm associated protein (Bap) and the exopolysaccharide poly-β-1,6-N-acetylglucosamine 

(PNAG) (Vijayakumar et al., 2016). The latter is the glue holding the matrix together. 

Regulation of biofilm formation depends on many external factors including light, iron 

availability, oxygen, cell density, antibiotics and growth conditions (Upmanyu, Haq and Singh, 

2022). The secondary messenger cyclic di-GMP, and two component system BfmR/S, have 

been identified as central regulators, coordinating the sensing of environmental conditions to 

biofilm production (Upmanyu, Haq and Singh, 2022). Additionally, environmental 

temperature can influence biofilm formation. In ATCC 17978, Csu is upregulated at 28 °C 

compared to 37 °C, leading to greater biofilm production (De Silva et al., 2017). Conversely, 

surface-associated motility was reduced at this lower temperature, reinforcing the 

antagonism between biofilm formation and motility (De Silva et al., 2017). 

 

1.4. Motility 

Although lacking a flagellum and classified as “non-motile”, Acinetobacter species are able to 

move across semi-solid surfaces by twitching motility and surface-associated motility 

(Vijayakumar et al., 2016). Twitching motility, mediated by the T4P, is the movement of 

bacteria at the interface between two surfaces (Harding et al., 2013). The T4P can extend, 

attach to a surface, and retract to pull the bacterium along towards the point of attachment 

(Harding et al., 2013).  
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Surface-associated motility is less well understood, but is believed to be appendage-

independent, and possibly driven by secretion of extrapolymeric material (Corral et al., 2021). 

There is some discrepancy in results between whether the T4P also plays a role in surface-

associated motility (Clemmer, Bonomo and Rather, 2011; Harding et al., 2013; Wilharm et al., 

2013; Ahmad et al., 2023). Overall however, it seems multiple genes, involved in nucleoside 

metabolism, stress response, RNA modification, outer membrane proteins, and natural 

transformation, are needed (Blaschke, Skiebe and Wilharm, 2021). 

 

1.5. Natural transformation 

Many A. baumannii strains are naturally transformable, able to take up DNA from the 

environment and incorporate it into their genome. In one study, 86/142 (36 %) clinical isolates 

were naturally competent (Hu et al., 2019). Whereas, an even greater incidence (27/61, or 44 

%) of environmental avian isolates were found to be naturally transformable (Wilharm et al., 

2017). This process is thought to involve the T4P, with pilT, the ATPase required for retraction, 

essential for natural transformation (Wilharm et al., 2013). Additional essential components 

include PilQ, the secretin which allows DNA translocation through the outer membrane, and 

the ComEC channel, which allows passage through the inner membrane into the cell (Vesel 

and Blokesch, 2021). In A. baumannii A118, production of T4P is correlated with cell density, 

with maximum rates of transformation coinciding with an OD600 of 0.6 (Vesel and Blokesch, 

2021). The propensity to undergo natural transformation has enabled horizontal gene transfer 

(HGT) of sequences involved in drug resistance, with homologous recombination driving strain 



 17 

divergence (Snitkin et al., 2011). This has led to the widespread acquisition, upregulation, 

exchange, and dissemination of antibiotic resistance determinants.  

 

1.6. Antibiotic resistance 

Antimicrobial resistance is a significant cause of global mortality, with almost 5 million deaths 

associated with, and 1.3 million deaths directly caused by bacterial antimicrobial resistance in 

2019 (Murray et al., 2022). The rapid development of resistance has been catalysed by a lack 

of new antibiotic research and development, poor stewardship, limited surveillance, and 

overuse of antibiotics in the clinic and agricultural industries. The ESKAPE pathogens 

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa and Enterobacter species) encompass a group of 

increasingly prevalent, virulent bacteria which have become particularly difficult to treat, 

given their formidable resistance to our current arsenal of antibiotics (Rice, 2008; Santajit and 

Indrawattana, 2016). 

 

While general resistance to antibiotics is of increasing concern, carbapenem-resistant A. 

baumannii are classified as a critical priority for research and development of new 

antimicrobials by the World Health Organization (Tacconelli et al., 2018). The alarming rise in 

multidrug resistant (MDR) A. baumannii has limited treatment options, leaving only antibiotics 

of last resort – colistin and tigecycline. Extensively drug resistant (XDR) and Pan-resistant 

strains are also emerging, with some infections essentially untreatable with current antibiotics 

(Karakonstantis, 2021). In 2019, over 100,000 deaths were attributable to A. baumannii 
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antimicrobial resistance, with the highest fraction of such deaths (relative to other bacterial 

pathogens) most prevalent in Southeast Asia, east Asia and Oceania (Murray et al., 2022). 

 

Resistance to antibiotics can be achieved by reducing their intracellular concentration. This 

can be done by efflux or by reducing entry. Antibiotic Inactivating/modifying enzymes, and 

modification/loss of the antibiotic target, can also play a role. The classical drug resistance 

mechanisms to antibiotics, with examples in A. baumannii are outlined in Fig.1.5.  A. 

baumannii has a high degree of intrinsic resistance, that is resistance conferred as a 

consequence of the structural and functional characteristics of the bacterium. Important 

factors include low permeability outer membrane protein OmpA, along with constitutively 

expressed β-lactamases and efflux pumps (Sugawara and Nikaido, 2012; Ayoub Moubareck 

and Hammoudi Halat, 2020). Acquired resistance is when Acinetobacter obtains the ability to 

resist an antimicrobial to which it was previously susceptible. For example, the acquisition of 

metallo-β-lactamases contained in class I integrons (Ayoub Moubareck and Hammoudi Halat, 

2020). The rapid dissemination of antimicrobial resistance genes in A. baumannii can be 

partially explained by the propensity for Acinetobacter to undergo HGT via conjugation, 

transformation, transduction and OMV transfer (Da Silva and Domingues, 2016). These 

processes often involve the exchange and movement of MGEs containing antibiotic resistance 

determinants. These include plasmids, bacteriophages, transposons, integrons, miniature 

inverted repeat transposable elements (MITEs) and insertion sequences (ISs) (Da Silva and 

Domingues, 2016). 
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Fig.1.5. Illustration of resistance mechanisms of A. baumannii 
Decreased expression of porins on the outer membrane e.g. OmpA reduces β-lactam entry 
into the cell (Sugawara and Nikaido, 2012).  Increased efflux pump activity e.g. AdeIJK reduces 
intracellular tetracyline concentration (Saranathan et al., 2017).  Target alteration/loss, for 
example loss of LpxA stops lipid A synthesis targeted by polymyxins (Chamoun et al., 2021). 
Destruction/modification of the antibiotic, e.g. β-lactamases such as carbapenamases that 
hydrolyse carbapenems (Turton et al., 2006). 
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1.7. Transposable elements  

MGEs can be classed as either intercellular, able to transfer from cell to cell (plasmids, phage) 

or intracellular, able only to reposition themselves within the cell (transposons, ISs, integrons 

and introns) (Siguier, Gourbeyre and Chandler, 2014). Note that intracellular MGEs may be 

moved between cells if integrated into intercellular MGEs. All intracellular MGEs are defined 

as transposable elements (TEs) (Siguier, Gourbeyre and Chandler, 2014). The boundaries 

between these classes of MGEs has become increasingly muddied in recent years by the 

discovery of conjugative transposons, also known as integrative conjugative elements (ICEs), 

integrative mobilizable elements (IMEs) and genomic islands, which have similarities to both 

intracellular and intercellular classes (Siguier, Gourbeyre and Chandler, 2014; Guédon et al., 

2017). 

 

TEs are found in every domain of life and were first discovered as the cause of differently 

coloured corn kernels, in maize, by Barbara McClintock in 1948 (Feschotte, 2023).  

Autonomous TEs encode their own machinery for movement to new genomic locations. 

Conversely, non-autonomous TEs rely on trans-encoded proteins (Curcio and Derbyshire, 

2003). Whilst TEs constitute a large fraction of eukaryotic DNA, these elements typically form 

less than 5 % of bacterial genomes (Curcio and Derbyshire, 2003). This could be because 

bacterial genomes have a more compact genetic architecture. Compared with eukaryotes, 

most bacterial TEs use DNA, rather than RNA, intermediates and are therefore classed as type 

II TEs (Siguier, Gourbeyre and Chandler, 2014). 
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1.7.1. Insertion sequences and their derivatives 

The general structure of ISs, and closely related derivatives, is shown in Fig.1.6a. Insertion 

sequences are the simplest transposable elements of bacteria, consisting of short sequences 

(< 2.5 kb) and encoding a transposase (Ross et al., 2021). Initially,  ISs were said to only encode 

a transposase, whereas transposons were larger and defined by the carriage of passenger 

genes of additional function unrelated to transposition (Siguier et al., 2015). The original 

definition of ISs no longer holds, following the discovery of transporter insertion sequences. 

These contain passenger genes for transcriptional regulators, methyltransferases, or 

antibiotic resistance factors (Siguier, Gagnevin and Chandler, 2009; Siguier et al., 2015).  If a 

transporter insertion sequence (tIS) loses its transposase gene, it becomes the non-

autonomous transposable element known as a mobile insertion cassette. If an insertion 

sequence (IS) loses its transposase gene, it becomes a non-autonomous MITE (Siguier, 

Gourbeyre and Chandler, 2014). 

 

Transposons (Fig.1.6b) can be subdivided into unit transposons and composite (also known as 

compound) transposons. In unit transposons, passenger genes are carried with a transposase 

(and typically a resolvase) as part of the transposon (Siguier et al., 2015). ICEs represent a 

further group which resemble unit transposons but additionally contain genes for conjugative 

transfer into other bacteria (Siguier, Gourbeyre and Chandler, 2014). In composite 

transposons, passenger genes reside in a region between two copies of potentially different 

ISs. The IS copies encode the transposase necessary for transposition. For example, the IS5 

family member IS903 flanks either side of a kanamycin resistance phosphotransferase gene in 

the composite transposon Tn903 (Grindley and Joyce, 1980). 
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Fig.1.6. Illustration of ISs and their derivatives 
Green arrow = transposase open reading frame (ORF), yellow triangles = terminal inverted 
repeats (TIR), dark blue square = direct target repeat (DTR), pink arrow = passenger gene, 
orange arrow = transfer genes. (a) Insertion sequences, MITEs, tIS and mobile insertion 
cassette. (b) Unit transposon, composite transposon and ICE. Figure inspired from (Siguier et 
al., 2015) 
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1.7.2. The IS5 family of insertion sequences 

IS5 was initially discovered as an insertion in bacteriophage lambda, disrupting the AT-rich cI 

gene which encodes the transcriptional factor regulating the lysogenic-lytic switch (Engler and 

Van Bree, 1981). Further studies concluded insertion of IS5 near the bgl promoter can activate 

expression of the H-NS repressed bgl operon in E. coli (Reynolds, Felton and Wright, 1981; 

Schnetz and Rak, 1992). The IS5 family is now relatively diverse and formed of six groups: IS5, 

IS427, ISH1, ISLL2, IS1031 and IS903, with most members containing only a single transposase 

open reading frame (ORF) (Siguier et al., 2015).  

 

Members of the IS5 family (including ISAba5, ISAba12, ISAba13, ISAba59 and ISAba62) 

frequently  make up a large proportion of the total IS elements in many A. baumannii genomes 

(Jung and Park, 2015; Adams, Bishop and Wright, 2016; Hamidian et al., 2019; Guo et al., 

2022). ISAba13 in particular is the most abundant of the IS5 family, found in 38 % of 1035 

genomes analysed, and having the second greatest number of total sites identified (3,639) out 

of 37 IS elements surveyed (Adams, Bishop and Wright, 2016). Massive clonal expansion of 

some IS5 family elements is seen in some isolates, for example 22 copies of ISAba13 in the 

hypervirulent isolate LAC-4, and 14 copies in the environmental isolate NCIMB8209 (Ou et al., 

2015; Hamidian et al., 2019). Very little is known about the mechanism of transposition for 

IS5 family members, with the only currently characterised member being IS903 from E. coli 

(Tavakoli and Derbyshire, 2001). 
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1.7.3. Mechanisms of transposition 

Transposases generally catalyse transposition by one of two mechanisms, non-replicative 

(also known as cut-and-paste or simple insertion) or replicative (also known as copy-and-

paste). Both mechanisms have similar chemistry and start with cleavage of the 3’ end of the 

IS at the donor site. With non-replicative transposition, 5’ cleavage also occurs to produce a 

double stranded break. IS903 moves predominantly by a non-replicative mechanism but, 

intriguingly, can also move by a replicative mechanism called cointegrate formation (Tavakoli 

and Derbyshire, 2001). The mechanisms of transposition of IS903 are illustrated in Fig.1.7. 

 

The first step in transposition is recognition of, and binding to, the terminal inverted repeats 

(TIR) by the transposase. Typically, two transposase monomers bind to the ends of the IS and 

oligomerise, bringing the ends together to form a synaptic complex or transpososome. Often, 

the transposase bound to one end catalyses cleavage at the other end, ensuring coordinated 

simultaneous cleavage at both ends (Nagy and Chandler, 2004; Hickan and Dyda, 2015). 

Insertion sequences can be grouped largely by the amino acids at the catalytic site of the 

transposase. The HUH transposases use tyrosine as a nucleophile, and have a conserved pair 

of histidine residues (H) between a large non-polar amino acid (U) (Siguier et al., 2015). The 

DDE-transposases are much more common in IS transposition. All IS5 family members use a 

DDE transposase, which has a conserved catalytic triad of two aspartic acid (D) residues and 

one glutamic acid (E) residue (Siguier et al., 2015). These residues coordinate divalent metal 

ions which activate the H2O nucleophile for initial DNA cleavage at the donor site IS ends 

(hydrolysis), or the nucleotide 3’OH nucleophile during strand transfer into a new target site 

(transesterification) (Hickman and Dyda, 2015). During strand transfer, nucleophilic attack on  
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Fig.1.7. Mechanisms of transposition of IS5 family IS903 
IS903 can move by either a non-replicative/cut-and-paste pathway (left) or replicative/copy-
and-paste pathway (right). Purple arrows represent sites of cleavage. Blue boxes represent IS. 
Green lines represent target site DNA. Red arrows indicate DNA replication. Replicative 
transposition leads to formation of co-integrates which are resolved. In both pathways, 
transposase catalyses nicking to generate a free 3’ end which is used in strand transfer. These 
3’OH ends act as nucleophiles to attack the phosphodiester DNA backbone of the target 
creating the final product. In replicative transposition, the free 3’OH end of the target in the 
Shapiro intermediate primes DNA replication. Figure inspired from (Tavakoli and Derbyshire, 
2001). 
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each strand occurs in a staggered manner. The resultant gaps are filled in by host replication 

or repair machinery, generating the characteristic target site duplications, known as direct 

target repeats (DTRs) (Tavakoli and Derbyshire, 2001). The end result is homology-

independent movement of the IS across the genome (Tavakoli and Derbyshire, 2001). 

Following replicative transposition, homologous recombination or a resolvase is used to 

resolve cointegrates and regenerate the donor and target molecules each carrying a copy of 

the IS (Haren, Ton-Hoang and Chandler, 1999). It is important to note that a non-replicative 

mechanism can also give rise to an increase in copy number of the IS. Bacteria have multiple 

copies of a chromosome in one cell prior to division. The donor locus, prior to excision, can be 

used as a template to restore the excised site by homologous recombination (Hagemann and 

Craig, 1993).  

 

1.7.4. Target site selection 

Biases  have been observed in target selection by ISs (Siguier et al., 2015). Particular sequence 

motifs can guide certain elements, for example IS630 inserts at TA dinucleotides, whilst IS10 

inserts preferentially into the sequence 5’-GCTNAGC-3’ (Lee, Butler and Kleckner, 1987; 

Tenzen, Matsutani and Ohtsubo, 1990). More general nucleotide content biases have also 

been identified, including preferential insertion of IS186 into GC-rich DNA, and IS903 into AT-

rich DNA. (Chong et al., 1985; Hu and Derbyshire, 1998). Preferential insertion into AT-rich 

DNA may partially explain the greater IS prevalence in conjugative bacterial plasmids 

compared to chromosomes, facilitating propagation by HGT (Siguier et al., 2015). Intriguingly, 

hotspots of IS903 insertion within a conjugative plasmid coincided with regions involved in 
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conjugative transfer (Hu and Derbyshire, 1998). Furthermore, genomic context may influence 

insertion frequency. For example, analysis of 155 archaeal genomes showed a bias for 

intragenic insertion between convergently oriented genes, whereas insertion between 

divergently oriented genes is disfavoured (Florek, Gilbert and Plague, 2014). In A. baumannii, 

intragenic insertion can vary dramatically from 30 % to 70 % depending on the IS (Adams, 

Bishop and Wright, 2016). However, these observations may not reflect a preference for 

insertion into these regions, but rather an evolutionary advantage for these insertions which 

drives selection. 

 

Commonly, sites of insertion also manifest as inverted repeat sequences (Lee, Butler and 

Kleckner, 1987; Tenzen, Matsutani and Ohtsubo, 1990; Hu and Derbyshire, 1998). This has 

been suggested to facilitate target sequence recognition by a dimeric or multimeric 

transposase (Hu and Derbyshire, 1998). Secondary structures, such as hairpin loops, likely 

formed by repetitive extragenic palindromic sequences (REPs), or DNA replication forks have 

also been identified as hotspots for IS insertion (Tobes and Pareja, 2006; Gómez et al., 2014). 

Host proteins implicated in directing transposition include integration host factor (IHF) and 

the Histone-like nucleoid structuring protein (H-NS). IHF promotes channelling of Tn10, where 

transposon ends are directed to insertion within the transposon, forming intratransposon 

inversion circles (Chalmers et al., 1998). Intriguingly, H-NS directly antagonises the channelling 

of Tn10 by IHF, by competitively binding the transpososome and preventing such 

intramolecular transposition (Singh et al., 2008). H-NS has additionally been shown to 

influence targeting of IS903 in E. coli. In an hns mutant, hotspots of IS903 insertion are lost, 

with more even distribution across the E. coli chromosome (Swingle et al., 2004). The authors 
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proposed that H-NS was acting as an exclusionary factor, and that deletion of hns would make 

more sites available for IS903 insertion. As well as targeting, IHF and H-NS have also been 

shown to contribute to regulation of transposition efficiency. 

 

1.7.5. Regulation of transposition 

Transposition must be tightly regulated, as widespread aberrant insertion would likely be 

fatal. The amount of active transposase is a rate-limiting factor and can be regulated at the 

level of transcription, translation, or transpososome formation. 

 

Low levels of transposase transcription can be maintained by the presence of an intrinsically 

weak or inefficient promoter (Nagy and Chandler, 2004). IS1 has a weak promoter, with two 

consecutive overlapping ORFs in different reading phases. The IS1 transposase (InsAB’) is 

produced by a programmed translational frameshift, however the N-terminal DNA binding 

portion of the transposase, made by only the first ORF (InsA) can bind to the TIR and further 

downregulate transcription of the transposase (by repression of the promoter) as well as 

occlude InsAB’ binding to form the synaptic complex (Ton-Hoang, Turlan and Chandler, 2004). 

Additionally, premature rho-dependent termination of IS1 offers another level of transposase 

expression control, with mRNA produced lacking the required catalytic site (insB frame) for 

the full length transposase (Hübner, Iida and Arber, 1987). 

 

In terms of translational regulation, various mechanisms exist. For example, IS10 transposase 

expression is inhibited by an antisense transcript made from a stronger, outwardly directed 
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promoter, located further inside the IS (Ma and Simons, 1990). The antisense transcript 

sequesters the sense transcript Shine-Dalgarno (SD) sequence and AUG start codon, blocking 

ribosome binding and translation (Ma and Simons, 1990). Inefficient translation of 

transposase mRNA can also occur if RNA secondary structure occludes the SD. Alternatively, 

the SD sequence may be absent, as occurs with IS186 (Nagy and Chandler, 2004). 

 

At the level of transpososome formation, many transposases act preferentially at the 

immediately adjacent TIR, rather than at a distal IS (described as cis-acting.) This is partly 

explained by transposase instability.  For example, the ability of IS903 to act in trans increases 

100-fold in E. coli lacking Lon protease (Derbyshire, Kramer and Grindley, 1990). Alternatively, 

the Tn5 inhibitor protein (Inh) is an N-terminally truncated transposase variant, that forms 

heterodimers with the true transposase to stimulate DNA binding without transposition (de 

la Cruz et al., 1993). The Tn5 transposase may also form inactive multimers thought to mask 

the DNA binding domain (Weinreich, Gasch and Reznikoff, 1994). For correct function, DNA 

binding must occur before oligomerization. 

 

As well as impacting IS903 target preference, H-NS can modulate transposition efficiency. For 

instance, H-NS can alter transcription, varying the amount of transposase produced, impacting 

transpososome formation. This is evident for bacteriophage Mu, where H-NS decreases Mu 

transcription and stabilizes Mu repressor-DNA complexes (Falconi et al., 1991). Post-

transcriptional control occurs for IS1. In an hns mutant, levels of the IS1 transposase are 

almost undetectable, with transcription and mRNA levels unchanged compared to wild-type. 

This suggests loss of H-NS either reduces translation or increases transposase degradation 
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(Rouquette, Serre and Lane, 2004). H-NS also binds to, and encourages formation of, the Tn5 

and Tn10 transpososomes (Wardle et al., 2005; Ward et al., 2007; Whitfield, Wardle and 

Haniford, 2009). In Tn10 transposition, IHF binds flanking DNA adjacent to the TIR and induces 

DNA bending, stabilizing the transpososome as a compensatory mechanism for lack of 

negative supercoiling (Chalmers et al., 1998). Other nucleoid proteins implicated in regulating 

transposition include HU, Fis, StpA, and Dps (Swingle et al., 2004).  

 

Environmental conditions such as oxidative stress, metal ions, spermine, antibiotics, 

temperature, radiation and conjugation have all be shown to regulate transposition of various 

ISs (Vandecraen et al., 2017). Such environmental stresses may encourage transposition to 

increase genomic variability and increase chances of population survival. For example, 

ciprofloxacin and tetracycline treatment, and oxidative stress from H2O2 exposure, have been 

shown to promote increased transposition of multiple IS elements in A. baumannii (Wright et 

al., 2017; Penesyan et al., 2019). 

 

1.7.6. Transposition shapes genomes 

TEs play important roles in shaping genomes, they contribute to genome size expansion and 

reductive evolution, by driving large-scale rearrangements, insertions, deletions and 

inversions (Vandecraen et al., 2017; Consuegra et al., 2021). The latter two are facilitated by 

either direct intramolecular transposition by replicative transposition, or recombination of 

homologous regions generated by transposition at distant loci (Haren, Ton-Hoang and 

Chandler, 1999; Curcio and Derbyshire, 2003; He et al., 2015). Indeed, Acinetobacter genus 
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diversification has been driven by genome plasticity facilitated by ISs  (Touchon et al., 2014; Li 

et al., 2015; Álvarez et al., 2020). Plasmids frequently harbour TEs, facilitating the spread of 

these elements into other bacteria. This enables the dissemination of antibiotic resistance 

genes, heavy metal resistance genes and virulence factors (Maslova et al., 2022; Noel, Petrey 

and Palmer, 2022). As a consequence of their insertion, ISs can also impact the expression of 

adjacent genes at the locus in which they insert into. 

 

1.7.7. Consequences of transposition on transcription 

The movement of ISs can have different impacts on transcription depending on the locus and 

orientation of insertion. For example, a strong promoter sequence can be brought close to, 

and up-regulate, expression of a gene. This is exemplified by A. baumannii ISAba1 inserting 

upstream of β-lactamase genes ampC and blaOXA-51-like  (Turton et al., 2006; Hamidian and Hall, 

2013). The internal promoter of ISAba1 in this context drives increased resistance to 

cephalosporins and carbapenemases (Turton et al., 2006; Hamidian and Hall, 2013). Insertion 

of ISAba1 at either side of ampC creates transposon Tn6168, which can mobilise and confer 

cephalosporin resistance in different strains (Hamidian and Hall, 2014).  

 

Insertion of an IS into a gene can inactivate its function. For example, insertion of ISAba1, 

ISAba125 or ISAba27 can occur into adeN, which encodes a negative regulator of the efflux 

pump AdeIJK (Gerson et al., 2018). Disruption of adeN by ISAba1 is correlated with increased 

adeJ expression, virulence, antibiotic resistance, and decreased biofilm formation (Saranathan 

et al., 2017). Depending on the locus of insertion, there is a possibility of far-reaching 
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downstream effects. For example, a change in the genome plasticity of ST78A A. baumannii 

isolates is theorised to be due to a high rate of IS66 proliferation, insertion into comEC/rec2, 

and subsequent impairment of natural transformation (Gaiarsa et al., 2019).  

 

As well as locus position, polarity is important. If the IS inserts antisense to nearby genes or 

operons, this could block transcription. This has been studied using the synthetic minimal 

bacterial cell system JCVI-syn2.0 (Hutchison et al., 2019). Here, Tn5-puromycin resistance 

insertions were examined with 3.3 % of genes showing an asymmetry preference. Of these, 

62.5 % were located within operons upstream of essential genes, favouring insertion in the 

same orientation to enable transcriptional readthrough. Plausible explanations for a 

“transcriptional conflict” include RNA polymerase (RNAP) collisions, antisense RNA 

interference, or introduction of a terminator sequence (Hutchison et al., 2019). 

 

1.8. Transcription 

Transcription is the process of converting information in DNA into a temporary readable form 

as either messenger RNA (mRNA), transfer RNA (tRNA) or ribosomal RNA (rRNA). Regulation 

of transcription is a highly efficient way of regulating gene expression; resources are expended 

if points of control are post-transcriptional. Transcription begins with the enzyme RNAP 

recognising and binding to specific regions of DNA called promoter sequences. 
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1.8.1. RNA polymerase 

The DNA-dependent RNAP is a highly conserved enzyme essential to all domains of life. In 

bacteria, the core enzyme is composed of four subunits, α2ββ’, as illustrated in Fig.1.8 (Zhang 

et al., 1999; Borukhov and Nudler, 2008). β and β’, the largest subunits, form pincers of a crab 

claw shape with the active site at the bottom of the intersubunit cleft (Sutherland and 

Murakami, 2018). Nucleoside triphosphate (NTP) substrates enter the catalytic site via the 

secondary channel, where an essential Mg2+ ion catalyses attachment to the elongating RNA 

chain by nucleophilic attack (Sutherland and Murakami, 2018). The homodimeric α subunit is 

the scaffold for assembly of the core enzyme. The alpha N-terminal domain (α-NTD) dimerises 

and recruits the β and β’ subunits, while the alpha C-terminal domain (α-CTD), which binds 

DNA, is joined by a flexible linker (Sutherland and Murakami, 2018). Many bacteria, including 

A. baumannii, contain a subunit called omega (ω), which is non-essential and believed to assist 

in RNAP stabilization (Mukherjee et al., 1999). 

 

The σ subunit, formed of four independently folded domains, is required for recognition of 

specific DNA sequences (Busby, 2019). When the core RNAP binds σ, the resulting complex is 

called the holoenzyme. Most σ factors belong to the σ70 family, and are related to the 

housekeeping σ70 factor of E. coli (Paget and Helmann, 2003). This is a factor required for 

general transcription during exponential growth.  However, σ70 can be replaced by other σ 

factors, in response to environmental stresses (Paget and Helmann, 2003). Alternative σ 

factors recognise different DNA sequences, and so regulate different sets of genes. For 

example, σ54 coordinates the response to nitrogen starvation (Danson et al., 2019). 
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Fig.1.8. DNA elements associated with RNAP binding 
σ factor domains 1-4 of σ70 and the α-CTD of RNAP bind to the highlighted regions. Figure 
modified from (Browning and Busby, 2016).  
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1.8.2. Promoter structure 

Transcription begins with the recognition of specific  “promoter” DNA sequences by regions 

of the σ factor (Busby, 2019). The typical housekeeping promoter sequences are the -10 and 

-35 elements upstream of the transcription start site (TSS) (+1), illustrated in Fig.1.8 (Borukhov 

and Nudler, 2008). The first ‘T’, second ‘A’ and last ‘T’ of the -10 element are the most 

important components, as they interact with RNAP to facilitate DNA unwinding (Feklistov and 

Darst, 2011). The housekeeping σ factor can also recognise the extended -10 element (Ext) 

and Discriminator element (Dis) (Fig.1.8) (Browning and Busby, 2016). At some promoters, the 

α-CTD contacts DNA sequences called UP-elements (Fig.1.8) (Browning and Busby, 2016). It 

was recently shown that promoters often act bidirectionally, driving divergent transcription 

(Warman et al., 2021). This phenomenon, widespread in bacteria, is due to inherent -10 

element AT-richness, and symmetry (Warman et al., 2021). 

 

1.8.3. Transcription initiation  

Regions 2 and 4 of σ70 are highly conserved and contact the promoter -10 and -35 regions 

respectively. Initially, a closed complex forms with DNA remaining double stranded (Borukhov 

and Nudler, 2008). Transition to open complex is mediated by region 2 of σ70, which causes 

DNA duplex melting, and formation of a transcription bubble (Paget and Helmann, 2003).  

NTPs are added to the elongating RNA chain, which translocates towards the RNAP exit 

channel. Early in transcription, the concurrent build-up of free energy within the RNAP-

promoter complex results in either short transcripts being released in cycles of abortive 

initiation, or RNAP escape from the promoter (Borukhov and Nudler, 2008). Elongation 
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continues until a terminator site is reached and newly formed transcripts are released (Chen, 

Boyaci and Campbell, 2021). 

 

1.8.4. Transcription termination 

Transcription termination occurs when the elongating RNAP pauses, nucleotide addition 

stops, and RNAP dissociates from DNA template and RNA transcript (Ray-Soni, Bellecourt and 

Landick, 2016). There are two main mechanisms of termination of transcription in bacteria; 

intrinsic termination, driven by DNA sequence, and factor-dependent termination, driven by 

proteins such as Rho or Mfd (Roberts, 2019). 

 

Intrinsic termination depends on specific DNA sequences and resulting RNA structures. In 

DNA, GC-rich inverted repeat sequences are followed by approximately 8 (mostly thymidine) 

nucleotides, while in RNA, the GC-rich inverted repeats base pair to form a hairpin loop, 

followed by a polyuridine (polyU) tract of 7 – 8 nucleotides (Gusarov and Nudler, 1999). The 

weak base-pairing of the polyU tract is believed to pause RNAP (Roberts, 2019). This is 

followed by hairpin formation in the RNAP exit channel, which weakens upstream RNA-DNA 

hybrid interactions (You et al., 2023). Subsequent rewinding of the transcription bubble and 

complete formation of the hairpin destabilise the elongation complex and initiate the release 

of newly formed RNA transcripts (You et al., 2023). 

 

Factor-dependent termination in bacteria is mostly mediated by Rho, with Mfd causing 

termination at sites of RNAP pausing caused by DNA damage (Peters, Vangeloff and Landick, 
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2011; Ray-Soni, Bellecourt and Landick, 2016). Recent evidence has shown that Rho can 

recycle stalled RNAP at damaged sites, complementing the action of Mfd if the latter is absent 

(Jain, Gupta and Sen, 2019). Rho is a highly conserved, hexameric, ATP-dependent, ring 

shaped, RNA translocase/helicase (Murayama et al., 2023). Rho uses its primary RNA binding 

site to recognise RNA with a lack of secondary structure and high proportion of cytosine 

nucleotides (Mitra et al., 2017). A secondary RNA binding site, within the hexameric channel, 

binds pyrimidine rich RNA, causing the ring to close (Murayama et al., 2023). This is followed 

by ATP-dependent translocation of the now catalytically active Rho towards the elongating 

RNAP, where Rho induces disruption and dissociation of nucleic acids (Molodtsov et al., 2023; 

Murayama et al., 2023). Termination is aided by a bridging interaction of Rho with RNAP, 

mediated by the transcription elongation factor NusG, which stimulates formation of the 

active Rho closed ring form (Molodtsov et al., 2023). Additionally, Rho has an important role 

(along with NusG, which binds the small ribosomal subunit NusE) in coupling transcription to 

translation (Saxena et al., 2018). If translation stops, Rho binding sites on RNA and NusG, 

which were previously occupied by ribosomes, become free. This causes Rho to bind and 

terminate transcription (Mitra et al., 2017). 

 

1.8.5. Transcription factors 

Transcription factors are regulatory proteins which help to dictate the expression of genes 

transcribed by RNAP. Transcription factors can bind regions of DNA, to either activate or 

repress transcription, achieving their desired effects through mechanisms such as direct RNAP 

interaction or steric occlusion of other regulatory proteins (Browning and Busby, 2016). 
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Transcription factors frequently bind to palindromic DNA sequences, as a consequence of 

their dimeric organisation, and often have DNA binding and regulatory domains (Browning 

and Busby, 2016). The latter can coordinate conformational changes in response to 

environmental conditions (Browning, Butala and Busby, 2019).  

 

Transcription activators increase the rate of transcription. Typically, they bind DNA and recruit 

RNAP by contacting α-CTD (class I), or α-NTD or σ region 4 (class II), whereas some activators 

modulate the conformation of the promoter (Browning and Busby, 2004). Repressors are 

transcription factors which downregulate transcription. This can occur either by steric 

hindrance and occlusion of RNAP, DNA looping, RNAP trapping at the promoter, or interfering 

with activator activity (Browning and Busby, 2016; Browning, Butala and Busby, 2019). Some 

transcription factors function as global regulators of gene expression, enabling the 

coordinated regulation of multiple genes. One well known example of a global repressor is the 

histone-like nucleoid structuring protein, H-NS (Wan et al., 2016). 

 

1.9. H-NS 

H-NS, like other nucleoid associated proteins (NAPs), is a small, abundant protein found in all  

γ-proteobacteria and some α and β-proteobacteria (Fitzgerald et al., 2020). Functional 

analogues of H-NS include Rok, MvaT and LsrT found in Bacillus, Pseudomonas, and 

Mycobacterium species respectively (Qin et al., 2019). H-NS does not have a stringent 

sequence specificity, typically binding DNA at a nucleation site (with a thermally unstable and 

flexible T-A base step) before oligomerising in filaments across AT-rich DNA (Lang et al., 2007). 
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H-NS plays important roles in both transcriptional regulation and chromosome compaction 

and organisation, based on its ability to form unique protein-DNA structures. 

 

1.9.1. The structure of H-NS 

H-NS is composed of a C-terminal winged helix-turn-helix DNA binding domain, connected to 

an N-terminal oligomerisation domain via a flexible unstructured linker region (Fig.1.9) (Arold 

et al., 2010). The only current partial crystal structure of H-NS comes from Salmonella enterica 

Serovar Typhimurium where the N-terminal portion of the protein (encompassing residues 1-

87) was diffracted to 3.7 Angstroms (Fig.1.9a) (Arold et al., 2010).  This structure showed H-

NS can dimerise via its N-terminal helices (H1 and H2), also called site 1, in “head-to-head” 

interactions (Arold et al., 2010). These dimers oligomerise via N-terminal helices H3 and H4, 

also called site 2, in “tail-to-tail” interactions (Arold et al., 2010).  Oligomers are predicted to 

be in antiparallel coiled coils. Additionally, NMR has shed light on the S. enterica Serovar 

Typhimurium C-terminal domain in solution (Fig.1.9b) (Gordon et al., 2011). H-NS type 

proteins have a conserved motif in the C-terminal domain of TWTGXGRXP (Bertin et al., 2001). 

The residues Q112, G113 and R114 (illustrated Fig. 1.9b) form the hook motif which interacts 

with the DNA minor groove to facilitate binding (Gordon et al., 2011). 

 

1.9.2. The role of H-NS in chromosome organization 

NAPs such as H-NS form higher order structures with DNA in order to compact the 

chromosome, altering the local nucleoid structure through bending, looping, wrapping, 

twisting and bridging DNA (Dillon and Dorman, 2010). Overexpression of H-NS produces a 
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Fig.1.9. The structure of H-NS 
N-terminal portion of S. enterica Serovar Typhimurium H-NS determined by X-ray 
crystallography, PDB: 3NR7. Viewed in PyMOL v2.5.3. Four monomers of H-NS are shown, with 
pairs dimerised at site 1 and dimers oligomerised at site 2. (b) C-terminal DNA binding domain 
of S. enterica Serovar Typhimurium H-NS obtained by NMR in solution. PDB: 2L93. Viewed in 
PyMOL v2.5.3. Residues which interact with DNA minor groove highlighted in green. (c) 
Cartoon schematic of domains in an H-NS monomer.  
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highly condensed, compact, spherically shaped nucleoid, and cells lacking H-NS have a 

decreased amount of DNA condensation (Spurio et al., 1992; Helgesen, Fossum and Skarstad, 

2016). The crystal structure of the S. enterica Serovar Typhimurium NTD suggests that H-NS 

can condense DNA into a super helical structure (Arold et al., 2010).  

 

H-NS can form long nucleoprotein filaments that stiffen and extend DNA (Fig.1.10a) (Amit, 

Oppenheim and Stavans, 2003). Alternatively H-NS can bridge two DNA duplexes and form 

loops if this interaction is intramolecular (Dame, Noom and Wuite, 2006; Liang et al., 2017) 

(Fig.1.10b). H-NS has been shown to either constrain or promote the supercoiling state of 

DNA, depending on whether it is in its linear or bridged form respectively (Lim, Kenney and 

Yan, 2014). Whilst DNA stiffening is sensitive to changes in pH (range of 6.5 to 8) or 

temperature (range of 24°C to 37°C), bridging is not (Liu et al., 2010). Bridging does however 

appear to be disrupted at temperatures exceeding 37°C (Kotlajich et al., 2015). The 

conformational change in H-NS, to drive the switch from linear state to bridged state, is 

dependent on an increase in cation concentration, offering a mechanism for H-NS and its 

associated activities in different forms to act as an environmental sensor (Liu et al., 2010; van 

der Valk et al., 2017). 

 

Using atomic force microscopy (AFM), individual H-NS-DNA complexes have been shown to 

create loops of DNA in vitro (Dame, Wyman and Goosen, 2000; Shin et al., 2005; Liu et al., 

2010). Loops have the potential to form microdomain boundaries of chromosome structure  

(on the scale of 10 kb) (Qin et al., 2019). Evidence for this comes from topological domain size  
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Fig.1.10. Stiffening and bridging modes of H-NS 
(a) Filamentation of H-NS along one piece of dsDNA leads to stiffening. (b) Bridging of two 
strands of dsDNA by alternate binding of the CTD. This can create DNA loops if done 
intramolecularly.  
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matching the distance between H-NS binding regions, and an hns mutant displaying 

phenotypes of disrupted domain barriers (Hardy and Cozzarelli, 2005; Noom et al., 2007). 

However, the precise role of H-NS in loop and domain formation is still unclear, and the scale 

at which loop formation occurs may be important. For example, a  Hi-C contact map in an hns 

mutant revealed no large scale changes to chromosomal interaction domains (CIDs) compared 

with wild-type, but an increase in short range contacts in the absence of H-NS (Lioy et al., 

2018). Similarly, chromosome conformation capture (3C) showed H-NS binding sites did not 

significantly cluster spatially, and instead suggested a role for localized rather than global 

structuring, in contrast to previous chromosome capture results (Wang et al., 2011; Cagliero 

et al., 2013).  H-NS was shown to unexpectedly decrease loop formation on a very short scale 

(order of < 100 bp) using a lacZ reporter-operator system (Becker, Kahn and Maher, 2007). 

However, it was recently shown using 3C-qPCR that changes in osmolarity can modulate local 

chromosome architecture through H-NS. At high K+ concentration, H-NS mediated bridging of 

regulatory elements is disrupted, enabling expression of the proVWX operon (Rashid et al., 

2023). 

 

1.9.3. The role of H-NS in transcriptional regulation 

Silencing of genes by H-NS can be achieved by general condensation of chromosome 

structure, constraining DNA topology, and modulating the accessibility of promoters (Tupper 

et al., 1994). Additionally, H-NS can interfere with transcription initiation by occlusion of 

RNAP, direct interaction with and masking of RNAP α-CTD, or through DNA bridges which trap 

RNAP initiation complexes, preventing promoter escape (Dame et al., 2002; Shin et al., 2012; 

Singh and Grainger, 2013). As well as impacting transcription initiation, bridged H-NS filaments 
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have been shown to stall RNAP during elongation, leading to rho-dependent termination 

(Kotlajich et al., 2015). In contrast, H-NS can act as a positive regulator at the post-

transcriptional level via an RNA-mediated interaction. Here, H-NS binds to mRNA with a poor 

SD sequence and shifts the 30S ribosomal subunit in the 3’ direction to an alternative and 

more efficient site of translation initiation (Park et al., 2010) . 

 

As mentioned previously, H-NS preferentially binds to AT-rich regions. Often, these are 

horizontally acquired. Therefore, an important role of H-NS is xenogeneic silencing of 

horizontally acquired DNA (Lucchini et al., 2006). Such AT-rich DNA is toxic because of spurious 

intragenic transcription that titrates RNAP (Lamberte et al., 2017). H-NS mediated repression 

enables the acquisition of foreign DNA whilst maintaining integrity of the genome and 

regulome, and reducing spurious transcription (Navarre et al., 2007; Singh et al., 2014). For 

example, in Shigella and enteroinvasive E. coli, H-NS represses the plasmid encoded virulence 

master regulator virF (Porter and Dorman, 1994). In S. enterica, H-NS represses two 

horizontally acquired pathogenicity islands required for host infection, reducing the fitness 

cost associated with expenditure of resources on unnecessary gene expression (Lucchini et 

al., 2006). 

 

The ability of H-NS to modulate its activity according to environmental conditions (such as pH, 

temperature and osmolarity) enables de-repression of genes when appropriate (Arold et al., 

2010). For example, at 37 °C, anti-silencing of H-NS repression of virF is achieved by a DNA 

conformational change, reducing a cooperative H-NS interaction between two sites and 

relieving repression (Falconi et al., 1998). Further regulation and anti-silencing of H-NS can be 
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achieved in Enterobacteriaceae by interaction with H-NS-like proteins, which show sequence 

similarity to the site 2 interacting N-terminal domain of H-NS. For example, depression of H-

NS in enteropathogenic E. coli occurs when H-NS binds to a truncated version of H-NS called 

H-NST, which lacks a C-terminal DNA binding domain (Williamson and Free, 2005). 

Alternatively Hha, which also shows sequence similarity to the N-terminal domain of H-NS, 

can form co-complexes that stabilise DNA bridging and repression by H-NS (Nieto et al., 2002; 

van der Valk et al., 2017). 

 

1.9.4. The function of H-NS in A. baumannii 

H-NS from Acinetobacter has a very similar structure to E. coli H-NS, and likely has a similar 

role in chromosome organization, but studies so far on Acinetobacter H-NS have focused on 

its role in gene regulation. One study showed H-NS from Acinetobacter can complement the 

phenotypes of an E. coli hns mutant, including lacZ metabolism, motility and mucoidy 

(Tendeng et al., 2003). The genome of Acinetobacter species is more AT-rich than many other 

Gram-negative bacteria, with a typical GC-content of just under 40 % (Touchon et al., 2014; 

Bohlin et al., 2017). ISAba12 disruption of hns in ATCC 17978 increased motility, biofilm 

formation, A549 alveolar cell adherence, surface hydrophobicity and virulence in C. elegans 

(Eijkelkamp et al., 2013). These phenotypes were accompanied by a 4-fold change in the 

expression of over 150 genes, including significant up-regulation of components of the 

horizontally acquired T6SS (360-fold increased expression of the first gene of the cluster), 

highlighting the role of H-NS in xenogeneic silencing (Eijkelkamp et al., 2013). Other genes 

with significantly altered expression in the hns mutant include the quorum sensing regulator 
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abaR, the gene encoding the autotransporter adhesin (Ata) and the type I pilus (Eijkelkamp et 

al., 2013). ISAba125-mediated disruption of hns in a clinical isolate of A. baumannii also 

modulated expression of over 150 genes (including increased expression of Csu pili and genes 

for synthesizing PNAG) and significantly decreased susceptibility to colistin (Deveson Lucas et 

al., 2018). However, the influence of H-NS in antibiotic resistance varies between strains. 

Deletion of hns in strains AB5075 and A118 did not change susceptibility to colistin, but did 

increase susceptibility to amikacin, meropenem, imipenem and gentamicin (Rodgers et al., 

2021). Additionally, H-NS has also been shown to help cells survive stress from metallo-β-

lactamase expression or DNA damage, and increases the capacity for natural transformation 

(Huang et al., 2020; Le et al., 2021). Recently, a plasmid-encoded H-NS (50 % identical to the 

chromosomal copy) found in the multidrug resistant urinary isolate UPAB1, was shown to 

decrease PNAG formation and expression of a CsgG homologue, decreasing biofilm formation 

(Benomar, Di Venanzio and Feldman, 2021). In terms of the regulation of H-NS in A. 

baumannii, hns expression is repressed in response to human serum albumin (HSA), and this 

may represent an important coordinated switch in global transcription in the context of 

human infection (Martinez et al., 2019; Escalante et al., 2022). 

 

1.10. Objectives of the project 

The aim of this project was to investigate the mechanism behind the formation of newly 

identified colony types of AB5075, and to characterise phenotypic differences relative to wild-

type cells. Upon learning ISAba13 insertion drives this change, we next wanted to investigate 

how ISAba13 impacts transcription of adjacent genes, where else ISAba13 inserts globally, and 

why ISAba13 inserts preferentially into particular genomic hotspots. 
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2.1. Materials  

2.1.1. Strains 

Bacterial strains used in this study are listed in Table 2.1. 
 

2.1.2. Plasmids 

Plasmids used in this study are listed in Table 2.2. 
 

2.1.3. Oligonucleotides 

Oligonucleotides used in this study are listed in Table 2.3. 
 

2.1.4. Buffers and reagents 

Buffers and reagents used in this study are listed in Table 2.4. 
 
 

2.2. Growth of bacterial strains 

Unless otherwise stated, strains were routinely grown in in low-salt Lysogeny broth (LB) 

medium (Sigma) (20 g/L) at 37 °C with shaking for liquid cultures, or on low-salt LB agar (LBA) 

(Sigma) (35 g/L) at 37 °C. For selection of positive lacZ clones, MacConkey agar (Sigma) (52 

g/L) was used. To avoid phase switching of AB5075, strains were grown at room temperature 

overnight without shaking to an OD600 ~ 0.1. 
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Strain Description Source 

AB5075 Highly virulent and drug resistant 
isolate from an osteomyelitis tibial 
infection 

(Jacobs et al., 
2014) 

AB5075::gtr52::ISAba13  Streaked from wild-type AB5075. 
Natively formed insertion of ISAba13 
into gtr52 (ABUW_3824) 

This study 

AB5075::ompW::ISAba13 
 

ompW with ISAba13 inserted, made 
using the scarless genome editing 
strategy 

This study 

AB5075 ABUW_1221::T26 
 

Obtained from T26 transposon mutant 
library. TetR 

(Gallagher et al., 
2015) 

AB5075 hns::T26 
 

Obtained from T26 transposon mutant 
library. TetR 

(Gallagher et al., 
2015) 

E. coli JCB387 
 

Strain used for general cloning.  

Genotype: ΔnirB Δlac  

 

(Page, Griffiths 
and Cole, 1990) 

E. coli DH5α 
 
 

Strain used for general cloning.  
 
Genotype: fhuA2Δ(argF-lacZ)U169 
phoA glnV44 Φ80Δ(lacZ)M15 gyrA96 
recA1 relA1 endA1 thi-1 hsdR17 
 

New England 
Biolabs (NEB) 

E. coli BTH101 
 

Strain used in bacterial 2 hybrid 
(BACTH) assay.  
 
Genotype: F-, cya-99, araD139, galE15, 
galK16, rpsL1 (Str r), hsdR2, mcrA1, 
mcrB1 
 

(Karimova et al., 
1998) 

E. coli ATCC 25922 Control strain used in MIC American Type 
Culture 
Collection 
(ATCC) 

E. coli NCTC 10418 Control strain used in MIC National 
Collection of 
Type Cultures 
(NCTC) 

E. coli Lemo21 DE3 Strain used for tuneable expression of 
N/C-terminal His6-tagged ISAba13 
transposase. 

NEB 
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 Genotype: fhuA2 [lon] ompT gal (λ 
DE3) [dcm] ∆hsdS/ pLemo(CamR)  λ DE3 
= λ sBamHIo ∆EcoRI-
B int::(lacI::PlacUV5::T7 gene1) i21 
∆nin5pLemo = pACYC184-PrhaBAD-lysY 
 

E. coli NEBExpress Strain used for non-T7 protein 
expression of MBP-ISAba13 transposase 
fusion.  
 
Genotype: fhuA2 [lon] ompT gal sulA11 
R(mcr-73::miniTn10--TetS)2 [dcm] 
R(zgb-210::Tn10--TetS) endA1 Δ(mcrC-
mrr)114::IS10 
 

NEB 

E. coli T7 express Strain used for T7 protein expression of 
H-NS.  
 
Genotype: fhuA2 lacZ::T7 gene1 [lon] 
ompT gal sulA11 R(mcr-73::miniTn10--
TetS)2 [dcm] R(zgb-210::Tn10--TetS) 
endA1 Δ(mcrC-mrr)114::IS10 
 

NEB 

 
Table 2.1. Strains used in this study 
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Plasmid Description Source 

pRW50T Low copy number, broad host 
range, EcoRI and HindIII/BamHI 
restriction sites upstream of lacZ, 
TetR. Contains OriT origin of 
transfer for conjugation. 

(Lodge et al., 1992)  

 

pSR EcoRI/HindIII restriction sites 
upstream of λoop terminator. 
AmpR. Used for in in vitro 
transcription. 

(Kolb et al., 1995)  

 

pVRL1Z High copy number plasmid, ZeoR. 
Contains parE2-paaA2 toxin-
antitoxin system 

(Lucidi et al., 2018) 

pVRL2Z High copy number plasmid, ZeoR. 
Contains parE2-paaA2 toxin-
antitoxin system. Contains 
arabinose inducible araC-PBAD 
promoter. 

(Lucidi et al., 2018) 

pMHL-2 Template for PCR containing 
apraR::sacB counter selection and 
resistance cassette for use in 
genome editing 

(Godeux et al., 2020) 

pUT18 Used in BACTH assay. High copy 
number. N-terminal fusion to T18. 
AmpR 

(Karimova et al., 1998) 

pUT18C Used in BACTH assay. High copy 
number. C-terminal fusion to T18, 
AmpR 

(Karimova et al., 1998) 

pKT25 Used in BACTH assay. Low copy 
number. KanR C-terminal fusion to 
T25 

(Karimova et al., 1998) 

pKNT25 Used in BACTH assay. Low copy 
number, KanR N-terminal fusion 
to T25 

(Karimova et al., 1998) 

pJ414 Used for protein expression of H-
NS. High copy number. IPTG 
inducible T7 lac promoter. AmpR. 

DNA 2.0 

pET21 Used for attempted protein 
expression of ISAba13 
transposase. C-terminal His6-tag. 
IPTG inducible T7 lac promoter. 
AmpR 

Novagen 

pET28 Used for attempted protein 
expression of ISAba13 

Novagen 
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transposase. N-terminal His6-tag. 
IPTG inducible T7 lac promoter. 
KanR.  

pMAL-c6T MBP fusion to protein of interest. 
His6-tag and TEV protease 
recognition site. AmpR 

NEB 

pRK2013 Helper plasmid for conjugation. 
KanR 

(Figurski and Helinski, 1979) 

pEX-A128 Contains codon optimised H-NS 
flanked with restriction sites 
NdeI/XhoI. AmpR.  

Eurofins 

 
Table 2.2. Plasmids used in this study 
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Oligonucleotide 
name 

Description Sequence (5’à3’) 

   

Primers for creating gtr52::ISAba13 constructs in pRW50T for lacZ assays 

P8 To create constructs gtr52 and 
gtr52::ISAba13. BamHI restriction site 
underlined. 

atgcgaggatccgactatttgagtat
ggcaact 

P9 To create constructs gtr52 and 
gtr52::ISAba13. EcoRI restriction site 
underlined.  

gtgcgagaattcaggtggactaattt
attgg 

P11 To create construct gtr52::ISAba13 -
10 k.o. BamHI restriction site 
underlined. Mutated residues in red. 

gtgcgaggatccgactatttgagtat
ggcaactcaaattggctttgttgcaca
aacctatctctaaaggcttattccaca
agctaagtttcaaatgaata 

P16 To create ISAba13 bidirectional only. 
EcoRI restriction site underlined.   

gtgagagaattcttgagtggctttgtt
gc 

P29 To create construct gtr52::ISAba13 
truncated. BamHI restriction site 
underlined. 

gtaatcggatccaaacttactccgac
gca 

P13 To create construct ISAba13 only. 
EcoRI restriction site underlined.   

atgcgagaattcgactatttgagtatg
gcaact 

P56 To create construct ISAba13 only. 
BamHI restriction site underlined.   

ttgataggatccaatttgagtggcttt
gttgc 

P57 To create gtr52::ISAba13 inverted.  cttgagtccacgctagatctgaattca
ggtggactaatttattgg 

P58 To create gtr52::ISAba13 inverted.  taggtttgtgcaacaaagccactcaa
attcaataatatca 

P59 To create gtr52::ISAba13 inverted.  tgatattattgaatttgagtggctttgt
tgcacaaaccta 

P60 To create gtr52::ISAba13 inverted.  aagcttggctgcaggtcgacggatcc
gactatttgagtatggcaactcaaatt
ggctttgttgcacaaagatt 

 
 

 
 

 

Primers for creating ISAba13 constructs in pSR for IVT assays 

P21 To make construct 1 gaggccctttcgtcttcaagaggtgg
actaatttattggtttatc 

P22 To make construct 1 gatcctgctacccgagttgtcacttaa
atttg 

P23 To make construct 1 acaactcgggtagcaggatcaaacc
aaatg 

P24 To make construct 1 actggaggggatggggagtagacta
tttgagtatggcaac 
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P25 To make construct 2 gaggccctttcgtcttcaagaggtgg
actaatttattgg 

P26 To make construct 2 actggaggggatggggagtagacta
tttgagtatggcaac 

P38 To make construct 3. EcoRI restriction 
site underlined.    

cttcaagaattcgactaatttattggtt
tatc 

P39 To make construct 3.  
HindIII restriction site underlined. 

gcatccaagcttccacaatataatttt
c 

P40 To make construct 5. EcoRI restriction 
site underlined 

tgtagtgaattctttattgcgagagga
ag 

P41 To make construct 5. HindIII 
restriction site underlined. 

ggatggaagcttgactatttgagtatg
gcaac 

P42 To make construct 4. Mutations to -10 
element highlighted in red. EcoRI 
restriction site underlined. 

ttcgtcgaattcaggtggactaattta
ttggtttatcatgcctatatttttgcgta
ggtgtatttttattgcgag 

P43 To make construct 6 gaggccctttcgtcttcaagaggtgg
actaatttattggtttatc 

P44 To make construct 6 gatcctgctacccgagttgtcacttaa
atttg 

P45 To make construct 6 acaactcgggtagcaggatcaaacc
aaatg 

P46 To make construct 6 actggaggggatggggagtagttgtt
gtcgcaaatacaac 

   

To create ompW::ISAba13 mutant 

P5 To amplify apraR::sacB cassette cgactcactatagggcgaattgggcc
gctt tccagtcgggaaacctg  
 

P6 To amplify apraR::sacB cassette catatgccaccgacccgagcaaaccc
cgccagggttttcccagtcacgac 
 

P62 To create fragment 1 cagcagtcacataatagatagc 

P63 To create fragment 1 ggcccaattcgccctatagtgagtcg
attggcaagtaaaatttggg 

P64 To create fragment 2 gggtttgctcgggtcggtggcatatgg
gctttgttgcacaaagatttaaaag 

P65 To create fragment 2 attggcaagggctttgttgcacaaac
ctatctc 

P66 To create fragment 3 caacaaagcccttgccaattaccagc
a 

P71 To create fragment 3 cgttatgcgcaatgtccagt 

P70 To amplify Gibson assembly product taagccatcaagcaaagtgag 
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P74 To amplify Gibson assembly product 
and create fragment used in 2nd 
recombination 

ctcagagctaataagtgactg 

P72 For creating fragment used in 2nd 
recombination 

ccgtactaccttctacacggt 

P157 For creating fragment used in 2nd 
recombination 

acttgccaatggctttgttgcacaaag
atttaaaagttaag 

P158 For creating fragment used in 2nd 
recombination 

caacaaagccattggcaagtaaaatt
tggg 

   

Primers for attempted protein expression of ISAba13 transposase 

P119 To put ISAba13 transposase into 
pET28 

cagccatatgaataagtcgacaccta
aaatttatc 

P120 To put ISAba13 transposase into 
pET28 

ggtgctcgagttaagtgacaactcgg
gtatg 

P121 To put ISAba13 transposase into 
pET28 

tgtcacttaactcgagcaccaccacc
ac 

P122 To put ISAba13 transposase into 
pET28 

tcgacttattcatatggctgccgcgcg
g 

P99 To put ISAba13 transposase into 
pET21 

agatatacatatgaataagtcgacac
ctaaaatttatc 

P100 To put ISAba13 transposase into 
pET21 

ggtgctcgagagtgacaactcgggta
tg 

P101 To put ISAba13 transposase into 
pET21 

agttgtcactctcgagcaccaccacc
ac 

P102 To put ISAba13 transposase into 
pET21 

acttattcatatgtatatctccttctta
aagttaaacaaaattatttctagagg 

P150 To put ISAba13 transposase into 
pMAL-c6T. AlwNI restriction site 
underlined. 

tagcgacagatgctgatgaataagtc
gacacct 

P151 To put ISAba13 transposase into 
pMAL-c6T. SbfI restriction site 
underlined. 

cgataccctgcaggttaagtgacaac
tcgggta 

   

Primers for protein expression of H-NS 

P129 To amplify codon optimised AB5075 
H-NS, to put in pJ414. NdeI restriction 
site underlined. 

gcaagccatatgaaaccggacatta
gc 

P146 To amplify codon optimised AB5075 
H-NS to put in pJ414. XhoI restriction 
site underlined. 

gcaggtctcgagttaaatcaggaaat
c 
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Primers for BACTH assay 

P103 To put hns in pKT25. PstI restriction 
site underlined.  

gagtgactgcagtaatgaaaccggat
attagtg 

P104 To put hns in pUT18c, pKNT25 and 
pUT18. PstI restriction site 
underlined. 

gagtgactgcagaatgaaaccggat
attagtg 

P105 To put hns in pKT25 and pUT18C. KpnI 
restriction site underlined. 

gctgtaggtaccttagattaagaaat
cttcaagttttgcacc 

P106 To put hns in pKNT25 and pUT18. KpnI 
restriction site underlined. 

gctgtaggtaccgcgattaagaaatc
ttcaagttttgcacc 

P107 To put ISAba13 transposase in pKT25. 
PstI restriction site underlined.  

cgtgtactgcagcaatgaataagtcg
acacc 

P108 To put ISAba13 transposase in 
pUT18c, pKNT25 and pUT18. PstI 
restriction site underlined.  

cgtgtactgcagaatgaataagtcga
cacc 

P109 To put ISAba13 transposase in pKT25 
and pUT18C. KpnI restriction site 
underlined. 

gctgtaggtaccttaagtgacaactc
gggt 

P111 To put ISAba13 transposase in 
pKNT25 and pUT18. KpnI restriction 
site underlined. 

gctgtaggtaccgcagtgacaactcg
ggt 

   

Primers for creating H-NS39aa
 construct  

P134 To create fragment 1, XhoI restriction 
site underlined 

ccccctcgagataaatattaagaaaa
tatattacaattataattactaatg 

P135 To create fragment 1 tgatcttttttcattaataaatactcca
gtcttac 

P136 To create fragment 2 tttattaatgaaaaaagatcaagcaa
tcg 

P137 To create fragment 2, PstI restriction 
site underlined 

cgggctgcagttatgttgttttcttacg
tttttg 

   

Primers for in vitro bridging assay/EMSA 

P162 To create ISAba13 bait fragment biotin-
cttattaaatggctttgttgcac 

P163 To create ISAba13 bait fragment taatttaataaggctttgttgcac 
 

P164 To create T6SS bait fragment biotin-caacacaactttcattcc 
 

P171 To create T6SS fragment caacacaactttcattcc  
 

P172 To create T6SS fragment agggtatctatatcagcca 
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P173 To create csuAB fragment tcattatccagcctgtaag  

P174 To create csuAB fragment gcaactattaatgctgcaag 

   

Oligonucleotides for use in native Tn-seq 

Adaptor 1.2 To ligate to end repaired DNA taccacgacca 

Adaptor 2.2 To ligate to end repaired DNA atgatggccggtggatttgtgtggtcg
tggtat 

JelAP1 For 1st PCR, binds adapter 2.2 
sequence 

atgatggccggtggatttgtg 

ISAba13_out For 1st PCR binds end of ISAba13 
sequence 

caaagccaagtcaatgagattcatgc 

Staggered_1 For 2nd hemi-nested PCR of P5 end, 
binding site to ISAba13 underlined. 
Staggered T in red added for 
heterogeneity. 

aatgatacggcgaccaccgagatcta
cactctttccctacacgacgctcttcc
gatctgaccacatacccgagttgtca
c 

Staggered_2 For 2nd hemi-nested PCR of P5 end, 
binding site to ISAba13 underlined. 
Staggered TT in red added for 
heterogeneity. 

aatgatacggcgaccaccgagatcta
cactctttccctacacgacgctcttcc
gatcttgaccacatacccgagttgtca
c 

Staggered_3 For 2nd hemi-nested PCR of P5 end, 
binding site to ISAba13 underlined. 
Staggered TGATA in red added for 
heterogeneity. 

aatgatacggcgaccaccgagatcta
cactctttccctacacgacgctcttcc
gatctgatagaccacatacccgagtt
gtcac 

Staggered_4 For 2nd hemi-nested PCR of P5 end, 
binding site to ISAba13 underlined. 
Staggered TATCTA in red added for 
heterogeneity. 

aatgatacggcgaccaccgagatcta
cactctttccctacacgacgctcttcc
gatctatctagaccacatacccgagtt
gtcac 

AP1_P7_tagged_1 For 2nd hemi-nested PCR of P7 end, 
binding site to adaptor underlined. 
Barcode: CGTGAT in blue. 

caagcagaagacggcatacgagata
tcacggtgactggagttcagacgtgt
gctcttccgatctgtcaatgatggccg
gtggatttgtg 
 

AP1_P7_tagged_2 For 2nd hemi-nested PCR of P7 end, 
binding site to adaptor underlined. 
Barcode: ACATCG in blue. 

caagcagaagacggcatacgagatc
gatgtgtgactggagttcagacgtgt
gctcttccgatctgtcaatgatggccg
gtggatttgtg 

AP1_P7_tagged_3 For 2nd hemi-nested PCR of P7 end, 
binding site to adaptor underlined. 
Barcode: GCCTAA in blue. 

caagcagaagacggcatacgagatt
taggcgtgactggagttcagacgtgt
gctcttccgatctgtcaatgatggccg
gtggatttgtg 

AP1_P7_tagged_4 For 2nd hemi-nested PCR of P7 end, 
binding site to adaptor underlined. 
Barcode: TGGTCA in blue. 

caagcagaagacggcatacgagatt
gaccagtgactggagttcagacgtgt
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gctcttccgatctgtcaatgatggccg
gtggatttgtg 

AP1_P7_tagged_5 For 2nd hemi-nested PCR of P7 end, 
binding site to adaptor underlined. 
Barcode: CACTGT in blue. 

caagcagaagacggcatacgagata
cagtggtgactggagttcagacgtgt
gctcttccgatctgtcaatgatggccg
gtggatttgtg 

AP1_P7_tagged_6 For 2nd hemi-nested PCR of P7 end, 
binding site to adaptor underlined. 
Barcode: ATTGGC in blue. 

caagcagaagacggcatacgagatg
ccaatgtgactggagttcagacgtgt
gctcttccgatctgtcaatgatggccg
gtggatttgtg 

AP1_P7_tagged_7 For 2nd hemi-nested PCR of P7 end, 
binding site to adaptor underlined. 
Barcode: CATAGC in blue. 

caagcagaagacggcatacgagatg
ctatggtgactggagttcagacgtgt
gctcttccgatctgtcaatgatggccg
gtggatttgtg 

AP1_P7_tagged_8 For 2nd hemi-nested PCR of P7 end, 
binding site to adaptor underlined. 
Barcode: CTAGCT in blue. 

caagcagaagacggcatacgagata
gctaggtgactggagttcagacgtgt
gctcttccgatctgtcaatgatggccg
gtggatttgtg 

AP1_P7_tagged_9 For 2nd hemi-nested PCR of P7 end, 
binding site to adaptor underlined. 
Barcode: TTCGAC in blue. 

caagcagaagacggcatacgagatg
tcgaagtgactggagttcagacgtgt
gctcttccgatctgtcaatgatggccg
gtggatttgtg 

AP1_P7_tagged_10 For 2nd hemi-nested PCR of P7 end, 
binding site to adaptor underlined. 
Barcode: CTCGTA in blue. 

caagcagaagacggcatacgagatt
acgaggtgactggagttcagacgtgt
gctcttccgatctgtcaatgatggccg
gtggatttgtg 

   

Primers for checking and sequencing 

pRW50_F To check pRW50T constructs gttctcgcaaggacgagaatttc 
 

pRW50_R To check pRW50T constructs aatcttcacgcttgagatac 
 

pSR_F To check pSR constructs gcatttatcagggttattgtctc 

pSR_R To check pSR constructs catcaccgaaacgcgcgagg 

pVRL1Z_F To check pVRL1Z constructs tgagcggataacaatttcac 

pVRL1Z_R To check pVRL1Z constructs gctgcaaggcgattaagt 

pVRL2Z_F To check natural transformants gattatttgcacggcgtcac 

pVRL2Z_R To check natural transformants gctgcaaggcgattaagttg 

P31 Sequencing primer for lacZ/IVT 
constructs 

aggtaacaatggtttgtgg 
 

P32 Sequencing primer for lacZ/IVT 
constructs 

attccatcaaccacaccac 
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P47 To confirm ompW region gtgaggtgcctgaatctagg 

P48 To confirm ompW region tgggatactgtgataccaac 

P49 To confirm ABUW_1221 region cataactcttcagcccattg 

P50 To confirm ABUW_1221 region catttgtttggcgtctgg 

P51 To confirm hns region cgtctcgctaaagactataag 

P52 To confirm hns region tgtcagtaagactggagta 

P112 To sequence pKT25 constructs cggatatcgacatgttcg 

P113 To sequence pKT25 constructs tgctgcaaggcgattaag 

P114 To sequence pUT18C constructs tgtcttctacgagaaccg 

P115 To sequence pUT18C constructs ttgtctgtaagcggatgc 

P116 To sequence pKNT25 and pUT18 
constructs 

cgcaacgcaattaatgtg 

P117 To sequence pKNT25 constructs gttgaccaggcggaacatc 

P118 To sequence pUT18 constructs attcatgtcgccgtcgtag 

P123 To check codon optimised hns in 
pJ414 

tgtgagcggataacaattcc 

P124 To check codon optimised hns in 
pJ414 

gattgacgcgtctcagg 

Pgro-172_Tn26 To check T26 mutants tgagctttttagctcgactaatccat 

 
Table 2.3. Oligonucleotides used in this study 
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Buffer/Reagent Constituents 
DNA purification 
Phenol:chloroform:isoamyl 
alcohol 

Phenol 50 % (v/v) 
Chloroform 48 % (v/v) 
Isoamyl alcohol 2 % (v/v) 

General protein purification 
Coomassie stain 50 % methanol (v/v) 

10 % acetic acid (v/v) 
0.2 % Brilliant blue R (w/v) 

2 x Laemmli buffer 100 mM Tris-HCl pH 6.8 
2 % SDS (w/v) 
20 % glycerol (v/v) 
4% ß-mercaptoethanol (v/v) 
0.005 % Bromophenol blue (w/v) 

Protein purification of His6-ISAba13 transposase and MBP-ISAba13 transposase 
Buffer NTA 
 

20 mM Tris pH 7.9 
5 % glycerol 
600 mM NaCl 

Protein purification of H-NS 
Protein buffer A 20 mM Tris-HCl pH 7.2 

1 mM EDTA 
10 % glycerol 

Protein buffer B 20 mM Tris-HCl pH 7.2 
1 mM EDTA 
10 % glycerol 
1 M NaCl 

Dialysis buffer 20 mM Tris-HCl pH 7.2 
50 % glycerol 
300 mM KCl 

lacZ assay 
Z-buffer 30 mM NaH2PO4.2H2O 

60 mM NaPO4 
1 mM MgSO4.7H2O 
10 mM KCl 

IVT/EMSA 
10 x TNSC buffer 400 mM Tris-acetate pH 7.9 

100 mM MgCl2 
1 M KCl 

2 x Stop solution 7 M Urea 
0.01 M EDTA 
80 % (v/v) Deionised formamide 
1 % (v/v) Bromophenol blue 
1 % (v/v) Xylene cyanol 
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NTP mix 1.25 mM ATP 
1.25 mM CTP 
1.25 mM GTP 
62.5 µM UTP 

5 % Polyacrylamide gel for 
IVT 

16.7 % (v/v) Protogel (30%, Geneflow) 
6 M Urea 
0.5 x TBE 
3.5 mM Ammonium persulphate (APS) 
0.05 % (v/v) N,N,N’,N’-Tetramethylethylenediamine 
(Temed) 

5 % Polyacrylamide gel for 
EMSA 

16.7 % (v/v) Protogel 
0.5 x TBE 
3.6 mM APS 
0.083 % (v/v) Temed 

Bridging assay 
10 x Renaturation buffer 
(RB) 

200 mM Tris-HCl pH 9.5 
10 mM spermidine 
1 mM EDTA 

10 x Labelling buffer (LB) 500 mM Tris-HCl pH 9.5 
100 mM MgCl2  
40 % (v/v) glycerol 

Coupling buffer (CB) 20 mM Tris-HCl pH 7.9 
2 mM EDTA 
2 M NaCl 
2 mg/ml acetylated BSA 
0.04 % (v/v) Tween-20 

Incubation buffer (IB)  10 mM Tris-HCl pH 7.9 
0.02 % Tween-20 
1 mg/ml acetylated BSA 
1.25 mM spermidine 
12.5 mM MgCl2 
6.25 % (v/v) glycerol 
1.25 mM DTT 

Stop buffer 10 mM Tris-HCl pH 7.9 
1 mM EDTA 
200 mM NaCl 
0.2 % sodium dodecylsulphate (SDS) 

DNA storage buffer (DSB) 10 mM Tris-HCl pH 7.9 
50 mM KCl 
10 mM MgCl2 

 
Table 2.4. Buffers and reagents used in this study 
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2.2.1. Antibiotics  

All antibiotics were purchased from Sigma, filter sterilised (0.45 µm) and stored short term at 

4 °C or long term at -20 °C. For A. baumannii, antibiotics were used to a final concentration of 

10 µg/ml for tetracycline, 30 µg/ml for apramycin, 250 µg/ml for zeocin in liquid culture and 

500 µg/ml for zeocin on agar plates. For E. coli, antibiotics were used to a final concentration 

of 35 µg/ml for tetracycline, 25 µg/ml for zeocin, 100 µg/ml for gentamicin, 50 µg/ml for 

kanamycin, 100 µg/ml for streptomycin, 30 µg/ml for chloramphenicol, and 100 µg/ml for 

ampicillin. 

 

2.2.2. Storage as glycerol stocks 

For long term storage at -80 °C, 500 µl of overnight culture was mixed with 500 µl 50 % glycerol 

for a final concentration of 25 % for E. coli. 625 µl of overnight culture was mixed with 375 µl 

80 % glycerol for a final concentration of 30 % for A. baumannii. 

 

2.2.3. Generating pure stocks of colony phase variants 

Strains were streaked onto 0.5 x LBA plates where the correct phase was chosen under oblique 

illumination with a Nikkon SMZ-1000 microscope. Single colonies were streaked on 1 x LBA 

and grown for 6 h at 37 °C. Following this, single colonies were picked and used to inoculate 

LB, grown overnight at room temperature. Stocks were tested for purity by streaking onto 0.5 

x LBA to check that the correct phase had been generated. 
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2.3. Gel electrophoresis 

2.3.1. Agarose gel electrophoresis 

Agarose electrophoresis was used to check DNA size, integrity and preceding gel extraction. 

Typically, 1 % (w/v) agarose gels were made with agarose (Bioline) in 1 x TBE. The solution was 

microwaved at full power with intermittent mixing until dissolved. 1 % (v/v) Sybr Safe was 

added and the gel left to cool on the bench. DNA was mixed with DNA loading dye (Qiagen) 

and run at 120 V for 20 – 40 minutes in 1 x TBE running buffer, before visualisation with a blue 

light transilluminator. 

 

2.3.2. Polyacrylamide gel electrophoresis (PAGE) 

PAGE was used to visualise band sizes for IVT and EMSA assays. A 5 % denaturing 

polyacrylamide gel was made with SequaGel UreaGel system (National Diagnostic). APS and 

TEMED were added and the gel allowed to set at room temperature. For IVT the gel was run 

in 1 x TBE at 80 W for 1 h to prewarm before loading samples. After adding samples to the 

wells, the gel was run at 80 W. For EMSA the gel was run in 0.5 x TBE at 150 V. 

 

2.3.3. Sodium dodecylsulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) 

To check the presence and size of protein, soluble and insoluble fractions following sonication 

were run on SDS-PAGE gels. Samples were mixed with Laemmli buffer and loaded onto a 

NUPAGE 4–12 % Bis-tris gel with acrylamide gradient (Invitrogen) run with 1 x MES buffer 

(Invitrogen) at 200 V for 1 h. Gels were microwaved with Coomassie stain for 30 s and 
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incubated for 20 minutes shaking. Gels were washed with destain and incubated 20 minutes 

a total of three times before imaging on a GS-800 calibrated Denistometer (Biorad).  

 

2.4. DNA purification  

2.4.1. PCR product purification 

PCR products were purified using the QIAquick PCR Purification Kit (Qiagen) following the 

manufacturer’s instructions. 

 

2.4.2. Agarose gel extraction 

Gel slices were excised with a clean scalpel and purified using the QIAquick Gel Extraction Kit 

(Qiagen) following the manufacturer’s instructions. 

 

2.4.3. Plasmid purification 

For general cloning, plasmids were purified using the QIAprep Spin Miniprep kit (Qiagen). For 

generating large stocks of plasmid or for use in IVT assays, plasmids were purified by either 

using the ZymoPURE II Plasmid Midiprep Kit (Zymo Research) or the Qiagen Maxiprep kit 

(Qiagen). 
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2.4.4. Phenol-chloroform extraction 

Due to its large size (17.2 kbp), pRW50T was purified following restriction digestion by phenol-

chloroform extraction. An equal volume of phenol:chloroform:isoamyl alcohol was added to 

pRW50T purified by Maxiprep or Miniprep. The mixture was vortexed for 15 s, followed by 

centrifugation in a 5PRIME phase-lock gel heavy tube (Quantabio) at 17,900 x g for 3 minutes. 

The upper aqueous phase was removed to a fresh tube and 20 µl 3 M NaAc pH 5.2 was added. 

600 µl of ice-cold 100 % ethanol was added and the tube put at -80 °C for 30 minutes. This 

was followed by centrifugation at 17,900 x g, 4 °C for 45 minutes. Supernatant was removed 

leaving the pellet undisturbed, which was washed with 750 µl ice-cold 70 % ethanol followed 

by centrifugation at 17,900 x g, 4 °C for 10 minutes. Supernatant was removed, the pellet was 

dried by vacuum (Savant120 speedvac, Thermofisher) on the medium/run setting, followed 

by resuspension in H2O . 

 

2.4.5. Genomic DNA (gDNA) extraction  

gDNA was extracted using the DNeasy Blood & Tissue kit (Qiagen) according to the 

manufacturer’s instructions for Gram-negative bacteria. The optional RNase A step was 

included. A final elution in 100 µl H2O was used rather than 200 µl in elution buffer. 

 

2.4.6. AMPure XP bead cleanup 

An appropriate amount of beads for each assay was aliquoted out and left at room 

temperature for > 30 minutes. 100 µl DNA in H2O was mixed with different amounts of beads 

depending on the ratio required, and incubated at room temperature for 5 minutes. Tubes 
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were placed on a magnetic rack and supernatant removed. Beads were washed 2 x with 200 

µl freshly prepared 70 % ethanol. To elute DNA off beads, tubes were taken off the rack, H2O 

was added, mixed, and tubes were incubated at room temperature for 2 minutes. Then tubes 

were placed back on the rack and supernatant containing eluted DNA removed into a fresh 

Eppendorf. 

 

2.5.  DNA sequencing 

2.5.1. Sanger sequencing 

All plasmids and mutants generated were confirmed by Sanger sequencing done by either the 

Genomics Facility at the University of Birmingham or by Eurofins. 

 

2.5.2. Whole genome sequencing  

Strains were grown to mid-exponential phase and 109 cells were collected by centrifugation. 

Cells were washed with 1 ml PBS and resuspended in 0.5 ml 1 x DNA/RNA shield (Zymo). 

MicrobesNG performed long read genome sequencing using Oxford Nanopore and short read 

genome sequencing with Illumina (2 x 250 bp paired ends, 30 x depth coverage).  

 

2.6. RNA purification 

Strains were grown to mid-exponential phase, and RNA extraction was done with the Qiagen 

RNeasy kit following the manufacturer’s instructions. Tapestation (Agilent) was used to assess 

RNA integrity and concentration. 
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2.7. RNA sequencing 

Library preparation for RNA-seq was done by Vertis Biotechnologie (Fig.2.1). Samples were 

depleted of rRNA, fragmented ultrasonically, and an adapter ligated to the 3’ end. M-MLV 

reverse transcriptase was used to generate cDNA that was then amplified by PCR. Libraries 

were sequenced using an Illumina NextSeq 500 system with 75 bp read length. 

 

2.8. Cloning 

2.8.1. PCR 

PCR was done with Q5 polymerase (NEB) according to the manufacturer’s instructions in a 

final volume of 50 µl. For gDNA template, 100 ng was used, for plasmid template 10 ng was 

used. Thermocycling parameters used are given in Table 2.5, which were modified as 

appropriate depending on the annealing temperature of primers and the length of product to 

be amplified (30 s per kb).  

 

For overlap extension PCR, Q5 polymerase was used as above with the appropriate fragments 

added for 15 cycles without primers to enable annealing, followed by addition of flanking 

primers and a further 30 cycles. This method was used to join the native H-NS promoter to 

the DNA sequence encoding the 39 amino acids of H-NS39aa, including a start codon for 

translation initiation. 
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Fig.2.1. Illustration of RNA-seq methods 
(a) RNA processing and degradation give rise to a heterogenous population of RNA species of 
different lengths making annotation of transcription start and stop sites difficult. (b) Standard 
RNA-seq sequences all mRNA species in the transcriptome. (c) In Cappable-seq, RNA is capped 
using desthiobiotin-TEG-guanosine 5’triphosphate (DTBGTP) and the vaccinia capping 
enzyme, followed by capture with streptavidin beads. This enables enrichment of 5’ ends of 
RNA. (d) In Term-seq, a 5’ sequencing adapter is ligated to the 3’OH at the ends of RNA. 
Bottom: examples of expected traces following alignments of reads to a reference genome. 
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Step Description Temperature (°C) Time Number of cycles 

1 Initial denaturation 98 30 s 1 

2 Denaturation 

Annealing  

Elongation 

98 

50-72 

72 

10 s 

20 s 

30 s 

30 

3 Final elongation 72 2 minutes 1 

 
Table 2.5. PCR parameters used for Q5 polymerase 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 70 

Colony PCR with MyTaq red (Bioline) was used to confirm positive transformants, with a sterile 

tip used to stab a single colony and add it to the master mix. Thermocycling parameters used 

are given in Table 2.6, which were modified as appropriate depending on the annealing 

temperature of primers and the length of product to be amplified (10 s per kb). 

 

2.8.2. Restriction digestion 

All restriction enzymes were purchased from NEB. Digestion reactions were carried out with 

3 µl of each restriction enzyme for plasmid and 1.5 µl of each restriction enzyme for PCR 

products, in a total volume of 50 µl with 1 x rCutSmart buffer. Reactions were incubated at 37 

°C for at least 1 h. For plasmid digestion, 5 µl calf intestinal phosphatase (CIP) (NEB) was added, 

with incubation at 37 °C for 30 minutes. Complete plasmid digestion was confirmed by 

electrophoresis on a 1.5 % agarose gel, compared alongside single digest reactions. 

 

2.8.3. Ligation 

In a PCR tube, digested plasmid DNA and digested PCR product were mixed in a 1:3 molar ratio 

with 2 µl ligation buffer, 1 µl T4 DNA ligase (NEB) and made up to 20 µl with H2O. No more 

than 100 ng digested plasmid was used. Ligation reactions were incubated overnight at 16 °C. 

Reactions always included a negative control of digested plasmid without insert. 
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Step Description Temperature (°C) Time Number of cycles 

1 Boiling 95 5 minutes 1 

2 Initial denaturation 95 30 s 1 

3 Denaturation 

Annealing 

Elongation 

95 

50-72 

72 

30 s 

30 s 

30 s 

30 

4 Final elongation 72 10 minutes 1 

Table 2.6. PCR parameters used for colony PCR 
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2.8.4. Gibson assembly  

Gibson assembly was used to join multiple DNA fragments together, either as a linear product 

for natural transformation or as a closed circular plasmid. Less than a total of 0.2 pmol was 

used in each reaction. For assembly of 2-3 linear fragments, a molar ratio of 1:1 of each 

fragment was used. Whereas, for assembly of 2-3 linear fragments into a vector, a molar ratio 

of 1:2 of vector:insert was used with 100 ng total vector. DNA was mixed with NEBuilder HiFi 

DNA assembly master mix (NEB) and incubated at 50 °C for 1 h. 

 

2.8.5. Preparation of chemically competent cells 

An overnight culture was subcultured into 50 ml LB and grown at 37 °C to OD600 = 0.5. Cells 

were incubated on ice for 10 minutes followed by centrifugation at 3,500 x g for 5 minutes at 

4 °C. Pellets were gently resuspended in 25 ml ice-cold 0.1 M CaCl2 and incubated on ice for 

at least 30 minutes. Cells were collected by centrifugation at 3,500 x g for 10 minutes at 4 °C, 

supernatant removed, and pellet resuspended in 3.3 ml 0.1 M CaCl2. Cells were left at 4 °C 

overnight on ice and the following day 1.2 ml of 50 % glycerol was added. This mixture was 

aliquoted and stored at -80 °C. 

 

2.8.6. Heat shock transformation  

Competent cells were left on ice for at least 30 minutes with ligation product or digested 

plasmid as a negative control. Cells were heated at 42 °C for either 2 minutes (JCB387), 30 

seconds (NEB DH5α) or 10 seconds (NEB Lemo21), put on ice for 3 minutes and incubated at 

37 °C for 1 h shaking in SOC medium before selection on LBA with the appropriate antibiotic. 
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2.8.7. Natural transformation  

Cells were first streaked on 1 x LBA or selective LBA if appropriate and incubated overnight at 

37 °C. Next, 1 ml of motility medium (2 % agarose (w/v) (Euromedex), 5 g/L tryptone (Difco)) 

was heated, added to a sterile Eppendorf tube, and left to cool on the bench. A single colony 

was resuspended in 2 ml LB and incubated at 37 °C until OD600 = 1. The culture was diluted 

100-fold in sterile PBS and 2.5 µl mixed with an equal volume of transforming DNA. This 

mixture was spotted onto motility medium and incubated at 37 °C overnight. The next day, 

100 µl PBS was added to the Eppendorf tubes, and cells were resuspended using a vortex 

mixer for 5 s. The resulting mixture was plated on appropriate media. 

 

2.8.8. Conjugation 

Triparental conjugation was carried out as follows. 1 ml of overnight culture grown at 37 °C 

underwent centrifugation for 5 minutes at 2,500 x g. Cell pellets were washed twice with 500 

µl 0.9 % sterile NaCl followed by centrifugation for 5 minutes at 2,500 x g. Cell pellets were 

resuspended in 1 ml LB and 100 µl donor E. coli DH5α was mixed with 100 µl recipient AB5075 

and 200 µl E. coli DH5α containing the helper plasmid pRK2013. 50 µl of this mixture was 

spotted onto a fresh LBA plate and incubated overnight at 30 °C. The next morning, clumps 

were scraped with a sterile plastic inoculation loop and resuspended in 100 µl 0.9 % sterile 

NaCl. This suspension was plated onto selective LBA plates, incubated overnight at 37 °C and 

restreaked on selective media followed by incubation again overnight at 37 °C. 
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2.8.9. Generation of scarless ompW::ISAba13 chromosomal mutant 

To insert ISAba13 at the ompW locus, PCR was used to generate 2 kb fragments flanking 

ompW.  Two further fragments, containing ISAba13 and sacB-apraR respectively, were also 

generated. The different sections of DNA were then combined by Gibson assembly, purified, 

and used to transform AB5075 cells (Fig.2.2). To remove the sacB-apraR cassette from the 

locus, leaving a scarless ISAba13 insertion, we first extracted genomic DNA from a successful 

transformant. This was used as a template to generate fragments, that could be fused by 

overlap extension PCR, to create a copy of the ompW locus lacking the sacB-apraR cassette 

(Fig.2.2). Following transformation, successful recombinants were plated on media without 

NaCl containing 20 % (w/v) sucrose for counter selection, with incubation overnight at 30 °C. 

 

2.9. Phenotypic assays 

2.9.1. Capsule production assay 

We followed the protocol of (Whiteway et al., 2022). Cells were collected from an overnight 

culture by centrifugation at 5,000 x g. Cells were resuspended in 1 ml PBS and 875 µl of 

resuspended bacteria were mixed with 125 µl of 30 % (w/w) Ludox LS colloidal silica (Merck), 

followed by centrifugation at 9,000 x g for 30 minutes with band distances recorded 

photographically. 
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Fig.2.2. Illustration of creation of scarless chromosomal ompW::ISAba13 mutant 
(a) PCR is used to generate the four fragments with overlapping regions to be stitched 
together. (b) The 1st recombination inserts the sacB-apraR cassette into the chromosome with 
the desired rearrangements. (c) A second recombination is used to remove the sacB-apraR 
cassette. (d) The final scarless mutant generated contains ISAba13 in the desired location. 
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2.9.2. Growth curves 

Overnight cultures were serially diluted to a starting OD600 = 0.05 in LB medium, in a 96-well 

plate (Costar). Plates were incubated at 37 °C with shaking, and measurements taken every 

hour for 24 hours in a microplate reader (Fluostar). For growth in serum, human serum type 

AB (Sigma) was diluted 1:2 in LB medium. For heated control human serum, aliquots were 

treated at 56 °C for 30 minutes before dilution 1:2 in LB medium. 

 

2.9.3. Broth microdilution MIC 

To prepare serial dilutions of the antibiotic to be tested, 50 µl of LB was added to each row of 

a 96-well plate (Costar), excluding the first column. Next, 50 µl of antibiotic diluted in LB at 

twice the required concentration was added to the first two columns, and a multichannel 

pipette was used to create double dilutions of each sequential column, starting from column 

two, by transferring 50 µl of mixture from one column to the next, with 50 µl removed and 

discarded from the final column. Overnight cultures were diluted to OD600 = 0.05 in sterile 

distilled water, and then diluted further in a 1:20 dilution in LB medium. 50 µl of this dilution 

was added to each well to create a final volume of 100 µl. The plate was grown at 37 °C, 

stationary, for 18 hours and growth in each well was assessed. 

 

2.9.4. Congo Red binding assay 

Congo Red plates were made from Congo Red solution added to warm LBA made without salt, 

to a final concentration of 40 µg/ml. Overnight cultures were diluted 1:10,000 in LB made 
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without salt, and 5 µl was spotted in triplicate onto the Congo Red agar plates. Plates were 

incubated at 30 °C for 48 hours before being photographed. 

2.9.5. Biofilm assay 

The procedure was adapted from the work of (López-Martín et al., 2021). Bacteria were grown 

to mid-log phase and 750 µl of culture added to a 1.5 ml polypropylene Eppendorf tube. After 

incubation at 37 °C or room temperature for 24 h, the culture was removed, and tubes washed 

twice with 1 ml PBS. Next, 850 µl of 0.1 % (w/v) crystal violet was added to the tube. Following 

incubation at room temperature for 15 minutes, the dye was removed, and tubes were 

washed three times with 1 ml PBS. After drying, tubes were photographed as a qualitative 

measure of biofilm production. For quantification, the dye was dissolved by adding 1 ml of 

100 % ethanol to each tube, followed by vortexing and incubation for 10 minutes at room 

temperature. The A585 was recorded to measure amount of crystal violet dye. 

 

2.9.6. Surface-associated motility assay 

Five bacterial colonies were resuspended in 100 µl LB medium, and 1 µl of the resulting 

mixture spotted onto 0.3 % agarose (Bioline) plates. These were sealed with parafilm and 

incubated, agar surface up at 37 °C for 16 h inside a sealed plastic bag. Plate images were 

recorded photographically, and motility was quantified by measuring the colonised area of 

the plate with ImageJ software. 
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2.9.7. Twitching motility assay 

Strains to be tested were streaked on 1 x LBA and incubated overnight at 37 °C. Twitching agar 

was prepared as 1 % tryptone (w/v), 0.5 % yeast extract (w/v), 0.25 % NaCl (w/v) and 1 % agar 

(w/v). 10 ml of twitching agar was poured into a Petri dish and left to solidify by a Bunsen 

burner for 10 minutes. A single colony was picked from the agar plate using a sterile pipette 

tip and stabbed until contacting the plastic. Plates were incubated at 37 °C for 48 h, and the 

twitching halo photographed, with areas measured by ImageJ software. 

 

2.9.8. Natural transformation assay 

Natural transformation was conducted as described above, with bacteria grown to OD600 = 0.6 

instead of OD600 = 1. Before incubation, 250 ng of plasmid DNA was mixed with bacteria. 

Following incubation, 300 µl sterile PBS was added to tubes and vortexed for 5 seconds. A 

range of serial dilutions were made by mixing 30 µl of culture with 270 µl LB in a 96 well plate. 

100 µl of dilutions were plated onto selective agar to enumerate transformants and 100 µl 

plated on LBA at various dilutions to enumerate total colony forming units (CFU). 

 

2.9.9. Desiccation assay 

Overnight cultures were grown to OD600 = 0.15. Next, 25 µl was spotted into the wells of a 96-

well flat-bottomed polystyrene plate (Corning). The plate was allowed to dry in a biosafety 

cabinet for 1 h, and then incubated on the bench at room temperature. At appropriate times, 
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100 µl PBS was mixed thoroughly into the wells and incubated for 30 minutes to allow bacteria 

to rehydrate. Mixtures were serially diluted and plated to enable CFU enumeration. 

 

2.10. LacZ assay 

150 µl of overnight culture grown in selective LB medium was used to inoculate 3 ml fresh 

selective LB medium. Strains were grown to OD600 = 0.3 - 0.5. Cultures were lysed by adding 2 

drops of 1 % (w/v) sodium deoxycholate and 2 drops of toluene, followed by vortexing for 20 

seconds. Tubes were left to incubate in a biosafety cabinet for at least 1 hour to allow toluene 

to evaporate. Z-buffer was prepared with 8 mg/ml 2-nitrophenyl-ß-D-galactopyranoside 

(ONPG) and 0.27 % ß-mercaptoethanol. Next, 2.5 ml of this solution was mixed with 100 µl of 

lysate in glass test tubes to begin the reaction. Following incubation at 37 °C for 20 minutes, 

the assay was stopped with 1 ml of 1 M Na2CO3. A420 was measured and activity (Miller units) 

calculated with the equation below: 

 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦	 =
(2.5 ∗ 1000 ∗ 𝐴 ∗	𝐴012)
(4.5 ∗ 	𝑇 ∗ 	𝑉 ∗ 	𝑂𝐷9:2)

 

 

Where, A = final assay volume (ml), T = reaction time (min), and V = volume of lysate used 

(ml). 
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2.11. Native Tn-seq  

At least two biological replicates were done for each genetic background. Following overnight 

growth, cells were sub-cultured in 50 ml LB and grown to mid exponential phase (OD600 = 0.5). 

Genomic DNA was extracted from 13 ml of the culture using a DNeasy Blood & Tissue kit 

(Qiagen) according to the manufacturer’s instructions for Gram-negative bacteria, as 

described above (section 2.4.5.). The extracted DNA was further purified with Agencourt 

AMPure XP magnetic beads (Beckman Coulter), using a 1.8:1 ratio of beads:DNA as described 

above (section 2.4.6.) NEBnext dsDNA fragmentase (NEB) was used to digest 6 µg of gDNA. 

Reactions were incubated for 10 - 15 minutes at 37 °C and stopped by the addition of 5 µl 

0.5M EDTA. Fragmented DNA, between 400 – 650 bp in size, was extracted from a 1 % (w/v) 

agarose gel following electrophoresis. Gel slices were stored at -20 °C for > 30 minutes and 

DNA extracted using the Qiagen minelute kit according to the manufacturer’s instructions, 

with an extra PE buffer wash. Next, 1 µg of DNA was mixed with 7 µl NEBnext Ultra II end prep 

reaction buffer (NEB) and 3 µl Ultra II end prep enzyme mix (NEB), and incubated at 20 °C for 

30 min, followed by 65 °C for 30 min.   

 

Next, 48 µl of 100 µM stock DNA adaptors 1.2 and 2.2 was mixed with 4 µl 50 mM MgCl2, 

heated at 95 °C for 10 minutes, and allowed to cool to room temperature overnight. Adaptor 

1.2 has a 3’ C3-amino modification to protect against exonuclease degradation and block 

strand extension during PCR. The longer adaptor 2.2 creates a 3’ overhang of a single thymine 

base, facilitating ligation to genomic DNA fragments. Hybridised adapters were attached to 

DNA fragments using either a Fastlink DNA ligation kit (Cambio), or following discontinuation 

of this reagent, the NEBnext ultra II ligation module (NEB). For the Fastlink DNA ligation kit, 
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four reactions were done per sample: 11.25 µl of DNA was mixed with 1 µl of adaptor mix, 1.5 

µl of ligase buffer, 0.75 µl 10mM ATP and 1 µl ligase, and incubated at room temperature for 

1 h. Then to each sample an additional 1 µl ligase buffer, 7.5 µl H2O, 0.5 µl 10 mM ATP and 1 

µl ligase was added and incubated for a further 2 h at room temperature. For the NEBnext 

Ultra II ligation module, 2.5 µl of adaptor mix above was added to the completed end repair 

reaction mixture, with 30 µl NEBnext Ultra II ligation master mix and 1 µl NEBnext ligation 

enhancer incubated at 20 °C for 15 minutes. After ligation, products were purified with a 0.7:1 

ratio of AMPure XP beads to DNA. 

 

Purified products were used as template for 50 µl PCR reactions containing 1 x GoTaq mix 

(Promega), 0.3 µM of each oligonucleotide JelAP1 and ISAba13_out, and 5 % DMSO. For each 

experiment, 8 reactions were done using 100 ng of DNA template in each. Thermocycling 

parameters used are given in Table 2.7. The JelAP1 oligonucleotide anneals to adaptor 2.1 and 

results in extension products directed toward the isolated genomic DNA fragment. The 

ISAba13_out oligonucleotide anneals close to the 3’ end of the ISAba13 transposase coding 

sequence and results in extension products across the boundary of ISAba13 and the 

associated chromosomal DNA, towards the site of adaptor 2.1 attachment. Thus, all products 

of the PCR reaction capture boundaries between ISAba13 and chromosomal DNA at insertion 

sites. Following PCR, each set of 8 equivalent reactions was pooled and products separated 

on a 2 % (w/v) agarose gel. Products in the region of 400 – 650 bp were excised in a gel slice 

that was then stored at -20 °C for 30 minutes. The DNA was then recovered using a minelute 

gel extraction kit (Qiagen) using four PE buffer washes. 
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Step Description Temperature (°C) Time Number of cycles 

1 Initial 

denaturation 

95 10 

minutes 

1 

2 Denaturation 

Annealing 

Elongation 

95 

58 

72 

30 s 

30 s 

45 s 

20 

3 Final 

elongation 

72 5 

minutes 

1 

 
Table 2.7. PCR parameters used for 1st PCR in native Tn-seq 
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In a second round of PCR reactions, we used an oligonucleotide (Ap_P7_tagged_1) that 

anneals to the JelAP1 sequence and introduces a DNA barcode. This was in conjunction with 

a mixture of four oligonucleotides, all annealing to the same site towards the 5’ end of the 

ISAba13 sequence, and containing different stagger lengths to improve complexity of the 

final library. Resulting PCR products should contain the final 78-83 bp (depending on the 

stagger length) of ISAba13 at the 5’ end. The PCR conditions were the same as those used in 

step one above, except without DMSO, and the cycle number was reduced to 8. After PCR, 

DNA was recovered using a 1:0.75 ratio of AMPure XP beads. The size and purity of DNA 

fragments were assessed using a Tapestation (Agilent) and concentration assessed by qPCR, 

before sequencing with an Illumina HiSeq or NovaSeq instrument (2 x 150 bp) with a 5 % 

PhiX spike in. 

 

2.12. In vitro transcription (IVT) 

IVT master mix was made with 2 µl 10x TNSC buffer, 0.1 µl 20 mg/ml BSA, 3 µl NTP mix and 

0.2 µl α 32P-UTP (5 µCi). Next, 300 ng of pSR template was made up to 12.7 µl in H2O. RNAP 

mix was prepared per reaction as 2 µl RNAP holoenzyme (NEB) added to 0.2 µl σ70. 5.3 µl of 

master mix was added to each DNA template with 2 µl RNAP mix and incubated at 37 °C for 

10 minutes. 20 µl Stop solution was added and samples were loaded onto a prewarmed 

polyacrylamide gel and run for several hours. Gels were dried at 80 °C for 1 h before exposure 

to a Fuji phosphor screen overnight and imaging by a BioRad Molecular Imager FX. 
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2.13. Radiolabelling of DNA fragments 

Fragments generated by Q5 PCR were incubated with [γ-32] adenosine triphosphate (ATP) (10 

µCi/ul, Perkin Elmer) and T4 PNK (NEB) following the manufacturer’s protocol. 

Unincorporated nucleotides were removed by centrifugation through a Micro Bio-spin P-30 

gel column (Bio-Rad) at 1,000 x g for 4 minutes.  

 

2.14. Electrophoretic mobility shift assay (EMSA) 

Experiments were done according to the protocol of (Haycocks et al., 2019). Briefly, 

radiolabelled DNA fragments were mixed with herring sperm DNA (12.5 mg/ml) and indicated 

proteins in 1 x TNSC buffer. After incubation at 37 °C for 10 minutes, samples were analysed 

by electrophoresis using a 5 % (w/v) polyacrylamide gel. After drying, gels were exposed to a 

Fuji phosphor screen overnight and imaged using an Amersham Typhoon (Cytiva). 

 

2.15. Bacterial two hybrid (BACTH) assay 

Plasmids pKT25, pKNT25, pUT18 and pUT18C were digested with KpnI and PstII, and ligated 

with genes encoding the proteins of interest digested with the same restriction enzymes. This 

created in frame fusions of the genes encoding the protein of interest with the T25 or T18 

catalytic domains of the adenylate cyclase from Bordetella pertussis (Fig.2.3). Positive controls 

of leucine zipper fused to the catalytic domains was included. The plasmids were used to 

transform BTH101, prepared as chemically competent as above (section 2.8.5). To assess 

cyclic AMP (cAMP) synthesis and subsequent lacZ expression, a lacZ assay was done as above 

(section 2.10). 
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Fig.2.3. Illustration of BACTH assay 
Proteins of interest are fused in frame to the catalytic domains (T18 and T25) of adenylate 
cyclase. If the two proteins interact spatially, the catalytic domains are brought close together 
and can catalyse the production of cAMP. This signalling molecule binds the regulator cAMP 
receptor protein (CRP) which induces expression of lacZ. 
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2.16. Protein expression and purification 

2.16.1. Measurement of protein concentration 

Protein concentrations were measured on a Qubit 2.0 fluorometer (Life technologies) using 

the Quantit protein assay kit (Thermofisher). Diluted dye was prepared 1:200 along with three 

standards. 1 µl or 10 µl sample was diluted with 199 µl diluted dye or 190 µl diluted dye 

respectively.  

 

2.16.2. Attempted protein purification of ISAba13 encoded 
transposase 

For small scale protein expression, overnight cultures were diluted 1:50 in fresh LB with 

appropriate antibiotics, and with or without L-rhamnose for Lemo21 DE3 cells. Cultures were 

grown to OD600= 0.4–0.5 at 37 °C, induced with or without isopropyl β-d-1-

thiogalactopyranoside (IPTG) (400 µM) and grown further at 37 °C for a few hours or overnight 

at 18 °C. OD600 was measured and normalised amounts of bacteria were collected by 

centrifugation at 13,000 rpm for 1 minute.  Pellets were resuspended in 200 µl 1 x Bugbuster 

protein extraction reagent (Merck) in NTA buffer. One tablet of cOmplete Mini EDTA-free 

protease inhibitor cocktail (Sigma) was added and dissolved. Suspensions were sonicated 

using a Bio-rupter (Diagenode) with 15 cycles on for 30 s, 15 cycles off for 30 s. This was 

followed by centrifugation for 3 minutes at 13,000 rpm. For the supernatant soluble fraction, 

Qubit was used to measure protein concentration. Laemmli dye was added to 5 µg of protein 

per tube. For the insoluble fraction, pellets were resuspended in 50 µl NTA buffer A + 8M Urea 
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with Laemmli dye. All samples were vortexed and boiled for 5 minutes and loaded on an SDS-

PAGE gel. 

 

2.16.3. Native protein purification of H-NS 

The A. baumannii hns sequence was cloned into plasmid pJ414 under the control of an IPTG-

inducible promoter, and the construct was used to transform E. coli T7 Express cells. 

Transformants were grown to mid-log phase before induction of H-NS expression with 1 mM 

IPTG for 2 h. Cells were collected by centrifugation and resuspended in 30 ml of buffer A with 

100 mM NaCl with one cOmplete Mini EDTA-free protease inhibitor cocktail tablet. Cells were 

lysed by sonication and lysates cleared by centrifugation at 13,000 rpm for 1h at 4 °C. 

Supernatant was filtered (0.4 µm pore size) and loaded onto a HiTrap heparin HP1 5 ml column 

(Cytiva). The protein was eluted with a gradient to 1 M NaCl using an AktaTM. Fractions 

containing H-NS were identified by SDS-PAGE, pooled and dialysed overnight at 4 °C in 

SnakeSkin tubing (Thermofisher) with 2 L of buffer A. The resulting sample was loaded onto 

and eluted from a HiTrap SP XL 5 ml column (Cytiva) as described above. Fractions containing 

H-NS were pooled and concentrated with a Vivaspin 20 MWCO 5000 column (Cytiva) by 

centrifugation at 4,000 x g, 4 °C. The purified protein was then dialysed overnight into dialysis 

buffer for storage at –20 °C. 

 

2.16.4. Peptide synthesis of H-NS39aa 

Lyophilized peptide (> 95 % purity) was prepared by Thermofisher using Fmoc solid-phase 

technology, purified by high-performance liquid chromatography (HPLC). Peptide sequence 
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was confirmed by mass spectrometry, and purity determined by analytical HPLC. Upon 

receipt, peptide was dissolved in H2O, aliquoted and stored at –20 °C. 

 

2.17. DNA bridging assay 

This assay is based on the procedure of (van der Valk et al., 2017) illustrated in Fig.2.4. 

 

2.17.1. Radiolabelling of prey DNA 

Q5 PCR was used to generate bait and prey DNA. DNA bands were checked on a 1 % agarose 

gel and subsequently purified with a PCR purification kit. 2 pmol of purified DNA was mixed 

with 10 x RB to a final volume of 15 µl in H2O. Next, 10 µl kinase mix was prepared per DNA 

labelling as follows:  2.5 x LB, 25 mM DTT, 2 µl ATP γ32P, 1 U/µl Polynucleotide kinase (PNK). 

DNA was incubated at 80 °C for 10 minutes and kept on ice. 10 µl of the kinase mix made 

above was added to the DNA sample and incubated at 37 °C for 30 minutes. The reaction was 

stopped with the addition of 1µl 0.5M EDTA and incubated at 75 °C for 15 minutes. 

Unincorporated nucleotides were removed by centrifugation through a Micro Bio-spin P-30 

gel column at 1,000 x g for 4 minutes. Radiolabelled DNA was made to a final volume of 100 

µl with DSB. 

 

2.17.2. DNA Bridging 

For each reaction, 3 µl of MyOne streptavidin T1 Dynabeads (Thermofisher) were added to a 

microfuge tube, washed once with 50 µl PBS and twice with 50 µl CB. The beads were then  
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Fig.2.4. Illustration of DNA bridging assay  
Biotinylated “bait” DNA is bound to the streptavidin bead. Upon addition of a bridging protein, 
free radiolabelled “prey” DNA is tethered to bait DNA bound to beads. The greater the amount 
of bridging, the greater the amount of radiolabelled DNA retained following washing, and the 
greater the radioactive signal. 
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resuspended in 3 µl CB. 100 fmol of biotinylated bait DNA in 3 µl of DSB was added to the 

resuspended beads and incubated at 25 °C for 20 minutes with shaking at 1000 rpm.  Proteins 

and radiolabelled prey DNA (minimum counts 5000/min) were then added, and samples 

incubated at room temperature for 20 min. Beads were washed with 20 µl of reaction buffer 

and resuspended in 12 µl stop buffer. A 5 µl aliquot of each reaction was spotted onto a 

nitrocellulose filter paper and exposed to a Fuji phosphor screen overnight. After imaging with 

an Amersham Typhoon instrument, spot intensity was quantified using ImageJ. Each assay 

included negative controls of no biotinylated DNA and no H-NS.  

 

2.18. Bioinformatics analysis 

2.18.1. Genome sequence assembly  

Bioinformatics on the reads obtained from long and short read genome assembly were done 

by MicrobesNG. The short and long read data was combined in a hybrid assembly to produce 

a complete bacterial genome. Kraken was used to identify a reference genome and reads 

mapped using BWA mem. A de novo assembly was performed with SPAdes and reads mapped 

back to contigs with BWA mem. Variant calling was done with VarScan and automated gene 

annotation with Prokka. 

 

2.18.2. RNA-seq analysis 

All sequencing reads were processed as described by (Forrest et al., 2022). Briefly, reads were 

aligned against the reference genome (CP008706.1) using Bowtie 2 (Langmead and Salzberg, 

2012; Afgan et al., 2018) (Galaxy v2.4.2) and coverage extracted using the genomcov function 
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of BedTools (Quinlan and Hall, 2010) (Galaxy v2.30.0). For differential expression analysis, 

FeatureCounts (Liao, Smyth and Shi, 2019) was used to determine gene read counts, which 

were input into edgeR (Robinson, McCarthy and Smyth, 2010) to determine differential gene 

expression, using the R script in Appendix 1, written by Dr. David Forrest. For Cappable-seq, 

coverage files were used in the script in Appendix 2, written in R by Dr. David Forrest and 

Zuzana Palečková. Briefly, If the number of Cappable-seq reads at a single position is four 

times greater than the previous one and greater than 4 reads, it is assigned as a TSS. For Term-

seq, identification of TTS using coverage files was done using Logic functions in Microsoft 

Excel. TTS were defined if the following criteria were met. Firstly, the read depth of the 

position of interest divided by the read depth 4 nucleotides prior must be greater than 2. 

Secondly, the read depth at 4 nucleotides prior must be at least 20, and three times greater 

than the read depth 5 nucleotides after the position of interest. Thirdly, these two conditions 

must apply for several consecutive bases and the last base is called as the site of termination. 

 

2.18.3. Conserved domain search 

Conserved domain search was carried out to identify potential functional domains of 

hypothetical proteins with no annotated function. Searches were conducted against database 

CDD v3.20-59693 PSSMs with expected value threshold of 0.01 and composition based 

statistics adjustment (Marchler-Bauer et al., 2017) 
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2.18.4. Native Tn-seq analysis 

The FASTQ files were parsed using Barcode Splitter (Hannon and Assaf, 2010)  (Galaxy v1.0.1) 

to identify reads having the final 83 nucleotides of ISAba13 at the 5’ end. To account for 

differences introduced by the staggered oligonucleotides up to 4 mismatches and 2 deletions 

were allowed. Once selected, the first 83 nucleotides of each read were removed using 

dada2:filterAndTrim (Callahan et al., 2016) (Galaxy v1.20). Only remaining reads 20 or more 

nucleotides in length were retained. These were then mapped to the reference genome using 

Bowtie 2 (Galaxy v2.4.2). Read depths for each DNA strand were the calculated using the BAM 

to Wiggle function of the RSeQC package (Wang, Wang and Li, 2012) (Galaxy v5.0.1). 

Subsequent analysis of wiggle files to identify sites of transposition, was done using logic 

functions in Microsoft Excel. First, chromosomal locations were identified where reads were 

detected, but no reads mapped to at least 2 positions upstream. These were recorded as sites 

of ISAba13 insertion unless the read depth 1 position downstream was greater by 2-fold or 

more. In such cases, the latter position was used. Insertion sites identified in each biological 

replicate were then combined. Note that we did not expect, nor did we detect, the same sites 

of transposition in both replicates. Rather, we observed similar patterns of transposition (e.g., 

a bias towards H-NS bound DNA). 

 

2.18.5. Data visualisation and statistics 

RNA-seq differential analysis was plotted in R with ggplot (v3.3.3) (Wickham, 2009). BAM 

files were viewed in Artemis (v18.1.0) (Carver et al., 2012) and genomes in Mauve (v2.4.0) 

(Darling et al., 2004). All other graphs and statistical analysis were done in Prism 9 (v9.4.1). 
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In all graphs, (ns) represents p > 0.05, (*) represents p ≤ 0.05, (**) represents p ≤ 0.01, (***) 

represents p ≤ 0.001, and  (****) represents  p ≤ 0.0001. 
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3.1. Introduction 

The behaviour of bacterial colonies on agar plates is a useful tool. For example, Staphylococcus 

aureus haemolytic activity can be assessed using blood agar, with a haemolytic ring around 

colonies indicating a haemolytic phenotype (Zhang et al., 2016).  Colony morphology can also 

identify variants within a species of bacteria. For example, in Vibrio cholerae, a phase switch 

occurs between smooth and rugose forms. The latter produces more exopolysaccharide, 

increasing the capacity to form biofilms (Beyhan and Yildiz, 2007). In Streptococcus 

pneumoniae, phase variation creates opaque and translucent forms with differential 

production of capsule and pilus (Li and Zhang, 2019).  

 

Mechanisms of phase variation in bacteria include recombination, inversion, DNA 

methylation, and transposition (van der Woude and Bäumler, 2004). For example, 

transposition of IS1301 inactivates the sialic acid encoding biosynthetic gene siaA in Neisseria 

menigingitids (Hammerschmidt et al., 1996). In the case of A. baumannii AB5075, there is a 

well characterised, high frequency, phase switch between VIR-O and AV-T colonies (Tipton, 

Dimitrova and Rather, 2015). A complex regulatory network is believed to be involved in the 

switch, involving stochastic activation of multiple TetR-like transcriptional regulators and the 

small RNA SrvS (Pérez-Varela et al., 2022).  AV-T colonies produce less capsule than their VIR-

O counterparts and the two colony types show differences in biofilm formation, antibiotic 

susceptibility and motility (Tipton, Dimitrova and Rather, 2015).  
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In this chapter we describe a novel colony morphology of AB5075. We identify transposition 

as the underlying genetic mechanism and show diverse phenotypes resulting from this genetic 

change.  

 

3.2. Discovery of a novel colony morphology of AB5075  

VIR-O and AV-T colony types can only be distinguished by oblique illumination. When we 

generated pure stocks of these two colony types, occasionally different variants were 

observed which appeared clearly translucent by eye under room lighting (Fig.3.1). Under a 

microscope, with oblique illumination, the colonies lack the usual mucoid phenotype and have 

a dull grey colour. These colonies were hence named “grey” variants. Grey colonies rarely 

appeared from a pure stock of wild-type cells and were stably maintained, with revertants 

infrequent. This contrasts to the high frequency phase switch between VIR-O and AV-T 

(Tipton, Dimitrova and Rather, 2015). 

 

3.3. ISAba13 inserts into the K-locus of grey cells 

To understand the genetic basis for the grey colony morphology, we used genome sequencing. 

Short-read Illumina genome sequencing revealed no major differences between VIR-O and 

grey colony types, other than a selection of mostly synonymous single nucleotide 

polymorphisms (SNPs) described in Appendix 3. Next, we used long read Oxford Nanopore 

sequencing, aiming to capture any large-scale rearrangements, including transposition events, 

and inversion or duplication of DNA regions. Long read genome sequencing identified an extra 

copy of the IS5 family insertion sequence ISAba13. In grey colonies, the third copy of ISAba13 
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Fig.3.1. Colony morphology of different AB5075 variants on LBA plates 
Top: colonies viewed on 1 x LBA plates under room lighting by eye. Bottom: colonies viewed 
on 0.5 x LBA plates under oblique illumination using a Nikkon SMZ1000 microscope with the 
same light aperture setting. 
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Interrupts the gene gtr52 (ABUW_3824) of the capsule biosynthetic operon (Fig.3.2a, grey 

arrow). As shown in Fig.3.3, ISAba13 inserts in the opposite orientation to gtr52 of the K-locus, 

which encodes the enzymes required for synthesising and assembling exopolysaccharide 

capsule. Upon insertion, ISAba13 generates a 9 bp DTR (ACTCAAATT) as a consequence of the 

transposition mechanism. We also observed duplication of a small section of prophage 

(Fig.3.2a, purple arrow). The duplicated genes are shown in Appendix 4 and annotated in 

Appendix 5. The gene duplications create an extra 17 kb of DNA at the locus. Given that there 

are no gene interruptions, and that these regions are already highly duplicated in the wild-

type chromosome, additional gene copies are unlikely to induce phenotypic change. These 

are the only substantial changes in the grey colony genome. We conclude that the grey colony 

phenotype most likely results from loss of capsule production. 

 

3.4. Insertion of ISAba13 modulates the transcriptome of grey cells 

Next, we compared the transcriptomes of the starting strain and grey derivative using RNA-

seq. Cells were grown to mid exponential phase in LB broth. RNA reads were aligned to the 

AB5075 reference genome. Differential gene expression patterns were then calculated. The 

results are shown as a volcano plot in Figure 3.4. Significantly up and down regulated genes 

are labelled red and blue respectively. 

 

As predicted, we observed decreased transcription of K-locus genes, weeH and weeI, 

immediately adjacent to the site of ISAba13 insertion. The genes encode a 

phosphoglycosyltransferase and acetyltransferase respectively, which are needed to make  
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Fig.3.2. VIR-O and grey genome sequences assembled from long read genome sequencing  
Contigs were aligned with ProgressiveMauve (v2.4.0). Full chromosome of both grey (top) and 
VIR-O (bottom) colonies shown by red bar. Red interconnecting line show both chromosomes 
as a single localised co-linear block which is conserved. Purple arrow highlights prophage 
sequence duplication, grey arrow highlights novel ISAba13 insertion. Numbers indicate 
chromosomal coordinates.  
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Fig.3.3. Illustration of ISAba13 insertion into the K-locus 
DTR = direct target repeat, IRL = left inverted repeat, IRR = right inverted repeat. Start codon 
ATG for transposase highlighted in green and stop codon TAA highlighted in red. 
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Fig.3.4. RNA-seq of differentially expressed genes between VIR-O and grey cells 
In blue are genes statistically significantly downregulated in grey compared to VIR-O, in red 
are genes statistically significantly upregulated in grey compared to VIR-O. EdgeR assessed 
statistical significance using a threshold of p ≤ 0.05. Genes labelled “ABUW” encode 
hypothetical proteins. 
 

 

 

 

0

10

20

30

−4 −2 0 2 4
Log2 FC

Lo
g 1

0 
P 

Va
lu

e

Differential_expression
downregulated
upregulated

Opaque vs Grey Differential Gene Expression

pilA

weeH

weeI

ABUW_1769
ABUW_1641

ABUW_2028

ABUW_2017

ABUW_2006

ISAba13
ISAba13

ABUW_1424

ABUW_1703
preA

-



 102 

UDP-diNAcBac. This is the starting molecule for K-unit synthesis, used for both capsular 

polysaccharide and general O-linked protein glycosylation (Morrison and Imperiali, 2013; 

Singh, Adams and Brown, 2019). Therefore, disrupting weeH and weeI could affect both 

capsule production and the glycosylation of other surface proteins. Whilst gtr52, encoding a 

K-locus glycosyltransferase, is downregulated, the change does not reach statistical 

significance. This is because RNA-seq reads still map to the start of gtr52, before ISAba13 

insertion. Hence, over the whole gene body, the overall change in read depth is insufficient. 

Unexpectedly, pilA was the most significantly downregulated gene. This gene encodes the 

major subunit of the type IV pilus, a structure involved in biofilm formation, adherence, 

twitching motility and natural transformation (Ronish et al., 2019). ABUW_1769, which is also 

downregulated in grey cells, is annotated as a PEGA domain containing protein, showing 

similarity to surface layer (S-layer) proteins. 

 

The most upregulated gene encodes the ISAba13 transposase. This could be a consequence 

of higher ISAba13 copy number in the grey cell type (3 rather than 2). However, the > 4-fold 

up-regulation of ISAba13 is greater than expected based on this change in gene dosage. A 

further complication is that many reads corresponding to ISAba13 are unlikely to map 

correctly as each copy has the same sequence. Also significantly upregulated is preA, a 4Fe4S 

cluster binding oxidoreductase protein. 

 

Despite an increase in prophage sequence copy number in grey variants, transcripts from this 

region appear to be 4-fold downregulated in grey cells (Table 3.1, genes ABUW_2028, 

ABUW_2017, ABUW_2006). However, upon close inspection the absolute transcript levels are  
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Gene name Conserved protein domains identified Log2 Fold change 

ABUW_2028 Phage coat protein B. Major protein of 

capsid of filamentous phage 

-2.54 

ABUW_1769 Peptidase associated/ transthyretin-

like domain-containing protein  

-2.80 

ABUW_1641 None -3.25 

ABUW_2017 Phage coat protein B. Major protein of 

capsid of filamentous phage (same as 

ABUW_2028) 

-2.25 

ABUW_2006 Phage coat protein B. Major protein of 

capsid of filamentous phage (same as 

ABUW_2028) 

-2.12 

ABUW_1703 None 2.41 

ABUW_1424 None 1.85 

 
Table 3.1. Conserved domain search of hypothetical proteins upregulated/downregulated 
in RNA-seq. 
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very low (~ 60 reads). Hence, the region overall is poorly transcribed. This could give rise to 

aberrant fold changes between cell types. 

 

3.5. Phenotypic impact of insertion of ISAba13 at the K-locus 

3.5.1. Grey cells have decreased capsule production 

Given reduced transcription of K-locus genes, we expected a decrease in capsule production. 

To assess the impact of ISAba13 insertion on capsule production, a semi-quantitative density 

gradient assay was used to compare VIR-O, AV-T and grey cells. In this assay, Ludox colloidal 

silica beads are mixed with cells. The amount of capsule synthesised is inversely proportional 

to the migration of cells during centrifugation (visible as a white band of cellular density). High 

density A. baumannii migrate faster and have a lower capsulation level, conversely low-

density A. baumannii migrate slower and have a greater level of capsulation. As expected, VIR-

O cells produce the most amount of capsule (Fig.3.5). In agreement with the literature, AV-T 

cells produce less capsule than VIR-O, though this does not reach statistical significance (p = 

0.094). However, grey cells produce a significantly reduced amount of capsule compared with 

both VIR-O (p < 0.0001) and AV-T (p < 0.0001). This supports the hypothesis that ISAba13 

insertion, into the K-locus, impairs capsule production in grey cells. 
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Fig.3.5. Capsule production in VIR-O, AV-T and grey cells 
(a) Distance of band measured from bottom of 1.5 ml Eppendorf for VIR-O, AV-T and grey 
cells. Ordinary one-way ANOVA with Tukey’s multiple comparisons test used to assess 
significance. Horizontal black lines represent the mean of three biological replicates. Error bars 
represent standard deviation. (b) Photographs of band positions following centrifugation (red 
arrows). 
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3.5.2. Grey cells show increased growth under standard laboratory 
conditions but decreased growth in human serum 

Next, we searched for less obvious phenotypic impacts of K-locus disruption. The first assay 

was growth in LB medium (Fig. 3.6a). Note that although growth was assessed by OD600 

measurement and not CFU/ml, AB5075 cells with a similar colony morphology to grey cells, 

which also have K-locus disruption by ISAba13, show no significant difference in CFU/ml 

compared to wild-type when both strains are plated at the same OD600 (Whiteway et al., 

2022). Grey cell types reached their maximum OD600 approximately 5 h quicker than AV-T cells 

or VIR-O cells. Grey cells also have a greater growth rate constant (k = 0.651, 95 % confidence 

intervals = 0.623 to 0.681) compared with VIR-O cells (k = 0.486, 95 % confidence intervals = 

0.453 to 0.522). 

 

Human serum is blood plasma which does not contain cells or clotting factors but does contain 

complement; a group of proteins which form part of the innate immune system.  These 

proteins opsonise pathogens, marking them for targeting, increasing susceptibility to 

phagocytes. Additionally, complement activates inflammation to support phagocytosis, and 

forms the membrane attack complex, leading to pathogen cell death. The capsule of wild-type 

cells protects A. baumannii from complement-mediated killing (Kamuyu et al., 2022). Since 

grey cells have reduced capsule production, we predicted a growth defect in the presence of 

human serum. Grey cells have impaired growth in 50 % normal human serum compared to 

wild-type cells (Fig.3.6b). Grey cells also have smaller growth rate constant (k = 0.116, with 

95% confidence intervals unable to be calculated) compared with VIR-O cells (k = 0.344, 95 %  
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Fig.3.6. Growth curves of VIR-O, AV-T and grey cells 
OD600 was measured by a plate reader in a 96-well plate for 24 hours in (a) LB medium or (b) 
50 % normal human serum or 50 % heat-treated normal human serum. Points represent the 
mean of three biological replicates, error bars represent standard deviation. Logistic growth 
analysis using nonlinear regression was used to calculate the growth rate constant (k). 
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confidence intervals = 0.305 to 0.389).  An exaggerated lag phase is observed after which grey 

cells eventually reach the same final OD600 as VIR-O and AV-T cells. Growth in heated human 

serum is unperturbed, likely due to complement inactivation. Intriguingly AV-T cells, which 

produce less capsule, do not show impaired growth in human serum. This could be because 

VIR-O and AV-T cell types phase switch more often as culture density increases. Alternatively, 

the amount of capsule produced by AV-T cells could be enough to confer protection. 

 

3.5.3. Grey cells show increased susceptibility to gentamicin 

Given the intrinsically high resistance of AB5075 to antibiotics, we tested whether grey cells 

had altered susceptibility. For example, this could result from lack of capsule providing easier 

access of antibiotics to the cytoplasm in grey cells. MIC assays were done in 96-well 

polystyrene plates, at 37 °C for 18 hours, without shaking.  Grey cells showed a reduced MIC 

For gentamicin, with an 8-fold increased susceptibility, whereas only a 2-fold decrease was 

seen for polymyxin B and zeocin, and no difference in MIC was observed for tetracycline (Table 

3.2). There may be a greater than 2-fold change in MIC with kanamycin, however this could 

not be deduced from the range of concentrations used. Interestingly we did not observe a 

difference in susceptibility to gentamicin for AV-T compared to VIR-O as previously reported, 

though measurements appear to differ between sources (Tipton, Dimitrova and Rather, 2015; 

Anderson et al., 2018). 
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Table 3.2. MIC of VIR-O, AV-T and grey cells measured by broth microdilution 
Strains were tested in a 96-well plate in at least triplicate on at least two separate occasions, 
with the modal value reported. Reference ATCC 25922 and NCTC10418 control strains were 
included as controls. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strain MIC of antibiotic ( μg/ml) 
gentamicin kanamycin polymyxin B zeocin tetracycline 

VIR-O 4096 >1024 2 64 0.5 

AV-T 4096 >1024 2 64 0.5 

grey 512 512 1 32 0.5 
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3.5.4. Grey cells have reduced motility 

In A. baumannii, motility is an important property for virulence.  AV-T cells show a decreased 

surface-associated motility compared with VIR-O cells (Tipton, Dimitrova and Rather, 2015). 

To assess differences in movement across the surface of the agar (surface-associated 

motility) between VIR-O, AV-T and grey cells, we undertook a surface motility assay 

(Fig.3.7a). During incubation, a sealed plastic bag was used to enclose the plates, as changes 

in humidity cause variability between replicates. Grey cells show a significantly reduced area 

of surface-associated motility compared with VIR-O cells (p < 0.0001). As expected, AV-T 

cells also showed significantly impaired motility compared with VIR-O cells (p < 0.0001), 

however AV-T cells showed no significant difference compared with grey cells (p = 0.9976). 

 

Many Acinetobacter species have the ability to undergo subsurface twitching motility at solid 

interfaces using their T4P. This involves a hook and pull motion, enabling movement across  

the surface. Given the large downregulation of pilA, encoding the major subunit of the T4P, 

we hypothesised that grey cells would have reduced twitching motility. Twitching assays were 

used to assess twitching motility at the agar-plastic interface of Petri dishes. As seen in 

Fig.3.7b, grey cells have significantly impaired twitching motility compared with VIR-O (p < 

0.0001). AV-T cells are also impaired relative to VIR-O, but to a reduced extent (p = 0.0008). 

The difference in twitching motility between AV-T and grey cells does not reach statistical 

significance (p = 0.0722). 
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Fig.3.7. Motility of VIR-O, AV-T and grey cells 
(a) Surface motility assay on soft (0.3 %) agarose plates with horizontal black line representing 
mean of five biological replicates with error bars representing standard deviation. Ordinary 
one-way ANOVA with Tukey’s multiple comparisons test used to assess significance. (b) 
Twitching motility assay on LBA plates, Horizontal black line represents mean of five biological 
replicates with error bars representing standard deviation. Ordinary one-way ANOVA with 
Tukey’s multiple comparisons test used to assess significance. (c) Top: Area of surface motility 
on agarose plates was photographed and quantified in ImageJ. Bottom: Maximum diameter 
of the halo generated around the point of inoculation on LBA plates was measured and 
photographed. 
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3.5.5. Grey cells have an increased capacity to form biofilms 

The T4P plays a negative role in biofilm formation at the air-liquid interface (Ronish et al., 

2019; Ahmad et al., 2023). Additionally, a ΔweeH (pglC) mutant of  A. baumannii 17978 

produces a significantly thicker and heterogenous biofilm compared to wild-type at the air-

liquid interface (Lees-Miller et al., 2013).  Given that grey cells express less pilA and weeH, we 

expected an improved capacity to form biofilms at the air-liquid interface, where 

Acinetobacter species involved in nosocomial infections typically form biofilms (Martí et al., 

2011; López-Martín et al., 2021; Robin et al., 2022). Hence, we used an air-liquid interface 

crystal violet staining assay.  As seen in Fig.3.8a, grey cells have a greater capacity to form 

biofilms, compared to VIR-O cells, at room temperature (p = 0.0009) or 37 °C (p = 0.0003). 

Conversely, no significant difference was found for biofilm formation between VIR-O and AV-

T cells.  Members of the ACB complex have been reported to form a greater biofilm at the air-

liquid interface at 25 °C compared to 37 °C (Martí et al., 2011). However, in this study, for 

AB5075, no substantial difference was found between room temperature and 37 °C for any of 

the variants tested.  

 

Recently, it was shown that pilA expression in A. baumannii strain A118 peaks at OD600 = 0.6-

0.7 (Vesel and Blokesch, 2021). To investigate whether starting OD600 of the inoculum could 

affect the amount of biofilm formed at the air-liquid interface, the assay was modified to 

include a range of starting optical densities (OD600 0.1, 0.3 or 0.6.)  As seen in Fig. 3.8b, there 

is no significant difference in biofilm formation for VIR-O cells. However, for grey cells, there 

is significantly more biofilm formation at OD600 = 0.6 (p < 0.0001).   
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Fig.3.8. Biofilm formation of VIR-O, AV-T and grey cells 
(a) Crystal violet staining measured by absorbance at A585 and normalised by OD600. Initial 
inoculum for overnight culture was OD600 = 0.3. tubes were incubated overnight at 37°C or 
room temperature. Ordinary one-way ANOVA with Tukey’s multiple comparisons test used to 
assess significance. Bars represent mean of three biological replicates with error bars 
representing standard deviation. (b) Initial inoculum was varied, and all tubes incubated at 
room temperature overnight. Ordinary one-way ANOVA with Tukey’s multiple comparisons 
test used to assess significance. Bars represent mean of three biological replicates with error 
bars representing standard deviation. (c) Photographs showing thick band of crystal violet 
staining at the air-liquid interface of polystyrene Eppendorfs. 
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3.5.6. Grey cells have a reduced capacity for natural transformation 

Given the pivotal role of the T4P in natural transformation, we compared the ability of AV-T 

and grey cells to take up exogenously supplied plasmid DNA compared with VIR-O cells 

(Fig.3.9). The high intrinsic resistance of AB5075 to multiple antibiotics means there is a 

limited selection of available antibiotic markers to use. This assay uses the plasmid pVRL2Z, 

containing the bleo gene conferring resistance to zeocin (Lucidi et al., 2018). AB5075 still has 

a relatively high intrinsic resistance to zeocin and background colonies were seen even at 250 

μg/ml. Hence, 500 μg/ml was used to ensure accurate selection of transformants. Compared 

to VIR-O, AV-T cells show a small reduction in the ability to undergo natural transformation (p 

= 0.0005). Grey cells are significantly more impaired (roughly 100-fold), (p < 0.0001) consistent 

with reduced expression of pilA and the T4P. 

 

3.5.7. Grey cells are more hydrophobic and susceptible to 
desiccation 

In A. baumannii, down-regulation of T4P components in a trxA mutant (lacking the redox 

protein Thioredoxin-A) is associated with increased cell surface hydrophobicity, as measured 

by Congo Red binding (May et al., 2019). Congo Red is an azo amyloid dye previously used to 

assess the degree of curli fibre formation in E. coli and Salmonella (Reichhardt et al., 2015). 

The dye offers a qualitative measure of surface hydrophobicity. The bacterial capsule is 

negatively charged and so, if no or reduced capsule is made, as in grey colonies, an increase 

in hydrophobicity is expected. When spotted onto a Congo red plate (Fig.3.10a) grey colonies 

appear darker red, suggesting greater uptake of Congo red and a more hydrophobic surface. 
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Fig.3.9. Natural transformation of VIR-O, AV-T and grey cells 
Cells were mixed with pVRL2Z and incubated at 37 °C overnight. PBS was added and serial 
dilutions plated on either LBA or LBA-zeocin (500 μg/ml) to select for transformants. Ordinary 
one-way ANOVA with Tukey’s multiple comparisons test used to assess significance. Bars 
represent mean of three biological replicates, error bars = standard deviation. 
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Fig.3.10. Hydrophobicity and desiccation tolerance of VIR-O, AV-T and grey cells 
(a) Congo red binding to macrocolonies spotted onto Congo red agar plates. (b) Survival of 
bacteria following desiccation on a polystyrene 96-well plate incubated at room temperature. 
Points represent the mean of three biological replicates, error bars = standard deviation. Two-
way ANOVA with Bonferroni’s multiple comparisons test used to assess significance. 
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The ability to persist on hospital surfaces for long periods of time makes A. baumannii difficult 

to eradicate in nosocomial settings. Capsule is known to be an important factor in protecting 

against desiccation (Singh, Adams and Brown, 2019). To test the ability of AB5075 to survive 

on dry surfaces, a desiccation assay was done (Fig.3.10b).  Grey cells have a reduced ability to 

survive desiccation, with a reduced number of recoverable CFU following rehydration at  

various time points. AV-T cells, with their reduced capsule compared to VIR-O cells, are only 

slightly less defective in their ability to resist desiccation. A statistically significant difference 

is observed between VIR-O and grey cells at time t = 2 days (p = 0.0136). 

 

3.6. Discussion 

In this chapter, we have shown that a simple genetic change can have far reaching effects on 

multiple clinically relevant phenotypes. ISAba13 inserts into the capsule operon of AB5075, 

downregulating the expression of genes involved in capsule synthesis.  Many of these 

phenotypes could confer selective advantages under particular conditions.  For example, the 

grey variant may be better able to persist as a biofilm on medical equipment. On the other 

hand, the VIR-O form may better survive antibiotic treatment and desiccation. Note that many 

of the antibiotics used in the MIC assay to investigate a difference in resistance between VIR-

O and grey cells are of limited clinical relevance for A. baumannii treatment.  Future work 

should include testing the MIC of the variants with cephalosporins, carbapenems and colistin. 

 

Unlike the high frequency phase switch between VIR-O and AV-T, grey cells are more stably 

maintained. Whilst the VIR-O to AV-T switch is determined by fluctuations in TetR 
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transcriptional regulators and an sRNA (Pérez-Varela et al., 2022), the switch from VIR-O to 

grey is determined by transposition of ISAba13 to the K-locus. Insertion prevents transcription 

of three genes, gtr52, weeI and weeH.  In most phenotypic assays, grey variants have a similar, 

but more extreme phenotype compared to AV-T cell types. This is expected given the 

differences in capsule production; AV-T variants produce a capsule half as thick as VIR-O 

variants, while grey cells likely produce almost no capsule (Chin et al., 2018).  Throughout 

assays, as cell number increases, interconversion occurs. Therefore, even though assays start 

with a pure stock of one phase variant, inevitably the population will become mixed. A further 

interesting phenotype to test would be susceptibility to bacteriophage; a promising 

alternative therapy for multidrug resistant A. baumannii (Nir-Paz et al., 2019). The bacterial 

capsule is typically a target for phage adsorption. Mutations arising in the K-locus confer phage 

resistance in vivo, with 11/11 phage resistant isolates which evolved during a murine infection 

model found to have a frameshift or substitution in K-locus genes (Gordillo Altamirano et al., 

2022; Liu et al., 2022). For example, frameshifts in the glycosyltransferase gtr29 in strain 

AB900 and the isomerase gpi in strain A9844, abolish capsule production and endow 

resistance to phage infection (Gordillo Altamirano et al., 2021). Interestingly, disrupted 

capsular branching resulting from ISAba13 insertion into gtr6 results in decreased phage 

adsorption, phagocytosis and complement deposition, and increased virulence in a murine 

bacteremia model (Talyansky et al., 2021; Bai et al., 2023). For the model strain AB5075, used 

in this study, a known phage, LK01, is able to infect and lyse only the AV-T form. The phage is 

difficult to work with because of phase switching in the presence of phage selection pressure 

creating an immune VIR-O population (Jeremy Barr personal communication, Gordillo 

Altamirano et al., 2021). 
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Grey variants grow to a higher culture density compared to VIR-O cells (Fig.3.6a). This may 

help explain the propensity for this capsule mutant to form under laboratory conditions. A 

possible advantage for grey variants is reduced resource expenditure on capsule components 

or the T4P major subunit pilA, which may not be necessary during growth in rich nutrient 

medium at 37°C. Indeed, many phenotypic differences may be due to downregulation of pilA 

(decreased twitching motility and natural transformation, and increased biofilm forming 

capacity.) In terms of genomic position, the pilA locus is > 400 kbp from the K-locus, pointing 

towards an indirect mechanism altering expression of pilA. It was recently reported that 

overexpression of the TetR transcriptional regulator ABUW_1645, which is more highly 

expressed in the AV-T colony form, drastically reduces expression of T4P components, 

including pilA, by more than 60-fold (Pérez-Varela et al., 2022). In grey cells, it is possible that 

the lack of glycosylation by weeH changes regulation of a factor that regulates pilA. Unlike in 

other strains of A. baumannii, PilA itself is not glycosylated in AB5075, so K-locus disruption of 

weeH, and pilA downregulation, are not directly linked in this way (Ronish et al., 2019).   

 

During this study, another group simultaneously and independently found a similar grey 

colony. In this instance, ISAba13 inserts into the gene weeH, downstream of gtr52, generating 

the 9 bp DTR CCTATAAAG (Whiteway et al., 2022). The authors show that, in weeH::ISAba13, 

capsule formation, and virulence in a Galleria model, are decreased. In this study, we have 

shown that insertion at the gene beforehand (gtr52) also creates translucent appearing 

colonies which produce less capsule. Given that in gtr52::ISAba13, the location of insertion 

occurs at the start of the operon and downregulates both weeI and weeH, It is plausible that 

the grey cells in this study are also avirulent. A different study also noted disruption of gtr52 



 120 

and wzy by ISAba13, in biofilm cells subjected to ciprofloxacin/tetracycline, but did not 

investigate these mutants (Penesyan et al., 2019). ISAba13 targeting of genes involved in cell 

surface components is a common theme. A study from Cleveland, Ohio, found 35 % of 425 

clinical isolates of A. baumannii had ISAba13 disrupting the glycosyltransferase gene gtrOC11, 

which forms part of the OC locus for biosynthesis of the outer core component of 

lipooligosaccharide (Adams et al., 2019). This extends to other ISs, with ISAba1 and ISAba23 

disruption of the OC locus of different global clones leading to the production of reduced 

molecular weight lipooligosaccharide (Kenyon et al., 2014). 

 

Due to the presence of identical DTRs either side of the IS, upon colistin exposure, ISAba13 

can excise itself from weeH and restore the native sequence (Whiteway et al., 2022). Insertion 

sequence mediated inactivation of genes represents an attractive mechanism to quickly and 

effectively change phenotype, potentially conferring an advantage in different environmental 

conditions. The added bonus being this change is fully reversible if unfavourable. The 

reversibility of the transposition event may in part explain some of the data generated. For 

example, during growth in human serum (Fig.3.6b), the long lag phase for grey cells could be 

explained by the occurrence of revertants, generated by scarless excision of ISAba13 from 

gtr52 using the identical DTR repeats. Another explanation could be that the grey cells more 

readily form a population of persister cells which could prove beneficial to surviving antibiotic 

treatment in a human host. 
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4.1. Introduction 

Insertion sequences can inactivate target genes and, depending on polarity, have differing 

effects on the expression of adjacent genes. For example, as shown in the previous chapter, 

insertion of ISAba13 into gtr52 of the K-locus reduces transcription of downstream genes for 

capsule synthesis. We wanted to understand how different ISAba13 position and orientation, 

with respect to coding DNA, might alter transcription of adjacent genes. First, we used 

Cappable-seq and Term-seq to annotate transcription start sites (TSSs) and transcription 

termination sites (TTSs) associated with ISAba13 at the K-locus. This showed ISAba13 lacks an 

intrinsic terminator but has a bidirectional promoter at the 5’ end of the element.  

Bidirectional promoters are pseudo-symmetrical DNA sequences that stimulate transcription 

in both the forward and reverse directions. Their occurrence is  widespread in diverse bacteria 

and archaea (Warman et al., 2021). The main driver of divergent transcription is inherent 

symmetry of the promoter -10 element (Warman et al., 2021). 

 

To understand the absence of a termination signal, and presence of a bidirectional promoter, 

we placed the gtr52::ISAba13 region upstream of lacZ to measure transcription from the 

region. For comparison we did equivalent in vitro transcription assays. We discovered that 

ISAba13 insertion in either orientation into gtr52 reduces transcriptional readthrough. We 

also found that the bidirectional promoter of ISAba13 is active in vivo when fused to lacZ, and 

that transcription termination resulting from ISAba13 insertion only occurs in vivo. 
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4.2. Insertion of ISAba13 blocks transcription of the K-locus 

Our RNA-seq analysis (Fig.3.4) showed both weeH and weeI are downregulated in grey cells; 

transcription is prematurely terminated at the point ISAba13 inserts in gtr52 (Fig.4.1). To 

better understand ISAba13 mediated transcriptional effects, we used Cappable-seq and Term-

seq. Cappable-seq enriches for the 5’ triphosphorylated initiating RNA nucleotide, and 

therefore the 5’ edge of Cappable-seq read enrichment corresponds to the precise 

transcription start site (TSS) (Ettwiller et al., 2016). This strategy is more accurate and more 

sensitive than the alternative RNA-seq (dRNA-seq) method (Ettwiller et al., 2016). Term-seq 

enriches for the OH at RNA 3’ ends, and therefore the 3’ edge of Term-seq read enrichment 

corresponds to TTSs (Dar et al., 2016). One caveat for Term-seq is that RNA processing creates 

noise because RNA 3’OH ends are created by endoribonuclease and exoribonuclease 

processing (Dar et al., 2016). Global TSSs and TTSs were mapped using the criteria outlined in 

the methods section (2.18.2), and TSSs were annotated at the K-locus around the site of 

ISAba13 insertion (Fig.4.1). There were no clear TTSs within ISAba13, suggesting termination 

is initiated by Rho, across a series of consecutive bases, rather than at a specific site. 

 

4.3. Annotation of TSSs and promoter elements across the K-locus 

The gtr52 TSS, identified by Cappable-seq, is on the bottom DNA strand inside the upstream 

wzy gene (Fig.4.1.) The sequence of the associated promoter is illustrated in Fig.4.2a. There is 

a further TSS in the middle of wzy, which might also contribute to gtr52 expression, and a TSS 

on the top DNA strand inside gtr52. Note that it is not unusual to find intragenic TSSs in 

horizontally acquired AT-rich DNA (Singh et al., 2014). The start point of the ISAba13  
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Fig.4.1. TSS, total RNA and TTS compared at the K-locus 
Cappable-seq shows TSS, RNA-seq shows total RNA reads, Term-seq shows TTS. K-locus genes 
shown below with green arrows showing TSS in wild-type cells and grey cells and grey arrows 
showing TSS at this locus following ISAba13 insertion in grey cells. Peaks pointing upwards 
show reads on the top (T) DNA strand, peaks pointing downwards show reads on the bottom 
(B) DNA strand. Cappable-seq coverage cut-off set to 1000, standard RNA-seq coverage cut-
off set to 500, Term-seq coverage cut off set to 2000. Two biological replicates are shown in 
each panel by light and dark shades. Viewed on Artemis v18.1.0. 
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Fig.4.2. DNA sequence of promoter elements of gtr52 and ISAba13 
(a)  DNA sequence of promoter elements of gene gtr52. Green arrow = TSS, pink = -10 element, 
red = -35 element. Sequence in italics indicates a further potential upstream -10 element. (b) 
DNA sequence of promoter elements for ISAba13 at the point of insertion into the K-locus. 
dark blue = ILL, pink = -10 element, red= -35 element, green = start codon of transposase, 
green arrow = TSS for top DNA strand transcription, light blue = transposase ORF, orange = 
initiating nucleotide for bottom DNA strand transcription, dark green dotted arrow = TSS for 
bottom DNA strand transcription. Purple nucleotides with asterisk indicate mutations used in 
mutated -10 construct. 
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transposase mRNA is at the 5’ end of the ISAba13 sequence. There is an additional TSS in 

ISAba13, on the bottom DNA strand, 23 bp upstream of the TSS for the transposase mRNA. 

This indicates the presence of a bidirectional promoter, controlling both transposase 

expression and outward transcription from ISAba13 (Fig.4.2b). The -10 element is pseudo-

symmetrical and matches the consensus perfectly in the forward direction (Fig.4.2b). The 

initiating nucleotide for the transposase mRNA is the ‘A’ of the ATG start codon for translation. 

This means there is no 5’ leader sequence, and no Shine-Dalgarno (SD) sequence, to initiate 

transposase translation. A strong Cappable-seq signal is observed for the 5’ end of the mRNA. 

However, RNA-seq data suggests low levels of complete ISAba13 transposase transcript. This 

indicates premature transcription termination and/or low mRNA stability. This is consistent 

with poor translation, which otherwise protects RNAs from premature termination by Rho, 

and degradation by RNAses. This is likely a mechanism to reduce transposase expression and 

prevent excessive transposition.  

 

4.4. The impact of ISAba13 orientation on transcription termination 
of adjacent genes in vivo 

Although RNA-seq shows premature termination of K-locus transcription, within ISAba13, we 

found no specific site of termination. Further, no DNA sequence for an intrinsic terminator is 

evident, either upon visual sequence inspection or using ARNold (Naville et al., 2011). This 

indicates a Rho-dependent mechanism of termination, less dependent on DNA sequence, 

targeting untranslated RNA. If there is no intrinsic terminator, and transcription is indeed 

blocked by Rho, then ISAba13 should have similar effects on gtr52 transcription, regardless of 

insertion orientation. To test this, sections of the K-locus, with ISAba13 in either possible 
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orientation were fused to lacZ. A schematic of the different constructs is shown in Fig.4.3a. 

Our starting fusion, called gtr52, has only the gtr52 promoter, within wzy, upstream of lacZ. 

We made derivatives of this with ISAba13 inserted in gtr52, either as in grey cell types 

(gtr52::ISAba13), or in the opposite direction (gtr52::ISAba13 inverted). The final construct 

(ISAba13 only) contains the transposable element only. Results of lacZ assays are shown in 

Fig.4.3b. The starting DNA construct, containing just gtr52 and its upstream promoter, 

stimulated the highest lacZ expression. Transcription decreased 4-fold upon ISAba13 insertion 

regardless of orientation (p < 0.0001) and reduced only slightly further upon loss of the gtr52 

promoter (p < 0.0017). Overall, this is consistent with the absence of an intrinsic terminator, 

with transcription instead being prevented by Rho due to a lack of translation. 

 

4.5. The bidirectional promoter of ISAba13 is active in vivo 

We next wanted to understand the bidirectional ISAba13 promoter. To do this, we made 

further derivatives of the gtr52::ISAba13 construct (Fig.4.4a). In these variants, the 

bidirectional promoter was removed by deletion or mutation. The mutations are shown in 

Fig.4.2b above the wild-type sequence. Both changes abolished lacZ expression (p < 0.0001, 

Fig.4.4b). Our interpretation is that, when ISAba13 is present, most lacZ expression is due to 

outward transcription from the bidirectional ISAba13 promoter; transcription from the gtr52 

promoter inside wzy is expected to terminate prematurely. To confirm this, we deleted the 

gtr52 promoter and, as expected, this had no impact on lacZ expression (Fig.4.5). 
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Fig.4.3. lacZ assay with different orientations of ISAba13 
(a) Schematic cartoons represent constructs used in lacZ assay. Green arrows represent TSSs. 
(b) lacZ activity of different constructs. Empty plasmid represents pRW50T with no insert to 
show background lacZ activity. Ordinary one-way ANOVA with Tukey’s multiple comparisons 
test used to assess significance. Bars represent mean of three biological replicates, error bars 
= standard deviation.  
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Fig.4.4. lacZ assay with ISAba13 promoter element mutations 
(a) Schematic cartoons represent constructs used in lacZ assay (b) lacZ activity of different 
constructs. Empty plasmid represents pRW50T with no insert to show background lacZ 
activity. Ordinary one-way ANOVA with Tukey’s multiple comparisons test used to assess 
significance. Bars represent mean of three biological replicates, error bars = standard 
deviation. 
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Fig.4.5. lacZ assay with bidirectional activity of ISAba13 
(a) Schematic cartoons represent constructs used in lacZ assay. (b) Empty plasmid represents 
pRW50T with no insert to show background lacZ activity. Ordinary one-way ANOVA with 
Tukey’s multiple comparisons test used to assess significance. Bars represent mean of three 
biological replicates, error bars = standard deviation.  
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4.6. ISAba13 does not block transcription in vitro 

LacZ assays show ISAba13 has an active bidirectional promoter in vivo, and transcription from 

the bidirectional promoter does not impact premature termination of gtr52 transcription 

(Fig.4.4, Fig.4.5). We also found no evidence of an intrinsic terminator within ISAba13. To 

confirm these observations, we used in vitro transcription assays. We expected that the 

absence of Rho in vitro would greatly reduce the effect of ISAba13 on transcription from the 

gtr52 promoter. DNA regions were cloned in plasmid pSR, upstream of a λoop terminator 

sequence, and used as the template for in vitro transcription. The various constructs, and 

expected transcript sizes, are illustrated in Fig.4.6a. Results of the assays are in Fig.4.6b. Note 

that ISAba13 is shortened so that RNAs produced are a size suitable for separation by 

denaturing PAGE. The RNAI transcript serves as an internal control.  For construct 1 (lane 1) 

RNAs 669 nt and 143 nt in length are observed (Fig.4.6b red and blue triangles respectively). 

The longer transcript is from the gtr52 promoter in wzy. The shorter is the outward RNA from 

the bidirectional ISAba13 promoter. Hence, premature gtr52 termination does not occur in 

vitro, as predicted. This also confirms that (i) there is no intrinsic terminator within ISAba13, 

and (ii) that inward ISAba13 transcription does not completely block transcription of gtr52. 

Construct 2 (lane 2) lacks the bidirectional ISAba13 promoter and the amount of gtr52 

transcript does increase (Fig.4.6b, red triangle). This suggests that transcriptional interference 

from the bidirectional ISAba13 promoter may reduce gtr52 transcription. An increase in the 

amount of free RNAP, because the bidirectional ISAba13 promoter has been removed, is likely 

to contribute. Results from experiments with construct 3 (lane 3) are inconclusive, as no 

expected RNAs were present. However, it is possible to still see the RNAI control band, and 
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Fig.4.6. IVT of ISAba13 K-locus constructs  
(a) Schematic cartoons represent constructs used in IVT. Two hyphens indicate broken 
ISAba13 gene. Red circle indicates λoop transcriptional terminator on pSR. Green arrows 
represent TSSs. (b) IVT gel of transcripts produced by constructs. L = ladder. Coloured arrows 
represent transcripts of various lengths corresponding to cartoon depictions with ratios 
relative to RNAI control band indicated as number above arrow. 
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 other non-specific bands at the bottom of the gel. Construct 3 has the start of ISAba13 

removed, causing the initiating nucleotide of the outward TSS to change from ‘A’ to ‘T’. This 

suggests the identity of the initiating nucleotide (or the specific sequence between the – 10 

element and the TSS) is important for outward transcription of ISAba13. In construct 4 (lane 

4), an unexpected band, similar in size to the RNA from the gtr52 promoter, is still present 

(Fig.4.6b, red triangle). This is likely due to a sequence, upstream of the gtr52 promoter, 

containing an almost perfect -10 element (Fig. 4.2b, sequence in italics). It is interesting that 

there are no Cappable-seq reads corresponding to a start site for this additional promoter in 

vivo (Fig.4.1). Most likely, this “phantom” promoter is occluded by the real gtr52 promoter. 

To confirm the additional -10 element was responsible for the unexpected RNA, both -10 

elements were removed by truncation in construct 5 (lane 5). Accordingly, the band is lost. 

Finally, to confirm all bands were correctly identified, construct 6 (lane 6) has an extra 100 bp 

of DNA between ISAba13 and the λoop terminator. As expected, the bands we had annotated 

shifted position because larger RNAs are produced from the template. Other bands, likely due 

to transcripts generated from other pSR sites did not. Note that the outward ISAba13 

transcript (Fig.4.2b, blue arrows) is larger in assays with constructs 4, 5 and 6 because they 

were made by restriction digestion of an insert, and ligation into pSR, instead of Gibson 

assembly. The former method added 12 nt to transcript length because two 6 bp restriction 

sites are included 
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4.7. Discussion 

Overproduction of a transposase is likely to cause aberrant widescale transposition across the 

chromosome. Therefore, transposase levels must be tightly regulated. For example, IS256 in 

Enterococcus faecalis and Enterococcus faceium is regulated at the transcriptional and 

translational level by an antisense RNA and a second TSS that produces a truncated 

transposase (Kirsch et al., 2023). In this study, we show that the ISAba13 transposase mRNA 

is leaderless. The lack of an SD sequence likely results in low levels of ribosome recruitment, 

as leaderless mRNAs are not common in γ-proteobacteria including A. baumannii (Beck and 

Moll, 2018). This could explain the lack of RNA-seq reads mapping to the transposase ORF; 

without ribosome recruitment Rho will terminate transcription (Fig.4.1). 

 

The presence of ISAba13 prematurely terminates gtr52 transcription. Three mechanisms 

could explain this: (i) Rho-dependent termination (ii) intrinsic termination or (iii) RNAP 

collisions due to transcription in the opposing direction. An intrinsic terminator should 

generate an RNA 3’ end detectable by Term-seq, but none was evident (Fig.4.1). Further, if 

ISAba13 contained an intrinsic terminator or RNAP collisions were important, altering ISAba13 

orientation would likely have an effect on gtr52 termination. Since this is not the case (Fig.4.3), 

the most plausible explanation is Rho-dependent transcription termination. This is also in 

agreement with no precise gtr52 termination being observed in vitro, where no Rho is present 

(Fig.4.6). It is important to note that in vitro assays are conducted with RNAP, a highly 

conserved enzyme, purified from E. coli. It is possible, but unlikely, that a feature of A. 

baumannii RNAP is important for termination along this sequence. To test the importance of 
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Rho in termination, lacZ assays could be repeated in the presence of bicyclomycin which 

inhibits Rho (Skordalakes et al., 2005). 

 

Upon IS insertion, an intrinsic promoter element can drive adjacent gene expression. For 

example a strong outward directed promoter in ISAba1 has been shown to drive expression 

of the beta-lactamase genes ampC, bla OXA-23 and bla OXA-27 (Turton et al., 2006).  Additionally, 

transposition of one IS into another can create a composite promoter. Insertion of ISAba825 

into an ISAba3-like element brings -35 and -10 elements into correct juxtaposition to drive 

expression of  blaOXA-58 , conferring carbapenem resistance (Ravasi et al., 2011).  Insertion 

sequences can also form hybrid promoters, with existing sequences at the site of insertion.  

For example, a -35 element found in the IRL of ISAba125 forms a promoter with a -10 element 

in plasmid p271A of E. coli to drive expression of blaNDM-1 (Poirel, Bonnin and Nordmann, 

2011). Until this work, nothing was known about the role of ISAba13 in driving the expression 

of adjacent genes. This can occur in two ways, transcriptional readthrough into downstream 

genes, following transposase expression, or outward transcription due to the bidirectional 

promoter. 

 

This is, to our knowledge, the first example of a bidirectional promoter within a prokaryotic 

IS. The bidirectional promoter identified has a 23 bp spacing between the divergent TSSs. This 

is the second most common configuration in E. coli and most other bacteria (Warman et al., 

2021). As noted above, such a promoter offers the potential to drive expression of adjacent 

genes, if in the opposite orientation to ISAba13. Additionally, there could be co-expression of 

divergent genes. It is also possible that bidirectionality impacts the rate of transposition. For 
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example, Warman et al. demonstrated competition between RNAP molecules attempting to 

bind bidirectional promoters in each possible direction. 
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5.1. Introduction 

The discovery of ISAba13 at the K-locus was a fortuitous consequence of the discernible colony 

morphology. We next searched for other sites of ISAba13, and the phenotypic heterogeneity 

that could be generated. To do this we developed a method called native transposon 

sequencing (Tn-seq). This method differs from the well-established method of Tn-seq. In Tn-

seq, the chromosome of interest has no copies of the transposon being introduced. Instead, 

the genome is exposed to reconstituted transpososomes in vitro, or subject to overexpression 

of a transposon in vivo (van Opijnen and Levin, 2020). This results in a similar number of 

insertions in each cell and, at the population level, a reasonably even distribution of the 

transposon genome wide. If insertions occur into genes essential under the specific conditions 

used, during subsequent outgrowth, these variants are outcompeted.  

 

In native Tn-seq, chromosomal copies of the IS are allowed to transpose naturally during 

normal growth.  There are two challenges with this approach. First, all cells carry the IS at the 

same starting position. Hence, most sequencing reads will map to the IS starting location and 

rare instances of transposition are easily missed. Second, transposition is a rare event.  To 

overcome this, libraries of a large cell population are sequenced to a high depth. Further, steps 

are taken during library preparation to avoid further biases arising (see below for details). 

 

Previous work developed a similar method called IS-seq. However, this study used the isolate 

LAC-4, that already has 22 copies of ISAba13 (Wright et al., 2017). Thus, a very high proportion 

of total library reads will map to these starting locations. Additionally, this study used low 
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sequencing depth, and, consequently, only 14 novel insertion sites were identified. As 

described below, our approach mapped thousands of ISAba13 insertions. 

 

5.2. Mapping global insertion sites of ISAba13 in a population with 
native Tn-seq 

The process of native Tn-seq is outlined in Fig.5.1. Wild-type cells are subcultured and grown 

to mid-exponential phase to generate a sufficiently large population for analysis. After growth, 

genomic DNA is extracted (step 1) and randomly fragmented using a fragmentase (step 2). 

The ends of enzymatically sheared DNA are repaired, with a dA nucleotide added to the 3’ end 

(step 3), facilitating ligation of adapter containing a dT nucleotide overhang at the 3’ end (step 

4).  PCR is then done with an ISAba13 specific primer, and an adaptor specific primer (step 5). 

A second PCR is then done using a different ISAba13 specific primer which binds further 

downstream from the first primer used in step 5, increasing specificity (step 6). To mitigate 

bias, introduced by preferential amplification of ISAba13 insertions at the starting loci, we 

reduced the number of PCR cycles. Additionally, we used staggered primers (Staggered_1 - 

Staggered_4, Table 2.3) in step 5. This increases library diversity, and final sequencing quality. 

 

Using native Tn-seq we were able to map 8,026 unique ISAba13 insertions across the AB5075 

chromosome in a population of A. baumannii cells. The distribution of insertions is illustrated 

as a heat map in Fig.5.2a (top panel). Darker regions correspond to parts of the chromosome 

where there is a high density of ISAba13 insertions. Note that, in this analysis, each insertion 

site is counted equally, no matter how many reads are detected at that specific location. 

Interestingly, regions around the two starting copies of ISAba13 are hotspots for 



 140 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.5.1. The method of native Tn-seq 
Genomic DNA (gDNA) is sheared with dsDNA fragmentase. Following end repair and dA-
tailing, adaptors are ligated on. This is followed by a PCR using a primer specific for the adaptor 
(blue arrow) and a primer complementary to the end of ISAba13 (green arrow). A 2nd hemi-
nested PCR is done with the same adaptor primer and a primer complementary to ISAba13 
further downstream from the previous binding site (red arrow). 
 

dA dA

dA dA
dA dA

dA dA

Step 2: 
fragment DNA

Step 3:
End repair 

and dA-tailing

ISAba13

ISAba13

ISAba13

Step 1:
Extract gDNA

Step 4: 
Adapter 
ligation

Step 5:
1st PCR

Step 6:
2nd hemi-

nested PCR

ISAba13

ISAba13

ISAba13



 141 

 

 

 

 

 

 

 

Fig.5.2. Global insertion of ISAba13 in AB5075 
(a) Heat map of global insertion sites of ISAba13. The chromosome is divided up into 1 kb 
regions, coloured from white to black indicating the frequency of insertions in those regions. 
Chromosomal position of two starting copies of ISAba13 highlighted by blue and purple 
triangles. AT content heat map shows regions of high (red) and low (blue) AT content. (b) 
Locations of ISAba13 insertions relative to genes. 
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insertion (Fig.5.2a, blue and purple triangles). Additionally, a striking correlation (r = 0.58) was 

seen between sites of insertion and DNA AT-content (Fig.5.2a). We also determined the 

position and orientation of insertions with respect to genes (Fig.5.2b). There is a small bias 

towards insertions occurring in intergenic regions. These account for only 13 % of the AB5075 

chromosome, yet harbour 25% of total ISAba13 insertions. Within intragenic DNA, the 

orientation of ISAba13 with respect to the disrupted gene is similar in the reverse (37 %) and 

forward (38 %) directions. 

 

5.3. Preferential insertion of ISAba13 into the K-locus 

Given that we had previously identified ISAba13 in gtr52 at the K-locus of grey variants, we 

expected to detect this by native Tn-seq. This was the case, (grey arrows in Fig.5.3a and 

Fig.5.3b.) In AB5075, gtr52, contains a high number of insertions (143, 1395 and 37,344 reads 

mapping to this locus in three replicates.) The exact site of insertion in the K-locus described 

by Whiteway et al. is also found in our native Tn-seq data (red arrows, Fig.5.3a and Fig.5.3b) 

(Whiteway et al., 2022). However, the number of insertions at this site is much lower (21, 29 

and 969 reads mapping to this locus in the respective three replicates.) Interestingly, in gtr52 

there is a sequence matching bases immediately downstream of the ISAba13 transposase stop 

codon (Fig.5.3c, blue). In gtr52, this sequence forms an inverted repeat that occurs nowhere 

else in the chromosome (Fig.5.3c, blue and green arrows). This may be coincidental, or could 

play some role in the preferential targeting of ISAba13 to this region. 
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Fig.5.3. Insertion of ISAba13 into the K-locus identified by native Tn-seq 
(a) Insertions across the K-locus. Top panel shows % GC content, middle panel shows 
insertions of ISAba13, with red arrows indicating the site of insertion identified in weeH 
(Whiteway et al., 2022) and grey arrows indicating site of insertion identified in gtr52 (this 
study.) Bottom panel shows genes. (b) Zoomed in view of K-locus insertions to show high 
frequency of insertions at the two positions previously mentioned. (c) Top: sequence of gtr52 
gene. Blue indicates region of homology, green indicates DTR sequence generated following 
transposition. Grey triangle shows point of ISAba13 insertion following transposition. Blue and 
green arrows highlight inverted repeat sequences. Bottom: sequence of end of ISAba13, red 
highlights transposase stop codon, blue indicates region of homology. Underlined region 
indicates terminal IRR. 
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5.4. ISAba13 inserts into ompW and ABUW_1221 

The phenotypic impact of ISAba13 insertion into gtr52 was characterised in Chapter 3. We 

next wanted to examine how insertion of ISAba13 into other regions, identified by native Tn-

seq, could affect phenotype. Two AT-rich genes with a high density of insertions were selected 

(Fig.5.4). We speculated these genes, ompW and ABUW_1221, would affect phenotype if 

inactivated. The first of these, ompW, is an outer membrane porin involved in iron 

homeostasis (Catel-Ferreira et al., 2016). The gene has been shown to have roles in biofilm 

formation, host cell adherence/invasion, and persistence (Gil-Marqués, Pachón and Smani, 

2022; Schmitt et al., 2023). The second gene, ABUW_1221, is an EAL domain containing 

protein. EAL domains are found in diverse bacterial signal transduction proteins, and have 

cyclic di-GMP phosphodiesterase activity (Schmidt, Ryjenkov and Gomelsky, 2005). The 

ABUW_1221 encoded protein also has a RhaT domain, a permease of the drug/metabolite 

transporter family. 

 

It is not possible to isolate single IS mutants from our sequencing libraries, as the method uses 

a mixed population of cells. For ompW, we recreated an ompW::ISAba13 insertion identified 

by native Tn-seq using genome editing (Fig.2.2) (Godeux et al., 2020). Additionally, an 

ABUW_1221:T26 mutant was obtained from the T26 mutant library (Gallagher et al., 2015). 
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Fig.5.4. ISAba13 insertion into ompW and ABUW_1221 
Top panel: % GC content across locus. Middle panel: ISAba13 insertions, peaks up indicate 
insertions on top DNA strand, peaks down indicate insertions on bottom DNA strand. Bottom 
panel: annotated genes at locus of interest. Peaks shown are for three biological replicates. 
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5.4.1. Phenotypes of ISAba13 insertion into ompW and ABUW_1221 

We compared the ompW::ISAba13 and ABUW_1221::T26 mutants to wild-type cells. We saw 

no difference in growth rate in LB medium (Fig.5.5a) or growth rate for ompW::ISAba13 in the 

presence of human serum compared to wild-type cells (Fig.5.5b). Similarly, these strains were 

able to form biofilms equally well (Fig.5.6). Comparing wild-type to ompW::ISAba13, no 

statistically significant difference is seen either at 37 °C (p = 0.9814) or room temperature (p 

= 0.9365). Although there appears to be slightly improved biofilm formation for 

ABUW_1221:T26, this does not reach statistical significance at 37 °C (p = 0.1252) or room 

temperature (p = 0.0979).  

 

In A. baumannii, although ompW has been shown to bind colistin, and has reduced expression 

in colistin-resistant strains, deletion of ompW does not change the MIC for colistin (Catel-

Ferreira et al., 2016). We tested our ompW::ISAba13 mutant against tetracycline, zeocin and 

polymyxin B, which has a slightly different structure to colistin (polymyxin E). As seen in table 

5.1, the ompW::ISAba13 mutant shows no difference in MIC except for polymyxin B, however 

there is only a 2-fold increase in susceptibility. More repeat experiments would be required in 

order to confirm a difference in MIC for polymyxin B. 

 

5.4.2. The impact of ompW::ISAba13 on transposition 

As seen in Fig 5.2, as well as the propensity for insertion into AT-rich regions, there are 

hotspots around the two native locations of ISAba13. This suggests chromosomal regions in 

close proximity to ISAba13 may be attractive targets for insertion. To test this, we repeated  
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Fig.5.5. Growth curves of ompW::ISAba13 and ABUW_1221::T26 cells 
OD600 was measured by a plate reader in a 96-well plate for 24 hours in (a) LB medium or (b) 
50 % normal human serum or 50 % heat-treated normal human serum. Points represent mean 
of three biological replicates, error bars represent standard deviation. 
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Fig.5.6. ompW::ISAba13 and ABUW_1221::T26 biofilm assay  
Crystal violet staining measured by absorbance at A585 and normalised by OD600. Initial 
inoculum for overnight culture was OD600 = 0.3. Tubes were incubated overnight at 37 °C or 
room temperature. Ordinary one-way ANOVA with Tukey’s multiple comparisons test used to 
assess significance. Bars represent mean of three biological replicates with error bars 
representing standard deviation (a) biofilm formation of ompW::ISAba13 (b) biofilm formation 
of ABUW_1221::T26. 
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Table 5.1. MIC of WT and ompW::ISAba13 measured by broth microdilution 
Strains were tested in a 96-well plate in at least triplicate on at least two separate occasions. 
Reference ATCC 25922 and NCTC10418 control strains were included. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strain MIC of antibiotic ( μg/ml) 
gentamicin polymyxin B zeocin tetracycline 

WT 4096 2 64 0.5 

ompW::ISAba13 4096 1 64 0.5 
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the native Tn-seq experiment using the ompW::ISAba13 strain generated (Fig.5.7). An 

increased density of insertions around ompW is observed. 

5.5. ISAba13 inserts into hns 

In addition to ompW and ABUW_1221, a further AT-rich target of ISAba13 is hns, which 

encodes the global transcriptional regulator, and chromosome folding protein, H-NS (Fig.5.8). 

Given its role in chromosome organization, and the transcriptional regulation of multiple 

genes, we expected disruption of hns to affect multiple phenotypes. Given time constraints, 

an hns::T26 mutant was obtained from the T26 mutant library for use in subsequent 

phenotypic assays (Gallagher et al., 2015). 

5.5.1. Phenotypes of the hns::T26 mutant 

We first assessed the impact of hns inactivation on growth in LB medium compared to wild-

type. The hns::T26 mutant has a slower growth rate, eventually reaching a similar final OD600 

(Fig.5.9a). hns::T26 cells have a smaller growth rate constant (k = 0.422, 95 % confidence 

intervals = 0.396 to 0.451) compared with VIR-O cells (k = 0.486, 95 % confidence intervals = 

0.453 to 0.522). 

 Human serum albumin (HSA) has been shown to down-regulate the expression of H-NS in  A. 

baumannii (Escalante et al., 2022). We tested whether growth in human serum with hns::T26 

would differ from wild-type. Fig.5.9b shows that growth is impaired for hns::T26 in both serum 

and heated serum. hns::T26 cells have a smaller growth rate constant (k = 0.247, 95 % 

confidence intervals = 0.239 to 0.254) compared with VIR-O cells (k = 0.344, 95 % confidence 

intervals = 0.305 to 0.389). Inactivating hns by transposon insertion therefore may limit the  
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Fig.5.7. ISAba13 insertion in ompW::ISAba13  
Heat map of insertion sites of ISAba13 near the ompW gene in wild-type (wt) and 
ompW::ISAba13. Chromosome is divided up into 1 kb regions, coloured from white to black 
indicating the frequency of insertions in those regions. Chromosomal position of ompW 
highlighted by black triangle. 
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Fig.5.8. ISAba13 insertion into hns 
Top panel % GC content across locus. Middle panel ISAba13 insertions, peaks up indicate 
insertions on top DNA strand, peaks down indicate insertions on bottom DNA strand. Bottom 
panel annotated with genes at locus of interest. Of note ABUW_3610 encodes a FadM Acyl-
CoA thioesterase family protein and ABUW_3611 encodes a hypothetical protein with a 
putative protoheme IX biogenesis protein conserved domain. Peaks represent three biological 
replicates. 
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Fig.5.9. Growth curves of wild-type and hns::T26 cells 
OD600 was measured by a plate reader in a 96-well plate for 24 hours in (a) LB medium or (b) 
50 % normal human serum or 50 % heat-treated normal human serum. Points represent mean 
of three biological replicates, error bars represent standard deviation. Logistic growth analysis 
using nonlinear regression was used to calculate the growth rate constant (k). 
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ability to adapt to growth in human serum. We also assessed whether hns disruption would 

impact biofilm formation at 37 °C, or room temperature. Fig.5.10 shows there is no significant 

difference in biofilm formation between wild-type and hns::T26 cells at 37 °C (p = 0.9538). 

However, a 6-fold increase in biofilm formation by hns::T26 cells was detected at room 

temperature (p < 0.0001). Finally, because hns has been shown to regulate antibiotic 

resistance in A. baumanii, we investigated the susceptibility of hns::T26 to gentamicin, 

polymyxin B and zeocin (Table 5.2). No difference in susceptibility to polymyxin B was 

observed. However, there was a 128 and 16-fold decrease in MIC for gentamicin and zeocin 

respectively. 

 

5.6. Discussion 

Various methods have been used to track IS movement in prokaryotes. These have included 

papillation assays and plasmid-based targeting. These inform on the frequency of 

transposition, but there are caveats. Papillation assays use a promoter-less, and cryptic, lacZ 

gene placed between TIR. Transposition causes integration of cryptic lacZ into other regions, 

and if these regions are expressed, and lacZ is in the correct orientation and reading frame, 

cells become lac+ (Swingle et al., 2004). Plasmid based targeting uses a transposon with an 

antibiotic resistance cassette. Transposition into plasmids is detected after their isolation, by 

using them to transform fresh cells that are then plated on selective media (Ravasi et al., 

2011). These methods are laborious, with multiple steps, and are limited by the number of 

transposition events that can be observed. Furthermore, neither reports global patterns of 

transposition. 
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Fig.5.10. hns::T26 biofilm assay 
Crystal violet staining measured by absorbance at A585 and normalised by OD600. Initial 
inoculum for overnight culture was OD600 = 0.3. Tubes were incubated overnight at 37 °C or 
room temperature. Ordinary one-way ANOVA with Tukey’s multiple comparisons test used to 
assess significance. Bars represent mean of three biological replicates with error bars 
representing standard deviation. 
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Table 5.2. MIC of WT and hns::T26 measured by broth microdilution 
Strains were tested in a 96-well plate in at least triplicate on at least two separate occasions. 
Reference ATCC 25922 and NCTC10418 control strains were included. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strain MIC of antibiotic ( μg/ml) 
gentamicin polymyxin B zeocin 

WT 4096 2 64 

hns::T26 32 2 4 
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Native Tn-seq and IS-seq use next generation sequencing to allow a comprehensive in-depth 

analysis of global insertion sites. As well as the LAC-4 study, discussed earlier, IS-seq has been 

applied to IS6110 in Mycobacterium Tuberculosis isolates (Reyes et al., 2012).  In this study, 

individual colonies from agar plates were used for analysis, limiting the genetic heterogeneity 

of the population. Hence, only an average of 13 insertions per isolate were identified (Reyes 

et al., 2012). A disadvantage of native Tn-seq is that the number of sequence reads from a 

given insertion may not necessarily represent frequent ISAba13 insertion at that site. For 

instance, an insertion event which occurred early during growth of the population could 

propagate to high numbers and so be over-represented in the final population. For this 

reason, we counted each insertion position only once in our global analysis. To improve 

specificity of the technique, both ends of the IS could be mapped instead of one. However, 

this would greatly reduce sensitivity (Reyes et al., 2012). 

 

The sequence homology between the gtr52 insertion site for ISAba13 and ISAba13 itself may 

explain why this region is a particularly strong hotspot for insertion. Homology between the 

terminal ends of an IS, and preferential sites of insertion, has been noted for multiple ISs which 

form excised circular intermediates (Loot, Turlan and Chandler, 2004). It is speculated that 

transposases of such IS elements are able to create a synaptic complex, involving one IR of the 

excised IS and a sequence resembling an IR in the target DNA (Siguier et al., 2015). Of note, 

the sequence within gtr52 also forms an inverted repeat. The downstream half of this repeat, 

following transposition, becomes the DTR. Inverted repeats and the secondary structures they 

form could play a role in transposition of ISAba13. Indeed, the insertion of some TEs, across 

multiple domains of life, has been associated with palindromic motifs, including IS903 of E. 
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coli  (Hu et al., 2001; Linheiro and Bergman, 2008). Palindromic sequences, (particularly AT-

rich repeats) are inherently unstable and may encourage chromosomal rearrangement as they 

can form hairpin/cruciform structures prone to double stranded breaks (Kato, Kurahashi and 

Emanuel, 2012). Some IS members of the families IS110 and IS3 show preference for insertion 

into repetitive extragenic palindromes (Choi, Ohta and Ohtsubo, 2003; Wilde et al., 2003).  

 

Despite the role of ompW in protecting E. coli from phagocytosis, and the alternative 

complement pathway mediated attack, we found no change in growth of AB5075 

ompW::ISAba13 in human serum (Fig.5.5b) (Li et al., 2016). Both ompW and EAL domain-

containing proteins have roles in biofilm formation in A. baumannii ATCC 17978 (Ahmad et 

al., 2020; Gil-Marqués, Pachón and Smani, 2022).  However, we found no significant difference 

in biofilm formation for ompW::ISAba13 or ABUW_1221::T26 in AB5075 (Fig.5.6). OmpW from 

A. baumannii ATCC 19606 has been shown to interact with colistin, despite no difference in 

MIC for colistin in a ΔompW mutant (Catel-Ferreira et al., 2016). This is in contrast to K. 

pneumoniae, where ompW disruption mediated by an IS leads to colistin resistance (Macesic 

et al., 2020). The antibiotics used in the MIC assays in this study (Table 5.1) are of limited 

clinical relevance, and meropenem should be tested, with susceptibility to meropenem 

expected to decrease in AB5075 ompW::ISAba13 (Wu et al., 2016).  Further characterisation 

of the ompW::ISAba13 mutant used in this study could involve measuring persistence, iron 

incorporation, and adhesion to or invasion of A549 cells, which are known roles for ompW in 

A. baumannii (Catel-Ferreira et al., 2016; Gil-Marqués, Pachón and Smani, 2022; Schmitt et 

al., 2023). The increased density of ISAba13 insertions around the ompW::ISAba13 locus 

observed in native Tn-seq (Fig.5.7) supports the initial observation that ISAba13 is more likely 
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to be transposed to nearby adjacent sites. This could be because cis-activity of transposases 

requires rapid formation of the transpososome at the site of excision (Derbyshire, Kramer and 

Grindley, 1990). Upon transpososome formation, immediate AT-rich regions near the starting 

location represent attractive sites of insertion.  

 

In A. baumannii, The hns gene is a target for various ISs including ISAba1, ISAba12, ISAba13 

(as confirmed in this study), and ISAba125 (Eijkelkamp et al., 2013; Deveson Lucas et al., 2018; 

Penesyan et al., 2019). The non-autonomous element MITEAba12 has also been found 

disrupting  hns in ATCC 17978 (Adams and Brown, 2019). In regards to the hns::T26 

phenotypes observed, if reduced growth in human serum is due to albumin, heat inactivation 

of this protein may not be important. It has previously been reported bovine serum albumin 

(BSA) increases transformability of A. baumannii A118, and that heat inactivation further 

increases transformability (Traglia et al., 2016). The slow growth could also be more 

pronounced in serum as nutrient levels are lower than in LB (Fig.5.9a and Fig.5.9b). Loss of hns 

was previously reported to have conflicting impacts on biofilm formation. In A118 and 

AB5075, an hns mutant shows reduced biofilm formation (Rodgers et al., 2021; Escalante et 

al., 2022).  However, in ATCC 17978, knocking out hns increases biofilm formation (Eijkelkamp 

et al., 2013). These assays were done at 37 °C whereas, in this study with AB5075, the marked 

increase in biofilm formation was only seen at room temperature (Fig.5.10). Additionally, the 

change in MIC of gentamicin for a Δhns mutant has been described before, but only a 24-fold 

change was reported (measured by E-strips) in contrast to the 128-fold difference reported in 

this study (Rodgers et al., 2021). As well as differences in agar and broth dilution methods, 

results from broth dilution MIC assays can vary between laboratories due to differences in 
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starting culture density, choice of optical density versus cell counts, and length of 

measurement (Schuurmans et al., 2009).  

 

IS-mediated mutations offer the potential to generate huge phenotypic diversity in 

populations, which may enable adaptation to specific niches. As a mechanism of generating 

genetic diversity, transposition offers many advantages. First, a transposition event is more 

likely to inactivate a gene than a SNP, which in turn makes phenotypic change more likely. 

Second, transposition is reversible, and so gene function can be subsequently restored. Third, 

outwardly directed promoters, in TEs, can drive transcription of adjacent genes, upregulating 

their expression. A “bet-hedging” strategy is beneficial when most cells remain wild-type, but 

rare mutants can clonally expand under the right circumstances. In one study, examining the 

evolution of A. baumannii in response to sub-inhibitory levels of ciprofloxacin and tetracycline, 

ISAba13 was the largest driver of mutations (30 % of total mutations, compared with ISAba1 

(4.4 %) or ISAba125 (2.8 %))  (Penesyan et al., 2019). Additionally, despite mapping five 

different IS elements, 73 % of low-abundance novel insertion sites found during IS-seq in LAC-

4 were from ISAba13 (Wright et al., 2017). Further characterised phenotypic consequences 

from ISAba13 transposition include insertion upstream of the transcriptional regulator adeN, 

increasing adeIJK mediated efflux and resistance to erythromycin and tetracycline (Zang et al., 

2021). Intriguingly, ISAba13 has also been found in colistin-dependent A. baumanniii,  

interrupting the pldA gene encoding an outer membrane phospholipase (Chamoun et al., 

2021). 
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Here, we show that ISAba13 preferentially inserts into AT-rich regions of the chromosome. 

The AT-preference of various ISs have been noted before, including IS903 and IS5 in E. coli, 

and ISAba825 and ISAba11 in A. baumannii (Hu and Derbyshire, 1998; Ravasi et al., 2011; 

Humayun et al., 2017; Olmeda-López, Corral-Lugo and McConnell, 2021). AT-rich regions are 

typically bound by H-NS in γ-proteobacteria (Singh et al., 2014). However, H-NS is typically 

thought to exclude factors from bound DNA. We hypothesize that H-NS is either removed 

temporarily to allow transposition, or directly facilitates the process. This idea is explored in 

the next chapter. 
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Chapter 6:  H-NS directs transposition 
of ISAba13 by DNA bridging 
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6.1. Introduction  

 H-NS is a global transcriptional regulator and chromosome folding protein, typically binding 

AT-rich regions of horizontally acquired DNA (Dame, Rashid and Grainger, 2020). H-NS has two 

modes of binding following nucleation, and subsequent oligomerisation, at an AT-rich site 

(Lang et al., 2007). The first is formation of extended nucleoprotein filaments, along a single 

double stranded DNA region, causing DNA stiffening (Amit, Oppenheim and Stavans, 2003). 

Alternatively, in a different conformation, H-NS can bridge between separate DNA sections 

(Dame, Noom and Wuite, 2006).  

 

There is no structure of A. baumannii H-NS, but the protein is 25 % identical and 59 % similar 

to E. coli H-NS (Fig.6.1a). AlphaFold prediction suggests a very similar organization, including 

a C-terminal DNA binding domain, N-terminal dimerization domain (for site 1 interactions), 

and central multimerization domain (for site 2 interactions) (Fig.6.1b). The structure of H-NS 

from S. enterica Serovar Typhimurium (differing in only 7 amino acids from E. coli H-NS) 

reveals intermolecular salt bridges involving residues K57 and R54 from one protomer 

interacting with D68 and E74, respectively, of the other protomer (Arold et al., 2010). These 

interactions form the site 2 interface, key for multimerization (Arold et al., 2010). These 

residues are missing in the A. baumannii sequence (Fig.6.1a), and the AlphaFold prediction 

indicates interactions at site 2 instead involve amino acid pairs R61-E51 and K60-E33 in each 

protomer (Fig.6.1c). 

 

Given that native Tn-seq showed a positive correlation between ISAba13 insertion, and AT-

content, we hypothesized that H-NS might affect transposition in some way. To investigate   
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Fig.6.1. Sequence and putative structure of A. baumannii H-NS 
(a) Clustal Omega sequence alignment (v1.2.4) of AB5075 and E. coli MG1655 H-NS. Asterisk 
indicates residues which are fully conserved, two dots indicate conservation between residues 
of highly similar properties, single dots indicate conservation between residues of weakly 
similar properties. (b) Alphafold2 model created in UCSF ChimeraX v1.6.1 (Mirdita et al., 
2022). Viewed in PyMOL v2.5.3. (c) Zoomed in view of site 2 interaction highlighting key 
residues involved. 
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this, we used a combination of genomic and genetic tools. These included in vivo assays, such 

as native Tn-seq, to measure the distribution of ISAba13 insertions in different mutants, and 

a BACTH assay, to measure protein-protein interactions between H-NS and ISAba13 

transposase. We also made use of chromatin immunoprecipitation sequencing (ChIP-seq) 

data for H-NS binding (by Dr. Simon LeGood) to allow comparisons between transposition and 

H-NS binding. Furthermore, in vitro assays, including EMSAs and DNA bridging measurements, 

were used. These assays confirm H-NS is essential for transposition directed into AT-rich DNA, 

and that the ability for H-NS to drive DNA bridging is important to achieve this. 

 

6.2. H-NS directs transposition of ISAba13 to AT-rich regions 

To test if ISAba13 insertion bias was driven by an intrinsic property of AT-rich sequence, or H-

NS, we repeated native Tn-seq with the A. baumannii hns::T26 mutant. Fig.6.2a shows that, in 

hns::T26 cells, sites of insertion are evenly spread across the chromosome, and the correlation 

between AT-content and ISAba13 insertion frequency is greatly reduced (r = 0.23). In the 

figure, a 115 kb section of the chromosome is shown as an expansion, to aid comparison of 

transposition patterns and DNA AT-content (Fig.6.2b). We conclude that H-NS drives 

transposition into AT-rich regions. Interestingly, in the hns mutant, the preference for ISAba13 

insertion around the two starting copies of ISAba13 (Fig.6.2a blue and purple arrows) is 

maintained. This suggests, in the absence of H-NS, proximity to starting chromosomal location 

plays the most important role in directing transposition. Additionally, a dark section in the  

 

 



 167 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

wt

hns::T26

low low lowhigh high high

r=
 0

.5
8

r=
 0

.2
3

r= 0.72

r= 0.16

AT-rich island

hns::T26

AT-rich island

wt

GC content

115 Kb115 kb 



 168 

 

 

 

 

 

 

 

 

Fig.6.2. ISAba13 hotspots are lost in an hns::T26 mutant 
(a) First panel: heat map of AT-content. ISAba13 insertions were binned into 1 kb regions 
(compiled from both top and bottom DNA strands). Second panel: wild-type insertions and 
third panel: (hns::T26) insertions. Fourth panel:  ChIP-seq binding profile of H-NS, binned into 
1 kb regions (b) Zoomed in region showing insertion sites for hns::T26 and WT in two biological 
replicates across a 115 kb section of chromosome. Coverage cut-off set to 200 reads. Peaks 
upwards indicate insertions in top DNA strand, peaks downwards indicate insertions in 
bottom DNA strand. (c) Total number of sites of ISAba13 insertion recorded for each strain.  
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middle of the plot arises in the hns mutant, corresponding to the terminus of replication 

(Fig.6.2a pink arrow). In parallel to work in this thesis, Dr. Simon LeGood used ChIP-seq to map 

global H-NS binding in vivo. Briefly, this technique involves expressing C-terminally FLAG-

tagged H-NS, which is cross-linked to DNA. Following DNA fragmentation, an anti-FLAG 

antibody is used to immunoprecipitate H-NS and associated DNA, which is sequenced. ChIP-

seq confirmed a strong correlation between sites bound by H-NS and ISAba13 insertion (r = 

0.72) (Fig.6.2a). This was abolished in the hns mutant (r = 0.16.) (Fig.6.2a). Importantly, the 

number of total insertion events detected for hns::T26 and wild-type cells is similar (Fig.6.2c). 

Hence, H-NS does not alter overall transposition efficiency.  

 

6.3. Attempted purification of ISAba13 transposase 

To investigate the mechanism of targeting, we first wanted to purify the ISAba13 transposase.  

Transposases are notoriously difficult to purify as they are typically made in very small 

amounts and are often insoluble. We first attempted to purify His6-tagged recombinant 

transposase in Lemo21 DE3 cells using the tuneable T7 expression system for challenging 

proteins. In this system, as the amount of L-rhamnose added to the culture is increased, the 

level of lysozyme, which inhibits T7 RNA polymerase expression, rises. This permits better 

control of protein expression and folding. The ISAba13 transposase sequence was cloned into 

plasmids pET21 and pET28 to allow expression of N- and C-terminal His6 fusions respectively, 

under the control of an IPTG-inducible promoter. 
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Fig.6.3a shows an SDS-PAGE gel on which lysates from cells carrying pET21 ISAba13 encoded 

transposase were analysed. Expression of the pET21 ISAba13 encoded transposase (expected 

size 37 kDa) was induced best with 400 µM IPTG and 0 mM L-rhamnose, and the protein was 

recovered from the insoluble fraction (red triangle, Fig.6.3a). Fig.6.4b shows that an 

equivalent experiment with pET28 ISAba13 encoded transposase (expected size of 38 kDa) did 

not yield any expression. Given this, we attempted to optimise conditions of growth for cells 

expressing pET21 ISAba13 encoded transposase. Cells were grown at 37 °C for 5 h, or at 16 °C 

overnight, with either 0 mM, 100 mM or 500 mM rhamnose. This was to further slow protein 

expression and reduce any misfolding. As seen in Fig.6.3c (red triangles), the transposase 

remained in the insoluble fraction regardless of conditions used. To confirm the band 

expected was not a result of IPTG induction of a different protein, we used an empty plasmid 

control (Fig.6.3d.) Despite using 8 M Urea, when doing a large-scale preparation of the 

transposase, the insoluble inclusion body containing the transposase could not be 

resolubilised. 

 

In an attempt to make the transposase soluble, we fused it to Maltose Binding Protein (MBP). 

This method was the only successful method of purifying the IS5 family IS903 transposase 

after several years of attempts (Derbyshire and Grindley, 1992). The ISAba13 transposase 

gene was cloned into pMAL-C6T to create an N-terminal MBP tag fusion. Fig.6.4 shows that, 

despite the MBP tag, ISAba13 transposase remained insoluble in all conditions tested 

(expected size 78 kDa, red triangles). 
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Fig.6.3. SDS-PAGE of pET21-ISAba13 and pET28-ISAba13 expression 
Coomassie stained gel with and without IPTG induction of (a) pET21 ISAba13 encoded 
transposase grown at 37 °C for 3 h following induction with 0, 250, 750, 1000, or 2000 mM L-
rhamnose (b) pET28 ISAba13 encoded transposase grown at 37 °C for 3 h following induction 
with 0, 250, 750, 1000, or 2000 mM L-rhamnose. (c) pET21 ISAba13 encoded transposase 
grown at 37 °C for 5 h or 16 °C overnight following induction, with or without 100 mM or 500 
mM L-rhamnose. (d) pET21 empty or pET21 ISAba13 encoded transposase grown at 37 °C for 
5 h. 
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Fig.6.4. SDS-PAGE of MBP-ISAba13 fusion expression 
Coomassie stained gel of cells expressing MBP-tagged ISAba13 encoded transposase with and 
without IPTG induction. Following induction, cells were grown at 37 °C for 2 h, 20 °C for 2 h or 
5 h, or 16 °C overnight. 
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6.4. H-NS does not interact with ISAba13 encoded transposase 

H-NS bound at AT-rich DNA could direct transposition by capturing the transpososome. There 

are two models to explain how this could occur. First H-NS could directly interact with the 

ISAba13 encoded transposase. Second, H-NS could bridge between target DNA and ISAba13 

DNA. To test the first model, a bacterial 2-hybrid (BACTH) assay was used. In this assay, 

proteins of interest are separately fused to T18 or T25 domains of adenylate cyclase. If the 

two proteins of interest interact in E. coli, the T18 and T25 domains are brought into close 

proximity, where they form a functional adenylate cyclase which can convert ATP into cAMP. 

This activates lacZ expression which can be quantified.  All possible combinations of protein 

fusion were tested, including N- and C-terminal fusion of T18/T25 to ISAba13 encoded 

transposase, and N- and C-terminal fusion of T18/T25 to H-NS. Fig.6.5a shows none of the 

tagged protein combinations were able to interact to reconstitute lacZ activity. The positive 

control of T25 and T18 fused to leucine zipper domains shows a large amount of activity, 

confirming the assay is functional. This suggests no interaction between ISAba13 encoded 

transposase and H-NS. We also included a control of C-terminal fusions of H-NS to T18 and 

T25, which we expected to interact. Whilst no activity was detected in the lacZ assays 

(Fig.6.5a), colonies containing these constructs did turn blue on X-gal plates (Fig.6.5b). Such 

“plate-only” phenotypes have been reported previously with BACTH assays (Cosgriff et al., 

2010; Sobe et al., 2022).  
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Fig.6.5. BACTH assay for H-NS and ISAba13 encoded transposase 
(a) lacZ assay for all constructs tested. Bars represent mean of three biological replicates. Error 
bars = standard deviation. (b) Colonies of empty plasmid negative control, leucine zipper 
positive control and H-NS dimer interaction on X-gal LBA after a few days of incubation at 
30°C. 
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6.5. Purification of A. baumannii H-NS 

To test the DNA bridging model, we purified H-NS from A. baumannii. An SDS-PAGE analysis 

of cell lysates showed expression of the 12.5 kDa H-NS protein upon IPTG induction. The 

protein was recovered in the soluble fraction (Fig.6.6, red arrows). Given that protein 

production was similar following induction for 2 h or 5 h, large scale purification was done 

using a 2 h induction step. The H-NS in lysates was bound to a heparin column and eluted 

fractions containing H-NS (Fig.6.7a) were pooled and used in cation exchange 

chromatography. Based on the isoelectric point of H-NS (5.33) and the pH of the buffer used 

(7.2), H-NS did not bind to the column whilst other proteins remained attached (Fig.6.7b). As 

A. baumannii H-NS was expressed in E. coli T7 Express cells, there was a possibility of cross-

contamination of E. coli H-NS. To check for this, a sample of E. coli H-NS (Fig.6.7c lanes 1 and 

3) was subjected to electrophoresis alongside A. baumannii H-NS (Fig.6.7c lanes 2, 4, 5, and 

6). E. coli H-NS has an expected size of 15.5 kDa, and has a different migration pattern, making 

it easily distinguishable from the A. baumannii protein. 

 

6.6. H-NS binds to ISAba13 insertion hotspots in vitro  

We chose two AT-rich DNA regions to confirm purified H-NS binding using EMSAs. The DNA 

fragments used each had a high density of ISAba13 insertions in wild-type A. baumannii and 

a low density of ISAba13 insertions in hns::T26 cells (Fig.6.8). The encoded genes are also 

known to be H-NS regulated (Eijkelkamp et al., 2013; Escalante et al., 2022). ChIP-seq also 

confirmed that these DNA regions are bound by H-NS in vivo (Appendix 6). The first fragment 

used for EMSAs was the 631 bp region preceding the gene csuAB, encoding the Csu major  
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Fig.6.6. SDS-PAGE of expression of A. baumannii H-NS  
Coomassie stained gel of cells expressing A. baumannii H-NS with and without IPTG induction. 
Following induction all cells were grown at 37 °C.  
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Fig.6.7. SDS-PAGE of A. baumannii H-NS purification 
Coomassie stained gel of cells expressing A. baumannii H-NS. Following induction all cells were 
grown at 37 °C. (a) Fractions which eluted from heparin column are indicated. (b) Fractions 
following elution from cation exchange column. FT = flow through, W = wash. (c) Purified A. 
baumannii H-NS (source “A”) compared with purified E. coli H-NS (source “EC”). 
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Fig.6.8. H-NS EMSA for csuAB and T6SS intergenic regions. 
(a) csuAB and (b) T6SS intergenic loci. Left shows GC content, ISAba13 insertions in wild-type 
cells and hns::T26 mutant and genes of associated regions. For (a) csuAB and (b) T6SS 
intergenic loci. EMSAs were done using 0, 1.25, 2.5, 5, and 10 µM purified A. baumannii H-NS. 
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fimbrial subunit (Fig.6.8a). The second fragment was the 780 bp region in front of the gene 

ABUW_2581 (Fig.6.8b). This gene is annotated as a putative yedL acetyltransferase, however 

it is likely to be a signal peptide as the adjacent genes are used for the T6SS. This region is 

equivalent to the region of the H-NS regulated T6SS locus in ATCC 17978 (Escalante et al., 

2022). The EMSA for both of these regions shows that at least 2.5 µM H-NS is required to bind 

these DNA fragments in vitro.  

 

6.7. H-NS bridges DNA in vitro 

Next, we used DNA bridging assays to determine if H-NS could stabilise interactions between 

chromosomal sites and ISAba13. Briefly, this assay uses radiolabelled prey DNA, and 

biotinylated bait DNA recoverable with streptavidin beads. If bridging between the DNA 

fragments occurs, a radioactive signal is evident following streptavidin mediated DNA 

recovery. A 1060 bp section of DNA, encompassing the entirety of ISAba13, was used as bait 

DNA (Appendix 7). The T6SS encoding region, used in the EMSA, was radiolabelled and used 

as prey DNA.  Samples were incubated with increasing amounts of H-NS. As seen in Fig.6.9a, 

As the concentration of H-NS increases, the amount of radioactivity retained, and so the 

amount of bridging, increases. A nearly 4-fold increase in bridging is seen between 2 µM and 

4 µM H-NS (p = 0.0134) which reaches a maximum bridging at 6 µM (p = 0.0001). Hence, 6 µM 

H-NS was used in future assays to ensure maximal bridging. 

 

It has previously been shown that E. coli H-NS bridging requires the divalent cation Mg2+, 

reaching a maximum bridging at 8 – 10 mM of the metal (van der Valk et al., 2017).  
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Fig.6.9. in vitro bridging assay of H-NS 
(a) Bridging as a function of varying concentration of H-NS, 10 mM MgCl2 was used in each 
condition. (b) Bridging as a function of varying concentration of MgCl2, 6 µM H-NS was used 
in each condition, except in the no H-NS control. Bars represent the mean of four replicates. 
Error bars = standard deviation. Of note, this assay varying MgCl2 used the T6SS region as both 
biotinylated prey and bait DNA. Statistical significance assessed by one-way ANOVA. 
Integrated density, the sum of values of pixels on a scanned image of an exposed phosphor 
screen, is calculated by circling radioactive spots and measurement using ImageJ. 
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Interestingly, with the P. aeruginosa functional homologue of H-NS (MvaT), bridging increases 

from 0 – 15 mM MgCl2, and decreases at concentrations > 15 mM (Qin et al., 2020). To show 

that A. baumannii H-NS bridging also varies with MgCl2 concentration, we repeated the 

experiment while varying the amount of MgCl2. As the concentration of MgCl2 increases, from 

0 mM to 15 mM MgCl2, bridging doubles (p = 0.0006). Bridging then decreases at higher 

concentrations (p < 0.0001). 

 

6.8. H-NS39aa disrupts bridging of H-NS in vitro 

It was previously shown that amino acids 56 – 83 of E. coli H-NS, comprising the site 2 domain, 

disrupted DNA bridging but not filamentation in vitro (Fig.6.10a) (van der Valk et al., 2017). 

We repeated the bridging assay with increasing amounts of the equivalent 39 amino acid 

region of A. baumannii H-NS (H-NS39aa). Fig.6.10b shows H-NS39aa decreases bridging roughly 

3-fold (p < 0.0001). H-NS39aa alone cannot stimulate any DNA bridging. 

 

6.9. H-NS39aa disrupts bridging of H-NS in vivo 

To test the effect of disrupting H-NS bridging in vivo, we next expressed H-NS39aa from plasmid 

pVRL1Z and repeated the native Tn-seq assay. As a negative control we used A. baumannii 

harbouring an empty pVRL1Z plasmid. The results are shown as heatmaps in Fig.6.11, 

alongside ChIP-seq data for H-NS. In the strain with pVRL1Z encoding H-NS39aa, ISAba13 

insertion at H-NS bound DNA is reduced compared to the strain with the empty plasmid, and 

there is a more even distribution of insertions, similar to the hns::T26 mutant (Fig.6.2a). Also 

note, that with expression of H-NS39aa, increased insertion around the DNA replication 
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Fig.6.10. in vitro bridging assay of H-NS with H-NS39aa   
(a) Cartoon schematic showing the impact on bridging of targeting the site 2 domain of H-NS. 
Orange semi-circle represents H-NS39aa. (b) in vitro bridging assay with varying amounts of H-
NS39aa. MgCl2 concentration of 10mM and 6µM H-NS used throughout except in no H-NS 
controls. Bars represent the mean of four replicates, error bars = standard deviation. 
Statistical significance assessed by one-way ANOVA. 
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Fig.6.11.Native Tn-seq with wild-type cells expressing H-NS39aa 

Green heat map shows H-NS ChIP-seq binding profile binned into 1 kb regions across the 
chromosome. Darker regions indicate greater degree of H-NS binding. Black heat maps 
indicate sites of ISAba13 insertion binned into 1 kb regions across the chromosome. Darker 
regions indicate greater frequency of ISAba13 insertions. Blue and purple arrows show the 
position of the two starting native copies of ISAba13. Pink arrow shows site of chromosomal 
terminus. 
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terminus was observed, similar to our observations with the hns mutant (Fig.6.11 pink arrow). 

The correlation between sites of H-NS binding and transposition is greater for the strain 

containing the empty plasmid (r = 0.68) compared to the strain expressing H-NS39aa (r = 0.35).  

 

6.10. H-NS39aa does not inhibit H-NS binding to DNA 

Given that H-NS39aa targets only the H-NS multimerization domain, H-NS should remain able 

to dimerise and bind DNA. To show this, we repeated the EMSA analysis of the T6SS DNA 

fragment used above, including the H-NS39aa peptide. Fig.6.12a shows that H-NS39aa cannot 

bind DNA nor perturb DNA binding by wild-type H-NS. This is confirmed in vivo by ChIP-seq 

data; patterns of H-NS binding are almost identical with and without H-NS39aa expression 

(Fig.6.12b, r = 0.99). Taken together, these data show that H-NS39aa does not affect the ability 

of H-NS to bind DNA but does affect the ability of H-NS to bridge DNA, changing the profile of 

ISAba13 insertion targeting. 

 

6.11. Discussion 

The role of chromosome folding proteins in promoting transposition, including H-NS, IHF, Fis, 

HU, StpA and Dps has previously been investigated (Swingle et al., 2004). Notably, H-NS was 

the only nucleoid protein essential for efficient transposition of IS903, Tn10 and Tn552, all of 

which transpose via different mechanisms (Swingle et al., 2004). H-NS has been shown to bind 

strongly to the unfolded form of the Tn10 transpososome, stabilizing it via direct interaction 

with the transposase (Ward et al., 2007; Wardle, Chan and Haniford, 2009). This further  
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Fig.6.12. H-NS39aa does not impair H-NS binding to DNA 
(a) EMSAs were done using 0, 1, 2, 4, 6 and 10 µM H-NS39 peptide and where purified A. 
baumannii H-NS was used, this was at a concentration of 6 µM. (b) Heat maps show H-NS 
binding of regions across the chromosome which are divided into 1 kb sections, in the absence 
and presence of H-NS39aa.  
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extends to the Tn5 composite transposon, with H-NS promoting transpososome formation 

(Whitfield, Wardle and Haniford, 2009). Interestingly, data also suggest Hha, which stabilises 

H-NS binding, and increases DNA bridging, promotes transposition of IS1, IS5 and IS10 in a 

concentration-dependent manner (Mikulskis and Cornetis, 1994; van der Valk et al., 2017).  H-

NS has been shown to promote transposition of IS1 indirectly, with loss of H-NS decreasing 

transposase levels (Rouquette, Serre and Lane, 2004). In our native Tn-seq experiment 

comparing wild-type and the hns mutant, target preference for transposition is changed 

(Fig.6.2a, Fig.6.2b) but the total number of transposition events does not decrease (Fig.6.2c). 

This suggests the overall transposition efficiency is not modified, as would be the case with 

IS1.  

 

Preferential targeting of the IS5 family has been noted before, with hotspots of insertion into 

superhelical stress-induced duplex destabilization (SIDD) regions which have high AT-content, 

and are likely to bind H-NS (Humayun et al., 2017). For the IS5 family member IS903 in E. coli, 

the deletion of H-NS was shown to modify target preference, drastically reducing insertion 

into hot spots (Swingle et al., 2004). Given that H-NS is normally considered an exclusionary 

factor - for example occluding RNAP (Singh and Grainger, 2013), the authors proposed that H-

NS bound regions could occlude IS903 transposition (Swingle et al., 2004). The data that 

Swingle et al acquired is consistent with our data, as the hotspots observed do correspond to 

H-NS bound regions, though they could not have known, as genome wide H-NS ChIP-seq data 

was not available at the time. Additionally, while H-NS has been shown to occlude the mariner 

transposon in V. cholerae, this is a eukaryotic transposon, with a stringent requirement for 

insertion into TA dinucleotides, that are sequestered by H-NS (Kimura et al., 2016). Target 
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capture by H-NS could occur either through stabilizing binding of the transpososome, or 

increasing DNA accessibility by forming looped out segments of DNA, attractive for insertion 

(Swingle et al., 2004). Both of these mechanisms could be explained by the propensity for H-

NS to undergo DNA bridging. Recently, it was proposed that bridging by MucR, the nucleoid 

associated silencer of Sinorhizobium fredii, is important for targeting IS5 family insertions into 

AT-rich DNA (Guo et al., 2023).  

 

For the IS5 family member ISAba13, investigated in this study, we have shown that DNA 

bridging by H-NS, bound at AT-rich DNA, is important for target capture. There are three 

potential models, which are not mutually exclusive, to explain this: H-NS could interact with 

the transposase protein, bridge DNA between the transpososome and the site of insertion, or 

create attractive sites for insertion of ISAba13 by local DNA looping and bending (Fig.6.13). 

Given the importance of DNA bridging, and the lack of evidence of an interaction between H-

NS and ISAba13 using the BACTH assay (Fig.6.5), the first model is unlikely. However, it is 

important to note that the BACTH assay is done in E. coli. The ISAba13 transposase ORF is 

fused to the adenylate cyclase domain, omitting the presence of the inverted repeats required 

for transposase binding, so no transpososome structure is formed. It may be that 

conformational changes following transpososome formation are necessary for a protein 

interaction between H-NS and ISAba13. For the second model, H-NS could also bridge 

between target DNA and the native ISAba13 copies prior to excision, rather than as part of 

the transpososome, bringing the target site into close proximity to where transposase is 

synthesised. However, 3C-seq analysis of A. baumannii (Rachel Hoare, unpublished data) show 

few interactions between native copies of ISAba13 and other parts of the chromosome  
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Fig.6.13. Potential models for how H-NS directs transposition 
Left: H-NS bound to target DNA interacts with the transpososome via direct protein-protein 
interaction to ISAba13 transposase. Middle: H-NS bound to target DNA interacts with the 
transpososome by bridging to excised ISAba13 DNA. Right: H-NS bound to target DNA creates 
a loop of bent DNA. Yellow DNA highlights region made more accessible for transposition. 
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(Appendix 8).  Although we successfully purified A. baumannii H-NS and show it can bind AT-

rich DNA in vitro, a limitation of the EMSA experiment (Fig.6.8) is the omission of a non-binding 

DNA control (such as a GC-rich fragment), to confirm that purified H-NS does not bind any 

DNA fragment promiscuously. Additionally, while the in vivo data supports a role for bridging 

in directing transposition to H-NS bound regions (Fig. 6.11), a Western blot should be done to 

confirm expression of the H-NS39aa peptide. 

 

The role of chromosomal proximity in directing transposition is still a question to be explored. 

Tn7 and IS903 in E. coli, and Tn917 in E. faecalis and B. subtilis show a preference for insertion 

into sites of replication termination, where regions of dsDNA breakage are prominent (Peters 

and Craig, 2000; Garsin et al., 2004; Swingle et al., 2004). The preference for insertion into the 

chromosomal terminus in the absence of H-NS directed targeting (Fig.6.2a, Fig.6.11) could be 

explained by an underlying regional preference of ISAba13. Future work will also require 

purification of ISAba13 encoded transposase in order to fully understand the mechanism of 

H-NS directed targeting. Potential solubility tags to test include green fluorescent protein 

(GFP), Small Ubiquitin-lilke Modifier (SUMO), or Glutathione-S-transferase (GST). These have 

been used successfully with IS2 and Tn7 (Lewis et al., 2011; Hennig et al., 2017; Kaczmarska 

et al., 2022). Alternatively, in vitro transcription-translation of transposase may avoid protein 

toxicity effects, and allow environmental conditions to be modified for enhanced solubility 

(Iskakova et al., 2006). 

 

Given that H-NS typically binds at intergenic regions, a further mechanism of transcriptional 

control mediated by H-NS may be protection of highly transcribed genes by diverting 
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transposition away from intragenic regions. Exclusion of Mu transposition into highly 

transcribed operons has been noted before in S. enterica and E. coli (Manna et al., 2007). 

Additionally, H-NS mediated targeting of ISAba13 may represent another level at which H-NS 

can silence the expression of horizontally acquired DNA, and prevent spurious transcription 

(Singh et al., 2014). Plasmids and bacteriophage DNA are frequently AT-rich and may 

represent prospective hotspots for insertion (Daubin, Lerat and Perrière, 2003). Directed 

transposition into plasmids could serve as a mechanism of spreading ISAba13 into new hosts. 

Whereas, directed transposition into prophages (which make up a significant portion of 

Acinetobacter genomes) could inactivate them and protect the cell by preventing lysis 

(Touchon et al., 2014). This could be particularly important in the context of stressful 

conditions such as antibiotic treatments, which promote phage lysis and transposition (Torres-

Barceló, 2018; Penesyan et al., 2019). Finally, because H-NS has a pivotal role in targeting 

ISAba13, yet the hns gene itself is a target of ISAba13 (Fig.5.8) this raises an interesting 

possibility. If ISAba13 inserts into hns inactivating it, this cell may then undergo an 

evolutionary trajectory of more widespread transposition, with insertions into rarer locations 

with various consequences.  
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A. baumannii is a highly concerning opportunistic pathogen, resistant to multiple antibiotics 

and able to persist on hospital surfaces and equipment for extended periods of time (Espinal, 

Martí and Vila, 2012).  The ability of A. baumannii to adapt to specific niches can be attributed 

to its genetic malleability; the ability to acquire new genes and undergo frequent genome 

mutations and rearrangements (Zhu et al., 2013; Touchon et al., 2014). 

 

In this study we identified an A. baumannii atypical colony morphology on agar plates. Long 

read genome sequencing determined that this resulted from insertion of ISAba13, an IS5 

family insertion sequence, into the K-locus of grey colonies. This insertion was shown to affect 

multiple clinically relevant phenotypes. Grey colonies made less capsule, were less motile, 

more susceptible to gentamicin, showed reduce tolerance to desiccation, had slower growth 

in human serum, and had an increased capacity to form biofilms. In an abiotic environment 

where biofilm formation is favourable, it may be advantageous for cells to reduce capsule 

production via this mechanism. Mutations of K-locus genes, including IS-mediated disruption, 

frequently provide resistance to bacteriophages (Gordillo Altamirano et al., 2021; Bai et al., 

2023). Exploring how ISAba13 disruption of gtr52 in AB5075 could confer phage resistance 

will require isolation of a phage unaffected by the VIR-O to AV-T switch.  

 

Using RNA-seq, we were able to show how ISAba13 insertion blocks transcription of the 

capsule synthesis operon, preventing the expression of adjacent genes. Additionally, 

Cappable-seq revealed the lack of a leader sequence of ISAba13 transposase, suggesting poor 

translation may be a method to limit its levels in the cell (Nagy and Chandler, 2004). The 

impediment to transcriptional readthrough is not dependent on orientation of ISAba13, and 
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in vitro and in vivo data point towards a Rho-dependent mechanism of transcriptional 

termination. Additionally, we discovered the first example of a bidirectional promoter residing 

with an IS, with the potential to couple expression of the ISAba13 transposase to outward 

transcription of adjacent DNA.  

 

Surprised by the wide range of phenotypes affected by a single insertion event, we developed 

a novel sequencing method, called native Tn-seq, to enable us to map other sites of ISAba13 

insertion across the genome and population. We analysed the potential phenotypic impact of 

inactivation of three genes targeted by ISAba13 and show inactivation of hns results in 

increased susceptibility to gentamicin and zeocin, impaired growth, and increased biofilm 

formation at room temperature. Hotspots of ISAba13 insertion strongly correlated with AT-

rich regions which were also shown to bind H-NS, suggesting a crucial role for H-NS in directing 

transposition. We showed that H-NS was essential for targeted transposition, and that 

disruption of the DNA bridging ability of H-NS impairs target preference of ISAba13.  

 

Purifying the ISAba13 encoded transposase will be essential in order to better characterise its 

mechanism of action and to fully reconstitute the proposed DNA bridging complex involving 

H-NS, the transposase and DNA in vitro. Purified transposase would also enable DNase 

footprinting and EMSAs to see which bases are critical for transposase binding and help 

elucidate the requirements for ISAba13 transposition, very little of which is currently known. 

Further future work will focus on identifying the impact of insertion of ISAba13 into other 

targets. This encompasses both phenotypic effects from inactivation of the gene, as well as 

transcriptional effects on adjacent genes (both upregulation and downregulation). It may be 
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that adjoined to certain locations in the genome, the bidirectional transcriptional activity of 

ISAba13 can be increased (e.g. if the resulting RNA is translated). Particularly intriguing are 

the potential roles of H-NS in targeting ISs to horizontally acquired DNA, which frequently 

encodes pathogenicity traits, antibiotic resistance determinants and virulence factors 

(Schmidt and Hensel, 2004). How this may modulate survival in nosocomial environments, and 

in the context of human infection remains to be investigated. There has been substantial 

proliferation of ISAba13 in the hypervirulent hospital outbreak isolate LAC-4, which contains 

22 copies of ISAba13 that mostly reside within prophage and cell-surface related genes (Ou et 

al., 2015). A further direction to explore is the role of H-NS in directing transposition of ISs in 

other bacteria, as well as the role of other chromosome folding proteins in transposition and 

the role of chromosome proximity on directing transposition. 
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Appendix 1: Code for differential gene expression analysis written by Dr. David Forrest  
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Appendix 2: Code for determining TSSs written by Dr. David Forrest and Zuzana Palečková 
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Appendix 3: SNPs identified in VIR-O and grey cells 
SNP analysis by Varscan. Genomes assembled from Illumina sequencing were compared to 
the reference genome  
 

 

 

 
 

 

 

 

 
 
 

Position
Ref_Allele_Forw
ard_Strand

Alt_Allele_F
wd_Strand Average_Depth Mutation_Type AminoAcid_Subst Locus_Tag VIR-O grey Max_Freq

876116 C A 92 NON_SYNONYMOUS_CODING A2904E ABUW_0885 C/A 10.26
877097 C A 140 NON_SYNONYMOUS_CODING A3231E ABUW_0885 C/A 11.11
1552067 G C 104 NON_SYNONYMOUS_CODING I47M ABUW_1563 G/C 10.26
1552651 G T 134 NON_SYNONYMOUS_CODING H72N ABUW_1564 G/T 10.53
3413575 A C 86 NON_SYNONYMOUS_CODING N319K ABUW_3374 A/C 12.07
3862534 A G 137 NON_SYNONYMOUS_CODING I6T ABUW_3801 A/G 24.83
462369 G A 110 SYNONYMOUS_CODING G384 ABUW_0449 G/A 13.83
462378 C T 115 SYNONYMOUS_CODING T381 ABUW_0449 C/T 13.33
462396 G A 95 SYNONYMOUS_CODING F375 ABUW_0449 G/A 12.64
462414 G A 104 SYNONYMOUS_CODING D369 ABUW_0449 G/A 10.75
462561 A T 101 SYNONYMOUS_CODING V320 ABUW_0449 A/T 10.34
462567 C A 93 SYNONYMOUS_CODING S318 ABUW_0449 C/A 12.99
869469 G A 138 SYNONYMOUS_CODING A688 ABUW_0885 G/A 13.91
869490 T A 151 SYNONYMOUS_CODING T695 ABUW_0885 T/A 14.4
869544 A G 120 SYNONYMOUS_CODING V713 ABUW_0885 A/G 11.24
870066 A T 134 SYNONYMOUS_CODING T887 ABUW_0885 A/T A/T 13.39
870120 G A 141 SYNONYMOUS_CODING V905 ABUW_0885 G/A 10.19
871200 A G 176 SYNONYMOUS_CODING P1265 ABUW_0885 A/G 13.61
871212 T C 178 SYNONYMOUS_CODING D1269 ABUW_0885 T/C 10.67
871215 C T 181 SYNONYMOUS_CODING G1270 ABUW_0885 C/T 10.46
871221 G A 169 SYNONYMOUS_CODING V1272 ABUW_0885 G/A 13.47
871254 A T 139 SYNONYMOUS_CODING T1283 ABUW_0885 A/T 10.69
871845 T C 62 SYNONYMOUS_CODING G1480 ABUW_0885 T/C 10
872157 T C 102 SYNONYMOUS_CODING D1584 ABUW_0885 T/C 10.74
872961 G A 87 SYNONYMOUS_CODING T1852 ABUW_0885 G/A 10.13
873561 A T 73 SYNONYMOUS_CODING V2052 ABUW_0885 A/T 11.11
874677 T C 150 SYNONYMOUS_CODING D2424 ABUW_0885 T/C 11.81
874806 T A 134 SYNONYMOUS_CODING A2467 ABUW_0885 T/A 10.74
874998 A T 80 SYNONYMOUS_CODING A2531 ABUW_0885 A/T 10.47
875004 T C 81 SYNONYMOUS_CODING D2533 ABUW_0885 T/C 10.99
875331 C T 102 SYNONYMOUS_CODING D2642 ABUW_0885 C/T 10.09
876300 T C 92 SYNONYMOUS_CODING D2965 ABUW_0885 T/C 13.41
876627 C T 81 SYNONYMOUS_CODING D3074 ABUW_0885 C/T 14.71
914341 G A 42 SYNONYMOUS_CODING L180 ABUW_0916 G/A 19.23
1552037 T A 100 SYNONYMOUS_CODING A57 ABUW_1563 T/A 10.48
1552634 T A 117 SYNONYMOUS_CODING A77 ABUW_1564 T/A 10.78
2421010 A G 81 SYNONYMOUS_CODING R365 ABUW_2433 A/G 10.17
2421745 G A 73 SYNONYMOUS_CODING D120 ABUW_2433 G/A 10.2
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Appendix 4: Schematic of duplicated prophage sequence 
VIR-O (top) and grey (bottom) cells. Length of gene regions annotated. Colours and order 
correspond to genes in table of Appendix 5. Dashes illustrate continuation of duplicated 
prophage sequence. Dots illustrate continuation of the rest of the chromosome sequence. 
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Appendix 5:  Genes of duplicated prophage region 
Annotated by conserved domains search. Colour relates to colours in Appendix 4. 
 

Gene annotation Putative function/conserved domains identified 

ABUW_2023 Hypothetical protein 

ABUW_2024 Hypothetical protein 

ABUW_2025 P-loop, NTPase super family. Walker A/B motifs which bind ATP/GTP 

and Mg2+ respectively. CRISPR/cas system-associated protein Cas3 – 

host defence against phage, DEAD/DEAH box DNA helicase 

ABUW_2026 DUF2523 phage related protein with uncharacterised function 

ABUW_2027 Virulence factor TspB C-terminal domain-related protein 

ABUW_2028 Phage coat protein B 

ABUW_2029 Hypothetical protein 

ABUW_2030 None 

ABUW_2031 DNA relaxase NicK 

ABUW_2032 Hypothetical protein 

ABUW_2033 Hypothetical protein 

ABUW_2034 Hypothetical protein 

ABUW_2035 Replication initiaton protein 

ABUW_2036 Hypothetical protein 

ABUW_2037 Hypothetical protein 

ABUW_2038 DNA relaxase NicK 

ABUW_2039 Hypothetical protein 

ABUW_2040 Hypothetical protein 
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Appendix 6: ChIP-seq profile of H-NS binding to csuAB and T6SS intergenic regions. 
Plots show GC content, H-NS ChIP-seq binding profile and annotated genes of relevant locus. 
Red bar indicates section of DNA used in in vitro assays. 
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Appendix 7: ChIP-seq profile of H-NS binding to ISAba13 chromosomal regions.  
Plots show GC content, H-NS ChIP-seq binding profile and annotated genes of relevant locus. 
Red bar indicates section of DNA used in bridging assays. 
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Appendix 8: Chromosomal contacts of ISAba13 with other regions of the chromosome.  
3C done by Ms. Rachel Hoare. Left: The chromosome was divided into 1 kb bins and the 
number of contacts in each bin assessed from 3C-seq was ranked from high to low. Top right: 
Number and location of contacts in 1 kb bins, involving each ISAba13 copy at starting positions 
in the chromosome. Bottom right: ISAba13 transposition frequency in 1 kb bins across the 
chromosome. 
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