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ABSTRACT  

Antimicrobial resistance remains an enormous challenge, with the horizontal 

transfer of resistance genes between species a major contributor to the 

evolution of resistance. Most bacteria exist in polymicrobial biofilm 

communities, and biofilms have been suggested to encourage plasmid 

persistence and promote horizontal gene transfer. However, much current 

knowledge is based on experiments conducted using planktonic bacteria that 

are not representative of real-world bacterial communities. It remains unclear 

which environmental drivers impact horizontal gene transfer within 

polymicrobial biofilms, or which genes are involved in plasmid acquisition.  

In this study, a multispecies biofilm conjugation model was developed to 

monitor the movement of pHYCTX14, a clinically relevant conjugative plasmid, 

between Escherichia coli and Salmonella enterica serovar Typhimurium. 

Using this model, the impact of a range of chemicals, including food 

preservatives and antimicrobials, on the rate of plasmid movement was 

investigated. The results indicated that the chemicals tested had very different 

impacts on conjugation efficiency, with the lowest conjugation efficiency 

obtained for experiments conducted under stress from sodium nitrite, and the 

highest obtained for experiments conducted under stress from copper 

sulphate. 

Using a massively parallel transposon mutagenesis approach, TraDIS-Xpress, 

genes involved in the acquisition of pHYCTX14 in E. coli and S. Typhimurium 

were also identified. Key genes identified to be involved in plasmid acceptance 

included those associated with energy production, bacterial membrane 

structure, efflux and RNA polymerase recycling.  

This work describes the development of a multispecies biofilm conjugation 

model to explore how external stress factors can influence the rate of plasmid 

movement within biofilms, and the use of TraDIS-Xpress to investigate the 

genes involved in host plasmid acceptance.  
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These experiments have laid the groundwork for further investigations into the 

evolution of antimicrobial resistance within multispecies biofilms and into 

developing a detailed insight into the host-plasmid interplay.  

Keywords:  Biofilms, antimicrobial resistance, plasmids, horizontal gene 

transfer, conjugation, TraDIS-Xpress 
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CHAPTER 1:  

INTRODUCTION 

 

ñNothing in life is to be feared, it is only to be understood.  

Now is the time to understand more, so that we may fear lessò 

>"Octkc"Ucnqogc"UmÏqfqyumc-Curie > 
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1.1 INTRODUCTION 

In nature, most bacteria exist in biofilms, aggregated communities of 

microorganisms that are encased in a self-produced matrix. Cells in a biofilm 

exhibit a distinct lifestyle from those in a planktonic state, with strains showing 

major differences in gene and protein expression when grown as biofilms 

compared to their planktonic equivalents (Sauer et al., 2022). The biofilm 

mode of life is one of the most abundant and robust lifestyles found on earth, 

and biofilms can be found in seawater, groundwater, soil, and ocean sediment, 

where they drive the bio-geochemical cycle of many elements in these 

environments (Flemming et al., 2016, Berne et al., 2018). Owing to the 

protective characteristics of the matrix (Flemming and Wingender, 2010) and 

changes in cell physiology that lead to the formation of metabolically dormant 

cells (Flemming et al., 2016, Trampari et al., 2021), biofilms are generally 

highly tolerant of different chemical and physical stressors in the environment 

(Halan et al., 2012, Hobley et al., 2015).  

Despite many beneficial uses in industry, biofilms can also pose threats to 

human health, facilitating the contamination of drinking water (Wingender and 

Flemming, 2011) and medical devices, including indwelling implants, 

contributing to persistent infections that are challenging to eradicate (del Pozo 

and Patel, 2007, Flemming et al., 2016).  

https://doi.org/10.1038/s44259-024-00046-3
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Biofilm infections are particularly problematic as effective treatment is often 

highly challenging due to the intrinsic resistance to antimicrobials and the 

innate host immune response (del Pozo and Patel, 2007). Biofilms are 

important contributors to many bacterial infections (Khatoon et al., 2018) and 

are common causes of chronic infections where prolonged presence of the 

biofilm induces an adaptive inflammatory response without the biofilm being 

cleared by the immune system (Yang et al., 2011, Burmølle et al., 2014, 

Vestby et al., 2020). These infections can occur in a range of locations, 

including in chronic wounds, heart valves and the lungs, as well as on medical 

implants, including catheters and prosthetic devices (Høiby et al., 2010, 

Khatoon et al., 2018). The impacts of biofilm infections vary but can be very 

severe. For example, biofilms in the cystic fibrosis (CF) lung underpin chronic 

infection and are the major reason life expectancy for sufferers is limited to 35-

50 years (Guillaume et al., 2022). Chronic wounds caused by biofilms are also 

a major cause of morbidity, with nearly $300 billion estimated to be spent per 

year on the management of biofilm wound infections (Cámara et al., 2022).  

1.2 THE BIOFILM LIFE CYCLE  

The unique properties of cells in a biofilm promotes infection and plays a key 

role in the intrinsic antibiotic-resistant properties of bacteria. Biofilm formation 

is an intricate process that involves the production of extracellular components 

such as adhesins and multiple changes to cell physiology (Tolker-Nielsen, 

2015). The specific processes associated with the development of a biofilm 

and the biofilm structure can vary based on the species and strains of bacteria, 

as well as on the surrounding environmental conditions (Tolker-Nielsen, 2015). 

For example, Pseudomonas aeruginosa biofilms form mushroom-shaped 

microcolonies in flow chambers when a glucose medium is used, but when 

citrate is used as the carbon source, 'flat' biofilms are formed (Klausen et al., 

2003). Staphylococcus aureus can employ distinct mechanisms for successful 

biofilm formation depending on the environment. These biofilm archetypes 

include: the polysaccharide biofilm, which is dependent on the expression of 

poly-N-acetylglucosamine and polysaccharide intercellular adhesin; the 

protein/ extracellular (eDNA) biofilm, which uses surface proteins to mediate 
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cell-to-cell contact and incorporate eDNA from lysed cells into the biofilm 

matrix; the fibrin biofilm, in which fibrin acquired via coagulase-mediated 

activation of plasminogen, is used as a scaffold to support the biofilm; and the 

amyloid biofilm, which uses phenol-soluble molecules to promote both biofilm 

dispersal and accumulation (Zapotoczna et al., 2016). The programme of 

biofilm matrix formation used depends on strains and conditions.  

Interactions between the host and bacteria strongly impacts biofilm formation 

during infection. For example, S. aureus biofilms grown for < 24 hours on 

human plasma-conditioned surfaces, subjected to shear flow in a chemically 

defined medium to mimic human infection, were significantly more susceptible 

to rifampicin and vancomycin than biofilms grown on polystyrene in a 

bacteriological medium (Zapotoczna et al., 2015).  

Although the mechanisms of biofilm formation are complex, there are some 

generically important events, and the lifecycle can be described broadly in five 

main steps: initial attachment, irreversible attachment, micro-colony formation, 

biofilm maturation and dispersion (Sauer et al., 2022) (Figure 1.1) .  

 

  

Figure 1.1 - The lifecycle of a surface attached biofilm showing a) the initial 
attachment of cells to a substrate, b) irreversible attachment of cells, c) micro-
colony formation,  d) biofilm maturation, and e) dispersal of cells or aggregates 
that move on to colonise other substrates. 
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The formation of a biofilm commences with the adhesion of free-living 

planktonic cells to a biotic or abiotic surface (Flemming et al., 2016, Bjarnsholt, 

2013) (Figure 1.1a ). Cells can attach to a diverse range of surfaces, including 

water pipes, indwelling medical devices (e.g. catheters (Donlan, 2002, 

Muhammad et al., 2020)), as well as living tissues (Donlan, 2001) (e.g. 

epithelial cells in the gut and urinary tract (Vigil et al., 2012, Xicohtencatl-

Cortes et al., 2019)). Traditional models of biofilm formation have described 

how single cells initiate binding to a surface, where this initial attachment is 

reversible and followed by committed irreversible attachment (Berne et al., 

2018, Muhammad et al., 2020) (Figure 1.1b ). We now know, initial seeding is 

often from clumps of cells that represent aggregates of bacteria that can form 

in vivo, for example, in a mucus layer, or are themselves groups that have 

been lost from an existing biofilm (Kragh et al., 2016).  

During chronic infections, bacteria often attach to each other to form self-

contained aggregates that are not associated with substratum (Kragh et al., 

2023, Fazli et al., 2009). It has been suggested that self-contained aggregates 

may allow bacterial communities to colonise new niches under unfavourable 

conditions as they are more resilient to stress than free-floating planktonic cells 

(Kragh et al., 2016). Furthermore, biofilms can also begin formation via indirect 

attachment of bacteria to surfaces through attachment to host proteins that 

coat these surfaces (Kwiecinski et al., 2016). For example, in infections 

involving indwelling medical catheters, host fibrin and fibrinogen have been 

found to promote the attachment of S. aureus to the catheters, contributing to 

biofilm formation (Vanassche et al., 2013). It has been found that the S. aureus 

fibrinogen-binding clumping factor A  (ClfA), which binds fibrinogen and fibrin, 

was key for coa-dependent S. aureus biofilm formation on plasma-coated 

surfaces, overall demonstrating an important role for the host in biofilm 

formation during infection (Zapotoczna et al., 2015). Recent work has 

exploited this process to treat staphylococcal biofilm device-related infections 

under biomimetic conditions, where S. aureus biofilms exposed to fibrinolytic 

agents were effectively dispersed, with dispersed cells being killed when 

antistaphylococcal antimicrobials were added in combination (Hogan et al., 

2018). 
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Once adhesion of cells has been established (Figure 1.1b ), the biofilm begins 

to form microcolonies and enter the maturation step  (Figure 1.1c and 1.1d ) 

in response to signals such as an increase in intracellular cyclic diguanylate 

monophosphate (c-di-GMP), a secondary messenger molecule (Otto, 2013) 

that plays a major role in the regulation of biofilm formation (Mhatre et al., 

2020). c-di-GMP is synthesised by diguanylate cyclases (DGCs) and broken 

down by phosphodiesterases (PDEs), and high levels of c-di-GMP reduce 

motility, promoting a sessile lifestyle. In Burkholderia cenocepacia, for 

example,  the protein RpfR has both DGC and PDE activity, and mutations in 

rpfR that reduce the activity of the PDE domain to prevent c-di-GMP 

breakdown results in larger aggregates, increased matrix and biofilm mass 

production (Mhatre et al., 2020).  

During the maturation process, cells expand to form micro-colonies (Donlan, 

2001), and the extracellular matrix is secreted (Lister and Horswill, 2014)  

(Figure 1.1c and 1.1d ). The matrix can make up over 90% of the mass of a 

biofilm (Flemming and Wingender, 2010) and comprises an agglomeration of 

various biopolymers, collectively known as extracellular polymeric substances 

(EPS) (Flemming and Wingender, 2010). Common biopolymers of the matrix 

include polysaccharides, lipids, proteins, and eDNA (Flemming and 

Wingender, 2010, Flemming et al., 2016). However, the EPS found in a biofilm 

matrix can vary vastly depending on a range of factors, including which 

microorganisms are present, nutrient availability, and the environmental 

temperature (Flemming et al., 2016, Flemming and Wingender, 2010).  

Once the biofilm has matured, cells can detach from the surface and move on 

to colonise new substrates (Rumbaugh and Sauer, 2020) (Figure 1.1e ). The 

process of cell dispersal is complex (Rumbaugh and Sauer, 2020), and so far, 

seeding, erosion and sloughing have been identified as mechanisms of cell 

dispersal in biofilms (Kaplan, 2010). Seeding, also known as central hollowing, 

is an active process of cell dispersal (Kaplan, 2010), in which large quantities 

of cells or micro-colonies are released promptly from the biofilm, resulting in 

the formation of hollow cavities within the biofilm (Kaplan, 2010, Rumbaugh 

and Sauer, 2020). This is often initiated by cells in the biofilm in reaction to 
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environmental changes, for example, stress from lack of nutrients or the 

presence of antimicrobials (Muhammad et al., 2020). In contrast to seeding, 

sloughing, where substantial fragments detach abruptly from the biofilm 

(Kaplan, 2010), and erosion, where smaller fragments detach from the biofilm 

over time (Kaplan, 2010, Rumbaugh and Sauer, 2020), occur passively as a 

result of external forces (Rumbaugh and Sauer, 2020), like mechanical 

processes such as toothbrushing and shear flow (Fleming and Rumbaugh, 

2017). Recent research has investigated the ability of enzymes, such as 

glycoside hydrolases, that can break down glycosidic bonds between sugars 

within the EPS of the biofilm matrix, to induce biofilm dispersal. Both in vitro 

monospecies and multispecies biofilm models comprised of P. aeruginosa 

and/or S. aureus have been used to explore whether these enzymes could be 

used to treat patients with chronic wound infections (Redman et al., 2020, 

Redman et al., 2021).  

1.3 MECHANISMS OF ANTIMICROBIAL RESISTANCE IN 

BIOFILMS 

Some of the fundamental properties of a biofilm described above (metabolic 

dormancy, protection from EPS) result in intrinsic tolerance to antimicrobials 

(Olsen, 2015). In addition to this intrinsic tolerance, various features can also 

facilitate the evolution of antibiotic resistance within and between species of 

bacteria in a biofilm (Bowler et al., 2020).  

1.3.1 The biofilm matrix  

The matrix is a structurally robust layer that acts as a protective barrier for the 

cells in a biofilm and is a characteristic hallmark of biofilm formation (Hobley 

et al., 2015, Flemming and Wingender, 2010). The success of the biofilm 

lifestyle has largely been attributed to the matrix, and various components of 

the matrix can have protective properties against a range of environmental 

stress factors, including antibiotics (Hobley et al., 2015). The biofilm matrix can 

hinder antibiotic absorption into the biofilm (Olsen, 2015) (Figure 1.2 ).  
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Some antibiotics form complexes with components of the matrix or are broken 

down by enzymes, resulting in a reduced concentration of antibiotics reaching 

the bacterial cells as a consequence (Goel et al., 2021). Other antibiotics, such 

as positively charged aminoglycosides, can bind to negatively charged 

biopolymers like eDNA (Goel et al., 2021) in the matrix, slowing down antibiotic 

penetration (Olsen, 2015). During chronic infections, polymorphonuclear 

leukocytes can be recruited to biofilms before undergoing bacteria-induced 

necrosis, releasing host eDNA, and studies have shown that in the CF lung, 

eDNA produced by P. aeruginosa, together with the host eDNA, can form a 

physical shield to protect the biofilm from tobramycin and host immune cells 

(Alhede et al., 2020). Similarly, P. aeruginosa biofilms can also be protected 

by host neutrophil extracellular trap (NET) formation. In ocular P. aeruginosa 

Figure 1.2 - Components of the matrix that can hinder the absorption of 
antibiotics into the biofilm. Positively charged antibiotics (such as 
aminoglycosides) can bind to negatively charged eDNA found in the matrix, 
reducing antibiotic penetration, polysaccharides can present a permeability 
barrier, and secreted enzymes can break down antibiotics resulting in a 
reduced concentration of antibiotics reaching the bacteria cells (Redman et 
al., 2021, Burmeister, 2015).  
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biofilms, it has been found that when host neutrophils formed a layer around 

the biofilm, they were unable to penetrate the biofilm but instead, induced NET 

formation, creating a barrier which inhibited the spread of the bacteria into the 

brain. However, whilst this may have prevented the infection from spreading 

into the brain, NET formation also hindered the access of antibiotics such as 

tobramycin into the biofilm, leading to ocular biofilms that were resistant killing 

by both antibiotics and neutrophils, increasing the severity of the infection in 

the eye (Thanabalasuriar et al., 2019). 

In addition to access to a biofilm, the number of target cells present within a 

biofilm can impact susceptibility to drugs. It has long been known that the 

density of a target population can impact susceptibility to some antibiotics, a 

phenomenon known as the inoculum effect (Brook, 1989). For example, the 

efficacy of various beta-lactam antibiotics is lower against high-density 

populations of Haemophilus influenzae and S. aureus (Dingle Tanis et al., 

2022, Brook, 1989). Relatively few studies have explored the importance of 

the inoculum effect against biofilms; however, research using P. aeruginosa 

biofilms has shown that various beta-lactams, including tobramycin, 

ceftazidime and imipenem, all demonstrate an inoculum effect against biofilms 

under laboratory conditions (Lichtenberg et al., 2022, Hengzhuang et al., 

2013).  

Apart from impeding the access of antibiotics into biofilms (Goel et al., 2021), 

eDNA found in the matrix also plays an integral role in maintaining the 

structure of these aggregated microbial communities (Trampari et al., 2021, 

Okshevsky et al., 2015). Although once thought to be unimportant and only 

released from lysed cells, it has now been acknowledged that eDNA is often 

essential for the formation and preservation of the biofilm structure 

(Jakubovics et al., 2013, Whitchurch et al., 2002). eDNA can be produced in 

considerable amounts through an active process that is linked to outer 

membrane-derived vesicles in some species of bacteria, including P. 

aeruginosa (Whitchurch et al., 2002, Hynen et al., 2021), where the presence 

of DNase can prevent the formation of biofilms, as well as disperse those that 

have already formed (Whitchurch et al., 2002). This effect of DNase on biofilms 
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has also been observed in other species, including Escherichia coli and 

Micrococcus luteus, where NucB, a DNase, was able to disintegrate 

established biofilms of both species (Jakubovics et al., 2013). In addition to 

DNase, cellulase has recently been suggested to promote the clearing of 

biofilms in species such as E. coli and P. aeruginosa, as it breaks down 

cellulose, an exopolysaccharide present in the biofilm matrix of various 

species that provides structural protection (Lim et al., 2019, Kamali et al., 

2021).  

The matrix also functions as a reservoir, holding an array of active 

biomolecules within the biofilm (Flemming and Wingender, 2010, Karygianni 

et al., 2020). Enzymes found in the matrix can break down complex sugars 

into fermentable polysaccharides that can be used as a nutrient source 

(Karygianni et al., 2020), as well as introduce changes to the structure of the 

matrix to maintain or change the properties of the biofilm (Flemming et al., 

2023). Other proteins in the matrix include amyloids such as curli, which can 

be important for dictating biofilm structure (Misra et al., 2023). Additional 

biomolecules in the matrix can be derived from the contents of cells that have 

been lysed (Flemming and Wingender, 2010), and these cells can release 

DNA that may become a source of genes for horizontal gene transfer (HGT) 

(Flemming and Wingender, 2010).  

Cells in a biofilm are immobilised and held together closely, allowing for high 

levels of cell-to-cell interactions making the biofilm an excellent environment 

for HGT (Flemming and Wingender, 2010, Karygianni et al., 2020) and, 

therefore, the transfer of antimicrobial resistance (AMR) genes through 

various routes, including conjugation via conjugative plasmids, as well as 

integrative and conjugative elements (Lécuyer et al., 2018), and transduction 

via bacteriophage (Solheim et al., 2013), facilitating the role of biofilms as 

resistance gene reservoirs (Uruén et al., 2021). Recently, it has also been 

suggested that outer membrane vesicles (OMVs) may promote the HGT of 

AMR genes in biofilms of bacterial species, including P. aeruginosa (Johnston 

et al., 2023).  
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1.3.2 Horizontal gene transfer  

HGT is a major contributor to the AMR crisis (Baker et al., 2018). The 

emergence and transmission of AMR genes from non-pathogenic to 

pathogenic bacteria, as well as between different strains and species of 

pathogenic bacteria, has been fuelled by HGT through the movement of 

mobile genetic elements (MGEs) carrying genes that confer resistance to most 

clinically important antibiotics (Von Wintersdorff et al., 2016). Genetic material 

can be transferred between bacteria by HGT, which was traditionally described 

as consisting of three main mechanisms (Figure 1.3 ): transformation, where 

DNA from the surrounding environment is taken up by the bacteria; 

transduction, where the movement of genetic material is facilitated by 

bacteriophage (Burmeister, 2015); and conjugation, where genes are moved 

between cells via a process that requires direct contact between the donor and 

recipient cell through structures such as pili that are found on the cell surface 

(Burmeister, 2015, Von Wintersdorff et al., 2016). All three mechanisms are 

relevant in biofilms. However, conjugation is often regarded as the most 

important mechanism for the transfer of AMR genes, particularly in multidrug-

resistant (MDR) Gram-negative pathogens, where clinically relevant AMR 

genes, such as  blaCTX-M-15, an extended-spectrum beta-lactamase (ESBL), in 

bacteria are often carried by conjugative MGEs, including plasmids (Von 

Wintersdorff et al., 2016). The spread of these genes between bacterial cells 

have been strongly associated with conjugation of AMR encoding plasmids 

(Hennequin et al., 2012).  
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A number of recent studies have proposed other mechanisms of HGT, 

including lateral transduction and OMV-mediated transfer (Humphrey et al., 

2021, Johnston et al., 2023).  

Lateral transduction is described as the mobilisation of large sections of the 

bacterial genome by temperate bacteriophage (Chee et al., 2023), and thus 

far, this mechanism has largely been described in S. aureus and Salmonella 

(Bowring et al., 2022). In S. aureus, it has been found that many S. aureus 

pathogenicity islands (SaPIs), large mobile gene clusters encoding various 

accessory proteins and virulence factors (Chee et al., 2023), neighbour 

prophage integration sites, allowing these gene clusters to be transferred via 

lateral transduction (Humphrey et al., 2021). In Salmonella, Salmonella 

pathogenicity islands (SPIs), such as SPI-2, can also be found downstream of 

prophage attachment sites and be transferred via lateral transduction 

(Humphrey et al., 2021).   

Figure 1.3 - The three main mechanisms of HGT. Transformation, the taking 
up of DNA from the environment into the bacterial cell; transduction, the 
insertion of DNA (red) into the bacteria by bacteriophage; and conjugation, the 
transfer of genes on a plasmid (white) from a donor to a recipient cell through 
direct contact via pili (Von Wintersdorff et al., 2016) (Burmeister, 2015). The 
bacterial chromosomes are shown in pink, or black and the plasmid is shown 
in white. 
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OMVs are nanostructures formed and released from the outer membrane of 

Gram-negative bacteria (Avila-Calderón et al., 2021) that have various 

functions, for instance, in cytotoxin and virulence factor transfer as well as in 

nutrient acquisition (Jan, 2017). More recently, OMVs have also been 

suggested as a mechanism of HGT (Michaelis and Grohmann, 2023), and 

studies have reported that OMVs may mediate the HGT of plasmids in various 

species. In P. aeruginosa, for example, it was found that OMVs were able to 

transform pBBR1MCS-5, a plasmid encoding for gentamicin resistance, into 

recipient P. aeruginosa cells. Additionally, OMVs obtained from biofilm 

populations of P. aeruginosa were able to transform the plasmid more 

efficiently compared to those obtained from planktonic populations (Johnston 

et al., 2023).  

The blaNDM-1 gene, encoding carbapenem resistance, and blaCTX-M genes, 

encoding extended-spectrum beta-lactamases (ESBLs) (Moremi et al., 2021), 

conferring resistance to cephalosporins, are important examples of AMR 

genes that have been transferred widely between various pathogenic Gram-

negative bacteria (Baker et al., 2018, Von Wintersdorff et al., 2016). These 

can often be readily transferred in biofilms. For example, the movement of 

blaCTX-M-15 through a population of Klebsiella pneumoniae, causing an 

outbreak in France, was attributed to the efficient transfer of a plasmid within 

biofilms (Hennequin et al., 2012).  

Although very high concentrations of antibiotics are often needed to kill cells 

within a biofilm, they have been shown to be highly sensitive to sub-inhibitory 

concentrations of drugs, which can rapidly select for mutants with resistance 

mutations (Trampari et al., 2021). Evolution of AMR occurs due to both the 

acquisition of point mutations as well as HGT, and adaptation may result in 

changes to other phenotypic traits of the bacteria, including the ability to form 

biofilms (Trampari et al., 2021). For example, Salmonella biofilms were shown 

to rapidly evolve resistance when exposed to sub-lethal concentrations of 

either ciprofloxacin, cefotaxime or azithromycin. Whilst resistance emerged 

rapidly, mutants were significantly less able to form a biofilm, demonstrating 

tradeoffs in adaptation (Trampari et al., 2021). In addition to antimicrobials, 
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studies have shown that biofilm evolution can also be driven by non-antibiotic 

antimicrobials, including toxic metals such as copper (Koechler et al., 2015), 

and these toxic metals have been proposed to promote the spread of 

resistance in biofilms through HGT (Koechler et al., 2015). 

Compared to cells in the planktonic state, HGT occurs much more frequently 

between cells in a biofilm community (Madsen et al., 2012), and it has been 

identified that the rate of conjugation can be increased by up to 16000-fold in 

S. aureus biofilms compared to their planktonic equivalents (Ciofu et al., 2022). 

The transfer of a plasmid encoding blaNDM-1 between strains of K. pneumoniae 

has also been found to be elevated in biofilm cells (Element et al., 2023). There 

are several reasons proposed for this, including the close proximity of cells 

within a biofilm that allows for efficient intercellular communication (Flemming 

and Wingender, 2010), and the large reservoir of diverse DNA and AMR genes 

present within a polymicrobial biofilm (Uruén et al., 2021). The importance of 

HGT for the transmission of AMR genes in biofilms has been demonstrated in 

oral biofilms, where mutated mosaic pbp2x genes were transferred between 

different Streptococcus spp, resulting in penicillin resistance (Chi et al., 2007). 

This has also been demonstrated in lake water biofilm communities, where 

pKJK5, a conjugative plasmid encoding resistance to trimethoprim, was 

transferred between species of bacteria forming biofilms on microplastics 

(Arias-Andres et al., 2018). Furthermore, the transfer of AMR genes via HGT 

in biofilms has also been studied in Campylobacter jejuni, where the HGT of a 

chromosomally encoded AMR gene was found to be increased by up to 17.5-

fold in biofilms when compared to the planktonic cells. It was also found that 

mutants that had gained the AMR gene in the plasmid were actively dispersed 

from the biofilm into the supernatant, indicating that biofilms also facilitate the 

spread of AMR into the wider population (Ma et al., 2021).  

The formation of biofilms has also been found to facilitate plasmid persistence 

(Røder et al., 2021, Ciofu et al., 2022) in the absence of selection, with 

examples where plasmid maintenance was found to be much higher in biofilm 

populations relative to planktonic counterparts (Metzger et al., 2022). Persister 

cells, which are common in biofilms, can act as plasmid reservoirs where host 
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cells survive antibiotic challenge (Bakkeren et al., 2019). This has been 

demonstrated for Salmonella enterica serovar Typhimurium in mice, where 

persisters harbouring AMR plasmids can survive antibiotic treatment before 

then being able to efficiently spread AMR through conjugation to other bacteria, 

such as E. coli, in the gut microbiota (Bakkeren et al., 2019). Additionally, using 

an evolution model, a study investigating the transfer of an MDR IncP-1 

plasmid, pB10, in Acinetobacter baumannii, found that biofilm populations 

were able to maintain the plasmid at higher rates in comparison to their 

planktonic counterparts under no selection. Although plasmid persistence 

improved over time in the planktonic population, this was coupled with the loss 

of transfer genes, suggesting that, in general the biofilm mode of life may aid 

the HGT of plasmids encoding AMR genes in bacteria (Metzger et al., 2022).  

The ability to maintain AMR plasmids, in combination with the elevated levels 

of HGT in biofilms, has been suggested as an important mechanism 

contributing to the evolution and spread of resistance in pathogenic microbes 

(Ciofu et al., 2022), a major cause for concern given the role biofilms play in 

persistent, chronic infections (Uruén et al., 2021).  

Away from the clinical environment, many food-associated biofilms are 

multispecies and demonstrate higher resistance to disinfectants compared to 

monospecies biofilms (Yuan et al., 2022, Galié et al., 2018). The intrinsic ability 

of biofilms to tolerate biocides leads to persistent contamination of 

environments in the food chain, encouraging plasmid stability and HGT (Van 

Houdt and Michiels, 2010, Rossi et al., 2014). This can be exacerbated by 

other stresses in the food processing environment, such as high salt 

concentrations and low temperatures, which can alter conjugation rates and 

thereby influence the spread of resistance through the HGT of plasmids 

carrying AMR genes, resulting in reservoirs of AMR biofilms in the food chain, 

which can cause contamination of products (Zarzecka et al., 2022). Various 

studies have investigated the link between the food chain and the 

dissemination of AMR, for example, in India, where 3% of the samples 

collected from a range of locations in a food market were found to be capable 

of causing enteric disease, with most being resistant to common antimicrobials 
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used to treat these infections (Das et al., 2025). Similarly, in China, the 

transmission of AMR genes between the environment, humans and food 

products was observed within the city of Dengfeng in Henan Province. A high 

load of AMR genes were detected in bacterial samples taken from food, where 

MGEs were found to play a key role in shaping the resistome found on food 

produce (Feng et al., 2025).  

Overall, this has serious clinical implications for the spread of AMR into 

humans in a One Health context (Brown et al., 2024), and the clinical 

implications of AMR transfer within the food chain, including food-producing 

environments, should be studied further.  

1.3.3 Tolerance and persistence  

The ability to survive antibiotic exposure can be conferred by the carriage of a 

specific gene or mutation, which renders a target cell resistant to an antibiotic. 

However, physiological changes to a cell's metabolism can also be important 

in determining survival in the presence of an antimicrobial.  

Within a biofilm, there are cells present at various phases of the growth cycle, 

with metabolically active cells generally being found at the surface of the 

biofilm (Percival et al., 2011) and dormant, slow-growing cells, as well as 

metabolically inactive cells, including 'persister' cells (Wood et al., 2013), 

largely being found in the deeper layers (del Pozo and Patel, 2007, Olsen, 

2015). Slow-growing cells often display 'tolerance' to stress, including 

antibiotics. Tolerance is characterised by an ability to survive temporary 

exposure to concentrations of antibiotics that would typically be fatal (Brauner 

et al., 2016). This is a distinct phenotype from persistence, which is usually 

exhibited by a smaller subpopulation of persister cells which have entered a 

distinct dormant state where growth is fully arrested (Balaban et al., 2019).  
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Persister cells undergo a phenotypic, rather than genetic, change into a state 

of metabolic inactivity (Wood et al., 2013, Conlon et al., 2015). These cells are 

commonly described as having restricted synthesis of macromolecules 

(Trampari et al., 2021), arrested growth (Olsen, 2015), and an ability to tolerate 

a wide range of antimicrobials, particularly those that are bactericidal (Conlon 

et al., 2015). Many antimicrobials target cells that are actively growing and 

replicating (del Pozo and Patel, 2007), and the presence of persisters may 

interfere with the action of antimicrobials as the cellular processes they target 

are no longer crucial for the survival of these cells (Trampari et al., 2021). 

Persister cells contribute considerably to the chronic nature of biofilm 

infections as the site of infection can be repopulated by persisters after the 

cells sensitive to antimicrobials are eliminated and treatment is ceased (Olsen, 

2015, del Pozo and Patel, 2007) (Figure 1.4 ). Regular treatment using 

antibiotics has been shown to lead to an increase in infections comprising 

resistant strains of bacteria due to the selection of resistance in vivo, and 

studies have proposed that the reservoir of persistent cells contributes to this 

(Kol§Ś et al., 2001).  

The exact mechanisms of persister formation are not fully understood, and 

relatively few species have been studied (Percival et al., 2011). However, the 

generation of large quantities of persisters in biofilms has been connected with 

a number of toxin-antitoxin (TA) systems (Olsen, 2015), and certain stress 

conditions have been shown to increase the rate of persister cell formation 

(Goel et al., 2021, Alhede et al., 2020).  

The E. coli hipAB TA system is a well-studied system associated with the 

formation of persisters (Conlon, 2014). In the hipAB TA system, the HipA toxic 

Figure 1.4 - The repopulation of a biofilm infection by persisters (red) after 
actively growing biofilm cells are killed by stress such as antibiotics. 
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protein phosphorylates Glu-tRNA synthetase, which suppresses protein 

synthesis in the cell (Shan et al., 2017, Conlon, 2014); this can be neutralised 

by the antitoxin HipB, via the formation of a complex, which inhibits HipA 

transcription (Wen et al., 2014). Stress from various stimuli in the environment, 

such as DNA damage, antimicrobials, and starvation (Olsen, 2015, Wen et al., 

2014), has been shown to lead to stress-related expression of toxins in TA 

systems (Shan et al., 2017), resulting in protein synthesis suppression, and 

this has been suggested to result in elevated levels of persisters (Wen et al., 

2014).  

Although tolerance, persistence and resistance are distinctly different bacterial 

states, they are not mutually exclusive and are often interconnected. For 

instance, persisters can promote the selection of resistant strains of 

pathogenic bacteria due to their association with chronic, recurrent infections 

that require the prolonged use of antimicrobial treatment (Windels et al., 2019, 

Fisher et al., 2017), and tolerance has been suggested to increase the rate of 

which resistant bacterial strains are evolved (Levin-Reisman et al., 2017). 

Therefore, given the role that they play in the development of AMR in bacteria, 

it is important to understand and study resistance in conjunction with tolerance 

and persistence in order to address AMR as a whole (Trastoy et al., 2018).  

1.4 INTERACTIONS BETWEEN CELLS WITHIN A BIOFILM AND 

ANTIMICROBIAL RESISTANCE  

Most biofilms found in nature are polymicrobial (Yang et al., 2011), including 

biofilms associated with infections in humans, for example, in the CF lung and 

the oral cavity or in chronic wounds (Elias and Banin, 2012). Despite this, most 

research in the past has been conducted using monospecies planktonic 

cultures that do not accurately reflect real-world bacterial communities 

(Trampari et al., 2021, Bottery et al., 2022). More recent studies have 

developed tools to investigate the complexity of multispecies biofilms.  

Cells in a biofilm are held within close proximity of each other by EPS in the 

matrix, enabling strong cell-to-cell interactions to occur between them 

(Flemming and Wingender, 2010). These interactions are critical and govern 
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the spatial organisation of strains to induce cooperation or competition in 

biofilms (Varposhti et al., 2014). Studies have found that bacterial species can 

both compete and cooperate, depending on the resources available to cells in 

the surrounding environment, although environments with less diverse 

resources appear to facilitate cooperation (Solowiej-Wedderburn et al., 2025).  

Various interspecies interactions in polymicrobial communities have been 

shown to modify antibiotic efficacy, resulting in other members of the 

community being less susceptible to treatments during polymicrobial infections 

(Bottery et al., 2022). The closed environment provided by the biofilm matrix 

also helps to promote intercellular signalling through mechanisms such as 

quorum sensing as well as establish synergistic cooperation between the cells 

(Flemming et al., 2016).  

Synergy has been shown to occur during the formation of multispecies biofilms 

when stress factors, such as the addition of biocides or removal of nutrients, 

have been implemented in the environment (Wicaksono et al., 2022), and 

previous studies have suggested that biofilm formation and resistance to 

antimicrobials can be promoted by synergistic interactions in multispecies 

biofilms (Burmølle et al., 2006). An example is where Streptococcus spp. in 

the oral cavity interacts synergistically with Candida albicans in a multispecies 

biofilm. C. albicans can increase biofilm formation in streptococci, and in turn, 

the streptococci can increase the invasive characteristics of the fungi (Marsh 

and Zaura, 2017). Synergistic interactions between species in polymicrobial 

biofilms have also been described in bacteria isolated from food contact 

surfaces in the food processing environment, where high levels of synergy 

have been found to occur in biofilms comprised of bacteria such as Bacillus 

licheniformis, Microbacterium lacticum, Calidifontibacter indicus and 

Stenotrophomonas rhizophila, that are commonly found in dairy products 

(Sadiq et al., 2023).  

Stress within a biofilm can come from limited space, nutrient availability, the 

presence of metabolic waste products, or from external sources such as 

biocides and antimicrobials. The adaptive nature of cells in response to stress 

can promote interactions between species in the form of competition and 



53 | P a g e  
 

cooperation, which can lead to the formation of persister cells and lower 

susceptibility to antimicrobials within the biofilm (Flemming et al., 2016, Olsen, 

2015, Fisher et al., 2017).  

1.4.1 Quorum sensing  

Quorum sensing is the regulation of gene expression in response to changes 

in the density of a bacterial community (Sadiq et al., 2017). Quorum sensing 

allows cells in a biofilm to coordinate behaviours (Brackman and Coenye, 

2015), and is mediated through the production and detection of bacterial 

chemical signal molecules known as autoinducers (Elias and Banin, 2012). 

Quorum sensing can be responsible for the regulation of various bacterial 

processes, including the expression of virulence factors (Pena et al., 2019). It 

has been demonstrated that quorum sensing plays a role in infections caused 

by P. aeruginosa, for example, in the CF lung, where mRNA transcripts for 

lasR and lasI (genes involved in P. aeruginosa quorum sensing) have been 

found in mucus samples obtained from CF patients. A decline in virulence is 

observed in P. aeruginosa when there is a deficiency in components involved 

in quorum sensing (Smith and Iglewski, 2003). Quorum sensing also controls 

biofilm formation (Pena et al., 2019), and studies have shown that suppressing 

quorum sensing in bacteria can impede biofilm formation (Zhou et al., 2020).  

As well as being important in coordinating community behaviour within biofilms, 

quorum sensing has also been shown to impact the antibiotic susceptibility of 

biofilms. Quorum sensing can elevate bacterial resistance to various stressors, 

including oxidative, heavy metal and thermal stress, stress from the immune 

system, and stress from antibiotics such as tobramycin (García-Contreras et 

al., 2015). Previous studies have found a strong correlation between quorum 

sensing, AMR, and biofilm formation in clinical P. aeruginosa isolates 

(Hemmati et al., 2024), and the potential of combining antibiotic therapy with 

quorum sensing inhibitors when treating P. aeruginosa and S. aureus biofilms 

has also been investigated in the past (Brackman et al., 2011). In P. 

aeruginosa and S. aureus biofilm wound models, the use of quorum sensing 

inhibitors resulted in increased susceptibility of the biofilm to the antibiotics 

tested. This was also observed in Caenorhabditis elegans and Galleria 
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mellonella models, where a significantly larger number of infected C. elegans 

and G. mellonella survived when treated with both quorum sensing inhibitors 

and antibiotics compared to those that were only treated with antibiotics 

(Brackman et al., 2011). These studies show that quorum sensing plays a role 

in the resistance of bacteria to various antimicrobials, and treating biofilm 

infections with a combination of quorum sensing inhibitors and antibiotics may 

lead to higher treatment success rates in the future (Brackman et al., 2011).  

A number of quorum sensing pathways, distinguished by the type of 

autoinducer involved, have been identified (Elias and Banin, 2012), and it has 

been found that some pathways, such as the autoinducer-2 (AI-2) pathway, 

found broadly across both Gram-positive and Gram-negative species of 

bacteria, can mediate interspecies communication (Pereira et al., 2013, Elias 

and Banin, 2012). This system plays a key part in the establishment of 

multispecies biofilms (Li and Tian, 2012), for example, in biofilms comprising 

of H. influenzae and Moraxella catarrhalis in rodent otitis media infections. 

Although AI-2 could not be produced by M. catarrhalis, AI-2 is produced by H. 

influenzae, which influences M. catarrhalis to produce more biomass, with 

biofilms becoming consequently less antibiotic susceptible (Pereira et al., 

2013).  

1.4.2 Competition between bacterial species within a biofilm  

Bacteria occupying a similar niche can interact with each other in various ways, 

which can result in synergy or antagonism. Whilst some species are indifferent 

to the presence of others, many can impact others in a way which results in 

competition between them (Elias and Banin, 2012). Mechanisms of 

competition in biofilms can be split broadly into two groups: exploitative 

competition, an indirect mechanism where a species of bacteria hinders 

another species' access to nutrients or resources; and interference 

competition, where the survival of a species is directly affected by mechanisms 

such as the secretion of growth inhibitors such as antibiotics by its competition 

(Rendueles et al., 2015), as well as by the production of molecules that can 

prevent the attachment and colonisation of new species in the biofilm (Russel 

et al., 2017, Rendueles and Ghigo, 2012). These competitive interactions are 
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essential for the evolution and shaping of multispecies biofilms (Elias and 

Banin, 2012), and studies have suggested that competitive interactions can 

increase tolerance to antimicrobials in multispecies biofilms (Parijs and 

Steenackers, 2018).   

Cells within a biofilm can protect themselves from the stress of competitors 

passively rather than antagonistically. In S. Typhimurium, the presence of 

competing strains and species can result in increased biofilm production and 

antibiotic tolerance. It has been demonstrated that in the presence of E. coli, 

a genetically distinct S. Typhimurium strain upregulated genes involved in 

biofilm formation, efflux, invasion of host cells, and antibiotic tolerance (Lories 

et al., 2020). Genes upregulated in the presence of competition included aadA, 

which encodes an aminoglycoside adenylyltransferase involved in resistance 

to aminoglycosides, such as streptomycin and spectinomycin (Stern et al., 

2018). Additionally, tolC, encoding the outer membrane component of the 

AcrAB-TolC efflux pump, was also upregulated in mixed species biofilms, 

suggesting that increased efflux of antimicrobials, including quinolones, 

chloramphenicol, and tetracyclines, may occur in mixed species biofilms 

(Lories et al., 2020). The efflux of antimicrobials by efflux pumps can lead to 

sub-inhibitory intracellular concentrations of drugs, which can promote the 

selection of AMR strains of bacteria (Lorusso et al., 2022).  

A number of competition quenching strategies, such as reducing cell density 

to decrease overall competition, inactivating the type VI secretion system 

(T6SS) of competing strains, as well as inhibiting the general RpoS stress 

response, have been found to reduce the antibiotic tolerance of S. 

Typhimurium SL1344 in a mixed species biofilms consisting of two S. 

Typhimurium strains (SL1344 and ATCC 14028) and E. coli (MG1655), 

suggesting that with further exploration, it may be possible to use competition 

quenching strategies alongside traditional antibiotics to improve treatment 

outcomes of polymicrobial biofilm infections (Lories et al., 2024).  
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1.4.3 Cooperation between bacterial species within a biofilm  

Whilst competition can be antagonistic, there are also many examples of 

cooperation within a biofilm, where cells can behave collectively, providing 

them access to the benefits from behaviours which would not be possible for 

individual cells on their own (Nadell et al., 2016).  

Some species of bacteria are capable of cooperating via coaggregation (Elias 

and Banin, 2012), a process that requires highly specific interactions between 

pairs of bacteria (Foster and Kolenbrander, 2004), and is essential for the 

formation of multispecies biofilms (Rickard et al., 2003). Coaggregation allows 

different species to attach to one another to stabilise the biofilm and protect all 

species involved (Klayman et al., 2009). An early example of bacterial 

coaggregation arose from investigations into dental plaque obtained from the 

human oral cavity (Rickard et al., 2003). Biofilms in the oral cavity can develop 

sequentially, where species of bacteria such as Streptococcus mutans and 

Streptococcus gordonii can colonise the surface of teeth first, altering the 

environmental conditions that then allow a succession of other bacterial 

species to colonise the surface (Elias and Banin, 2012). Coaggregation using 

curli, produced by many Gram-negative species, is important in the 

gastrointestinal tract, and cross-seeding of curli subunits between species of 

the gut microbiota increases surface attachment of cells and facilitates biofilm 

formation (Zhou et al., 2012). For example, it was demonstrated that curli 

expression was associated with enhanced biofilm formation and tolerance to 

common biocides in a range of Shiga toxin-producing E. coli strains (Wang et 

al., 2012). Additionally, in E. coli and S. Typhimurium strains lacking EPS 

expression, a significant increase in tolerance to biocides was observed when 

these strains formed a mixed-species biofilm with an EPS-producing 

companion, compared to when grown in a monoculture. This demonstrates 

how, in mixed communities, common goods can be exploited by individual 

strains, and this can affect antimicrobial susceptibility (Wang et al., 2013, 

Wang et al., 2012). 

A study investigated the interactions between isolates of E. coli, P. aeruginosa, 

and Enterobacter cloacae from water sources, and the ability of chlorine to 
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eradicate monospecies and multispecies biofilms formed by these species. It 

was found that a chlorine concentration of 50-300-fold higher was required for 

the eradication of the multispecies biofilms compared to the monospecies 

biofilms (Schwering et al., 2013). Enhanced tolerance to disinfectants has also 

been found in Listeria monocytogenes and Lactobacillus plantarum 

multispecies biofilms (Van der Veen and Abee, 2011). A study also found that 

when grown as monospecies biofilms, P. aeruginosa, Pseudomonas 

protegens, and K. pneumoniae were more susceptible to sodium dodecyl 

sulphate (SDS) and tobramycin (Kelvin Lee et al., 2016), whereas multispecies 

biofilms were resistant to both agents. P. aeruginosa encodes a secreted SDS 

hydrolase (SdsA1), which can degrade and metabolise SDS within the biofilm. 

Additionally, P. protegens produces aminoglycoside-modifying enzymes that 

break down tobramycin and offer a community benefit. When the three species 

were grown as monocultures and exposed to tobramycin, only P. protegens 

survived, showing the importance of different roles within a multispecies 

biofilm, and how the importance of knowing which species are present, as a 

species may enjoy resistance to an antimicrobial without possessing a specific 

resistance mechanism itself. Species common in CF patients have been found 

to have higher biomass and less susceptibility to a variety of antibiotics, 

including tobramycin, ciprofloxacin, cefotaxime, and chloramphenicol, when 

grown in a multispecies biofilm with P. aeruginosa (Lopes et al., 2012).  

1.5 THE MOLECULAR BASIS OF PLASMID  TRANSFER AND 

ACCEPTANCE 

The transfer of a plasmid between two cells is a contact-dependent process 

(Virolle et al., 2020), where the plasmid to be transferred is linearised at the 

origin of transfer (oriT) and transferred across a pilus extending from the donor 

cell to the recipient cell via the formation of a mating junction (Low et al., 2022, 

Virolle et al., 2020, Waksman, 2025). The genes encoding transfer machinery, 

such as tra and trb genes in IncF plasmids found in Gram-negative bacteria, 

required for plasmid transfer, are generally carried on conjugative plasmids, 

although the expression of these genes, in addition to the linearisation of the 

plasmid via the relaxosome, is regulated by the donor cell (Virolle et al., 2020). 
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After linearisation, the plasmid (referred to as the T-strand) is translocated 

through the bacterial membrane across the pilus to the recipient cell using the 

conjugative type IV secretion system (T4SS), where the plasmid is then 

recircularised. However, the molecular basis of plasmid recircularisation 

remains unknown (Waksman, 2025).  

Whilst the donor cell is responsible for the expression of genes that physically 

translocate the plasmid, it is known that the recipient is also important for 

successful conjugation (Allard et al., 2023). In addition to the role of the host 

cell in regulating a plasmid after it enters the cell (Ruiz-Masó et al., 2017), host 

cells can prevent the acceptance of plasmids through various defence 

mechanisms. An example of this is restriction modification systems, a 

widespread defence system, that can act as a barrier for the uptake of 

conjugative plasmids by cleaving double-stranded DNA encoding unmodified 

recognition sequences. Recently, it has been found that some plasmids 

encode anti-restriction genes that result in resistance against a range of these 

systems (Dimitriu et al., 2024). In addition to restriction modification, CRISPR-

Cas systems have also been found to hinder the uptake of plasmids into host 

cells in species such as Enterococcus faecalis (Upreti et al., 2024). Some 

studies have also suggested that restriction-modification systems and 

CRISPR-Cas systems can work together to prevent the conjugation of 

plasmids into bacteria in species such as K. pneumoniae (Yang et al., 2024).  

1.6 CONCLUSIONS 

The majority of bacteria exist within biofilms (Costerton et al., 1987), a context 

where various phenotypic characteristics contribute to the elevated levels of 

tolerance to antimicrobials observed compared to their planktonic equivalents 

(Olsen, 2015, Trampari et al., 2021). The high levels of cell-to-cell interactions 

in biofilms make these communities an excellent environment for the evolution 

of AMR through HGT (Uruén et al., 2021, Flemming and Wingender, 2010).  

Given that most biofilms, including those that are associated with the majority 

of infections in humans, are polymicrobial (Trampari et al., 2021, Yang et al., 

2011, Khatoon et al., 2018), it is important to recognise that bacteria may 
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behave differently when in a multispecies community (Bottery et al., 2022) and 

investigate the evolution of AMR in bacteria in a biofilm context (Trampari et 

al., 2021).  

Furthermore, although it is well established that HGT plays a crucial role in the 

spread of bacterial AMR, the direct correlation between the use of 

antimicrobials and the impact on the rate of HGT is poorly understood (Liu et 

al., 2021), and there remains a lack of understanding of the mechanisms and 

factors driving plasmid movement in multispecies biofilms (Trampari et al., 

2021, Bottery et al., 2022). Interspecies interactions in polymicrobial 

communities can modify antibiotic efficacy, resulting in members of the 

community being less susceptible to treatments during polymicrobial infections 

(Bottery et al., 2022).  

In the future, developing models to study and understand AMR using models 

of mixed community biofilms will be needed to better understand how bacteria 

survive and how AMR evolves in this crucial context. How environmental 

stresses can exacerbate and influence rates of HGT in biofilms should be 

explored. It would also be useful to build on current research and further 

investigate the genes that are important for biofilm formation, in addition to 

those that drive HGT of resistance genes in biofilms, as this knowledge will be 

required in the development of future strategies to treat and manage biofilm 

infections, as well as control the spread of AMR in bacterial populations within 

the One Health framework.   

1.7 PROJECT HYPOTHESIS 

I. The movement of plasmids between bacterial species within a 

multispecies biofilm community will be influenced by environmental 

stress factors. 

II. The core host genome plays a significant role in plasmid acceptance.  

1.8 PROJECT AIMS 

I. Develop a multispecies biofilm model that can be used to measure 

plasmid movement between bacterial species. 
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II. Use the multispecies biofilm conjugation model to investigate how 

different stressors impact conjugation efficiency in a multispecies 

biofilm community. 

III. Explore the important genes for plasmid acceptance in E. coli and S. 

Typhimurium using TraDIS-Xpress. 
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CHAPTER 2:  

MATERIALS AND METHODS  

 

ñYou are only as good as your controlsò  

< Mark Alexander Webber >  
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2.1 BACTERIA USED IN THIS STUDY  

For this study, an E. coli isolate was required to establish a multispecies biofilm 

model with S. Typhimurium 14028S, to conduct investigations within a real-

world context. Ten E. coli isolates were initially chosen from a panel of isolates 

isolated from various food sources (Janecko et al., 2023) (APPENDIX I). 

These isolates were selected as they represented common sequence types 

(STs) found in the study and did not encode AMR genes either via plasmids 

or in the genome, according to the genomic data gathered during the study. 

Isolates in the initial panel of strains that carried IncF plasmids were also 

omitted. After initial testing of the ten E. coli (Chapter 4 ), EC18LG-0005-1 was 

selected to be used in the biofilm model as it was found to co-exist well with S. 

Typhimurium 14028S (Jarvik et al., 2010) in a biofilm context, and belonged 

to ST10, the most common lineage of E. coli found in the Enterobase collection 

of genomes, which includes isolates from infection and other sources, 

belonging to this species (Zong et al., 2018).  

Mutants and transconjugants derived from EC18LG-0005-1 and S. 

Typhimurium 14028S were used in the biofilm conjugation experiments. The 

plasmid used for conjugation (pHYCTX14) was obtained from EC-HY-3, a 

clinical E. coli isolate previously isolated from faecal samples of healthy 

volunteers returning to the United Kingdom from South East Asia (Bevan et 

al., 2021) (Table 2.1 ). The plasmid was selected for this study as it belonged 

to plasmid incompatibility type F, the most common plasmid type isolated from 

both humans and animals (Rozwandowicz et al., 2018), and encoded blaCTX-

M-14, one of the most widely disseminated ESBLs worldwide (Valverde et al., 

2009). Other bacterial isolates, as well as mutants and transconjugants arising 

from this study, are listed in APPENDIX II.  

E. coli BW25113 was used as a control strain where required (Table 2.1 ), and 

its corresponding transposon mutant library (Yasir et al., 2020), as well as the 

S. Typhimurium 14028S transposon mutant library (Holden et al., 2022), were 

used for TraDIS-Xpress experiments.  
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Table 2.1 - List of bacteria used in this study 

Name Source  

Genomic mutations conferring AMR  Plasmid(s)  

Antibiotic 
selection  

Animo  
acid 

substitution  

Gene of 
substitution  

AMR 
Incompatibility 

type  
Resistance 

gene(s)  

S. Typhimurium 
14028S 

ATCC - - - IncFIB(S) -  - 

S. Typhimurium 
14028S NalR 

Made in 
House 

Ser83Phe gyrA Nalidixic acid IncFIB(S) - 
100 µg/mL 

nalidixic acid 

E. coli  
EC18LG-0005-1 

(Janecko et 
al., 2023) 

- - - - - - 

E. coli  
EC18LG-0005-1 
RifR pHYCTX14 

Made in 
House 

Glu513Leu rpoB Rifampicin IncFII blaCTX-M-14 

100 µg/mL 
rifampicin 
8 µg/mL 

cefotaxime 

BW25113 
(Grenier et 
al., 2014) 

- - - - - - 

EC-HY-3 
(Bevan et 
al., 2021) 

- - - IncFII blaCTX-M-14 
8 µg/mL 

cefotaxime 
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2.2 GENERAL BACTERIAL GROWTH CONDITIONS  

Unless otherwise stated, bacterial strains were cultured in Lysogeny Broth 

(LB) or LB agar and incubated at 37 °C for 18 ï 24 hours. Broth cultures were 

also subjected to shaking at 180 ï 250 rpm.  

For differentiation between E. coli and S. Typhimurium species, molten LB 

agar was supplemented with 40 µg/mL X-Gal (5-Bromo-4-chloro-3-indolyl 

beta-D-galactopyranoside) (XGAL001, Formedium Limited) and 1 mM IPTG 

(Isopropyl beta-D-1-thiogalactopyranoside) (IPTG005, Formedium Limited) for 

blue/white screening. Xylose lysine deoxycholate (XLD) agar (CM0469, 

Oxoid) and Brilliance Salmonella agar (CM1092 and SR0194, Oxoid) were 

also used as selective agar for the two species.  

2.3 CALCULATING COLONY FORMING UNITS OF BACTERIA  

Colony forming units (CFU) is a common unit of measurement used to 

estimate the number of viable bacterial cells within a sample (Bhuyan et al., 

2023).  

Unless otherwise stated, the CFU of bacterial samples were estimated by 

serially diluting the bacterial cultures in phosphate-buffered saline (PBS) to an 

appropriate concentration and inoculating into an even lawn onto agar plates 

and incubated overnight. The appropriate concentration the cells were diluted 

to was determined by recovering a lawn of between 30 and 300 single colonies 

on an agar plate. 

Colonies on the plates were recorded using a combination of manual counting 

and openCFU (Geissmann, 2013), an automated colony counting software, 

and the CFU was calculated using the following formula: 

ὅὊὟ 
ὔόάὦὩὶ έὪ ὧέὰέὲὭὩί ὶὩὧέὶὨὩὨ

ὠέὰόάὩ ὭὲέὧόὰὥὸὩὨ άὒ Ø ὨὭὰόὸὭέὲ Ὢὥὧὸέὶ
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2.4 MOLECULAR BIOLOGY TECHNIQUES  

2.4.1 Polymerase chain reaction  

To check for the presence and absence of expected genes or DNA sequences, 

10 µL PCR reactions consisting of 5 µL GoTaq® G2 Green Master Mix (M7822, 

Promega), 4 µL molecular-grade water (W4502, Sigma) and 0.5 µL of forward 

and reverse primers (10 µM) were used. Template DNA was added by picking 

single bacterial colonies off agar plates using toothpicks and resuspending 

the cells in the reaction mixture.  

To prepare amplicons for sequencing or for the construction of recombinant 

plasmids, GoTaq® G2 Green Master Mix was replaced with NEBNext® 

UltraÊ II Q5® Master Mix (M0544S, NEB), with relative concentrations of the 

primers and polymerase remaining the same as above. 0.5 µL ï 1 µL of 

bacterial DNA was added to each PCR reaction, and the volume of molecular-

grade water was adjusted to maintain the final reaction volume. PCR reactions 

were ran in an Applied BiosystemsÊ VeritiÊ 96-well Thermal Cycler 

(4375786, Fisher Scientific) following the settings in Table 2.2 .  

Table 2.2 ï PCR programme 

Stage 1 
2 - cycles  
(~25 ï 35) 

3 4 

Step 
Initial 

denature
-tion 

De- 
natura-

tion 

Anneal-
ing 

Amplifi- 
cation 

Final 
amplification 

Hold 

Temp-
erature  

95 °C 95 °C 
60 ï 63 

°C* 
72 °C 72 °C 4 °C 

Duration  
3 

minutes 
30 

seconds 
30 

seconds 

30 
seconds** 

or  
1 

minute*** 
per 1 kb of 
amplified 
product 

7  
minutes 

Ð 

*Depending on the melting temperature (Tm) of the primers used 

** NEBNext® UltraÊ II Q5® Master Mix polymerase 

***GoTaq® G2 Green Master Mix polymerase 
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2.4.2 Agarose gel electrophoresis  

Agarose gel electrophoresis was used to visualise the products of the PCR 

reactions and determine their size. Unless otherwise stated, 1% agarose gel 

was prepared using 1x Tris/ Borate/ EDTA (TBE) buffer (B52, Thermofisher), 

and 5 µL Midori Green Advance DNA stain (MG04, Nippon Genetics Europe) 

was added per 50 mL agarose gel used. To run the PCR products on the gel, 

gel loading dye (B7025S, NEB) was added to the DNA according to the 

manufacturerôs instructions. Loading dye was omitted if the products were 

amplified using GoTaq® G2 Green Master Mix as the dye is already present 

in this master mix. 5 µL of reaction was loaded into each well, and the gel was 

run in 1 x TBE buffer at 120V for 20 ï 30 minutes. 5 µL of 1 kb DNA ladder 

(N3232S, NEB) was included in each run to allow the size of the bands to be 

estimated.  

2.4.3 Genomic DNA extraction  

DNA was extracted from bacterial isolates for sequencing and as a template 

for PCR reactions.  

2.4.3.1 Low molecular weight DNA extraction  

Overnight cultures of selected strains were prepared, and 300 ï 1000 µL of 

each strain was subjected to centrifugation at 16,000 x g for five minutes. The 

supernatant was discarded, and the pellets were resuspended in 100 µL lysing 

buffer (100 µL 0.5 mg/mL lysozyme (L6876, Sigma) and 50 µL 20 mg/mL 

RNase A (12091021, Invitrogen) in 10 mL Tris-EDTA 

(ethylenediaminetetraacetic acid) (TE) buffer), transferred to clean 

microcentrifuge tubes and incubated at 37 °C, 1600 rpm. After 25 minutes, 10 

µL lysing additive (600 µL 10% SDS, 60 µL 20 mg/mL proteinase K (P8107S, 

NEB), and 60 µL 20 mg/mL RNase A in 528 µL TE buffer) was added per 

sample, then incubated for a further 15 minutes at 65 °C, 1600 rpm. To isolate 

the DNA, 50 µL DNA-binding magnetic beads (KAPA Pure Beads 

07983298001, Roche) was added to each sample, mixed well and incubated 

for five minutes at room temperature before placing on a magnetic rack for two 
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to five minutes. Once the supernatant was clear, it was discarded, and the 

beads were washed three times with 100 µL freshly prepared 80% ethanol. 

After the third wash, the beads were left to dry at room temperature until the 

remaining ethanol had evaporated. To elute the DNA, the samples were 

removed from the magnetic rack, and the beads were resuspended in 50 µL 

10 mM Tris-HCl or molecular-grade water. After incubating at room 

temperature for five minutes, the samples were returned to the magnetic rack 

until the supernatant was clear. The supernatant was then collected and stored 

at ï 20 °C for further use.  

2.4.3.2 High molecular weight DNA extraction  

For the extraction of high molecular weight (HMW) DNA, DNA was extracted 

from 100 ï 500 µL of overnight bacterial cultures using the Zymo Quick-DNA 

HMW MagBead Kit (D6060, Zymo Research) following the manufacturerôs 

instructions, replacing 100 mg/mL lysozyme with 5 mg/mL lysozyme for the 

microbial lysis step.  

2.4.3.3 DNA quantification  

To quantify the DNA extracted, the Qubit dsDNA High Sensitivity (Q32854, 

ThermoFisher Scientific) or Broad Range (Q32853, ThermoFisher Scientific) 

kits were used, following the manufacturerôs instructions.  

2.4.4 DNA sequencing  

2.4.4.1 Illumina NextSeq short -read sequencing  

DNA was normalised to 5 ng/µL using 10 mM Tris-HCl, and short-read whole 

genome sequencing (WGS) was performed using the Illumina Nextseq 500 or 

Nextseq 2000 by the Quadram Institute sequencing team following the flex 

library protocols described in APPENDIX III.    

2.4.4.2 Oxford Nanopore Technology long -read sequencing  

Long-read DNA sequencing was performed using R9 or R10 flow cells in an 

Oxford Nanopore Technology (ONT) minION or promethION sequencer by the 
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Quadram Institute sequencing team following the protocol described in 

APPENDIX IV.  

2.4.5 Isolation of large (> 20 kilobase pairs (kbp)) plasmids  

Overnight cultures of strains carrying the relevant plasmids were 

supplemented with appropriate antibiotics to ensure plasmid carriage. The 

ZymoPURE II Plasmid Midiprep Kit (D4201, Zymo Research) was used to 

isolate plasmid DNA from 50 mL of overnight culture following steps one to 

six, then the centrifugation protocol as provided by the manufacturer.  

To confirm that the plasmid of the correct size was isolated, a sample of the 

elution was visualised on the Agilent 4200 TapeStation system (G2991BA, 

Agilent), using the Genomic DNA ScreenTape (5067-5365, Agilent) and the 

corresponding reagents (5067-5366, Agilent), following the manufacturerôs 

instructions.   

2.4.6 Electrocompetent cells and transformation  

To prepare electrocompetent cells, 500 µL of overnight culture was inoculated 

into 50 mL 2x Yeast extract tryptone medium (YT) broth. Cells were grown at 

37 °C, 250 rpm until an optical density at 600 nm (OD600) of 0.2 ï 0.3, 

corresponding to mid-logarithmic growth phase. The cells were transferred to 

a sterile 50 mL tube and subjected to centrifugation at 4 °C, 3000 x g for ten 

minutes. The supernatant was discarded, and the pellet was washed twice, in 

12.5 mL and 25 mL ice-cold sterile 10% glycerol, respectively. For the washing 

steps, the pellet was first resuspended in 1 mL 10% glycerol before topping up 

with 10% glycerol to the required volume and subjected to centrifugation 

following the same conditions as previously stated. After the second washing 

step, the pellet was resuspended in 1 mL 10% glycerol, and the suspension 

was transferred into a microcentrifuge tube and subjected to centrifugation for 

1 minute at maximum speed. The supernatant was discarded, and the pellet 

was resuspended in the appropriate amount of 10% glycerol required for 

transformation (50 µL cells per electroporation) before aliquots of 50 µL were 

made in microcentrifuge tubes and stored on ice until use.  
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For transformation, 2 µL of DNA to be transformed was added to the 50 µL 

aliquot of cells, and electroporation was completed in ice-cold 2 mm electrode 

gap cuvettes (E6-0060, Geneflow), using the Gene Pulser Xcell electroporator 

(1652660, Bio-Rad) set at 2.5 kV, 200 ɋ, 25 ɛF. After electroporation, cells 

were immediately recovered in 1 mL SOC outgrowth medium (B9020S, NEB), 

transferred to a sterile microcentrifuge tube and incubated at 37 °C, 600 rpm 

for one hour. After incubation, cells were subjected to centrifugation at 

maximum speed for one minute, and the pellet was resuspended in 100 µL 

supernatant before inoculating onto LB agar supplemented with the 

appropriate antibiotics to select for successful transformants. A negative 

control of cells with no transformed DNA and a positive control transformed 

with pUC19 (supplied with C2987I, NEB) was included for each experiment. 

Cells transformed with pUC19 were recovered on LB agar supplemented with 

100 µg/mL carbenicillin. 

2.4.7 Constructing single gene deletion mutants  

To construct single gene deletion mutants, the Gene Doctoring (G-DOC) 

(Lee et al., 2009) method, utilising ɚ-Red recombination, was used.  

In general, this technique requires the cloning of homologous regions 

upstream and downstream of the target gene that have been amplified by PCR 

into pDOC-K, which is then transformed via electroporation into the recipient 

strain carrying the pACBSCE helper plasmid. ɚ-Red and I-SceI expression on 

pACBSCE is then induced using arabinose. I-SceI cleaves pDOC-K, and the 

recombination of the resulting linear DNA fragment with the homologous 

regions on the chromosome is mediated via the ɚ-Red proteins, replacing the 

target gene with the kanamycin-resistant cassette. I-SceI also cleaves 

pACBSCE, leading to the loss of both plasmids from the recipient strain. 

Recombinants are selected for on agar supplemented with kanamycin and 

sucrose, as only cells that have lost the sacB gene, indicating loss of pDOC-

K, and therefore successful recombination, are able to grow on this type of 

media (Lee et al., 2009) (Figure 2.1 ).  
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Figure 2.1 ï Construction of single gene deletion mutants using the gene 
doctoring technique. Figure adapted from (Lee et al., 2009) 
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2.4.7.1 Plasmids  

Overnight cultures of strains carrying pACBSCE and pDOC-K were 

supplemented with 30 µg/mL chloramphenicol and 50 µg/mL kanamycin, 

respectively, to ensure plasmid carriage. DNA was isolated using the 

NucleoSpin® Plasmid Mini Kit for plasmid DNA (740588.250, Macherey-Nagel) 

following the manufacturerôs instructions and agarose gel electrophoresis 

(2.3.2) was used to visualise extracted DNA and confirm plasmids were 

successfully isolated.  

2.4.7.2 Designing homologous regions  

Homologous regions were designed by selecting 270 base pairs (bp) 

upstream and downstream of the target gene, adding an overlap of 30 bp into 

the target gene adjacent to the selected regions. Two endonucleases from 

multiple cloning sites one (for homologous region one) and two (for 

homologous region two), on pDOC-K, were selected, ensuring that at least six 

bp separated the two endonucleases on the plasmid, and their sequences 

were added to either end of the regions. Finally, six random bases were added 

to either end to give the sequences for the homologous regions (Figure 2.2 ).  

Figure 2.2 ï The design of homologous regions for target genes for 
the construction of single gene deletion mutants.   
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2.4.7.3 Amplification of products to insert into pDOC-K  

Homologous regions were amplified using PCR. The size of the products were 

confirmed via agarose gel electrophoresis. The PCR products were cleaned 

and purified using the NucleoSpin® Gel and PCR Clean-up Mini kit 

(740609.250, Macherey-Nagel), following the protocol for PCR clean-up as 

provided by the manufacturer. PCR products were stored at ï 20 °C until 

further use.  

2.4.7.4 Restriction digests  

Restriction digests for the amplified homologous regions were performed as 

double digests in 50 µL reactions consisting of 5 µL rCutSmartÊ Buffer 

(B6004S, NEB), 1 µL of each restriction enzyme (NEB), 1-2 µL DNA and 

molecular-grade water adjusted to maintain the final reaction volume. For 

pDOC-K, double digests were performed in 10 µL reactions consisting of 5 µL 

vector DNA, 1 µL rCutSmartÊ Buffer, 1 µL of each restriction enzyme and 

molecular-grade water to 10 µL. Plasmid digests were incubated at 37 °C 

overnight, and other digests were incubated at 37 °C for one hour. Digested 

products were visualised via gel electrophoresis to confirm their size and 

cleaned using the NucleoSpin® Gel and PCR Clean-up Mini kit before ligation.  

2.4.7.5 Ligations and transformation into chemically competent E. 

coli  

Digested vectors and inserts were ligated in reactions consisting of 0.5 ï 1 µL 

digested vector, 3 µL digested insert, 1 µL T4 DNA ligase (M0202S, NEB), 1 

µL T4 DNA ligase reaction buffer (B0202S, NEB) and molecular-grade water 

to a final reaction volume of 10 µL. Ligations were incubated at 16 °C 

overnight.  

Ligated plasmids were transformed via heat-shock into chemically competent 

NEB® 5-alpha Competent E. coli (High Efficiency) cells (C2987I, NEB). 10 µL 

ligation was mixed with 50 µL E. coli cells, then left on ice for ten minutes 

before transferring to a heat block at 42 °C for two minutes, then back onto ice 

for a further two minutes. To recover the cells, 1 mL SOC outgrowth medium 
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(B9020S, NEB) or LB broth was added to the reaction and incubated for two 

hours at 37 °C. After incubation, cells were subjected to centrifugation at 

maximum speed, then the pellet was resuspended in 100 µL supernatant 

before inoculating onto LB agar plates supplemented with appropriate 

antibiotics for selection. A negative control of the digested vector with no insert 

was included in every experiment.  

2.4.8 Reverse Transcription -qPCR 

The expression of genes of interest under certain conditions was determined 

using Reverse transcription (RT)-qPCR.  

2.4.8.1 Primer design  

Primers for RT-qPCR were designed using Primer 3 (version 4.1.0) (Kõressaar 

et al., 2018, Koressaar and Remm, 2007, Untergasser et al., 2012), and 

parameters were set to those described in Table 2.3 , with all other settings left 

as default.  

Table 2.3 ï Parameters used in Primer 3 (version 4.1.0)  

Parameter  Minimum  Optimum  Maximum  

Primer size (bp) 58 60 62 

Primer Tm (°C) 50 60 65 

Primer GC content (%) 50 55 60 

 

Product size range (bp) 700-200 

 

Primer pairs returned by the software were checked for self-dimers and 

heterodimers using the Integrated DNA Technologies  OligoAnalyzerÊ Tool 

(IDT, 2025) and the primer pair with the lowest self-dimer and heterodimer risk 

(highest ȹG value above -6) was selected.  
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2.4.8.2 Primer validation  

To validate the primers against target genes of interest, the Luna® Universal 

One-Step RT-qPCR Kit (E3005S, NEB) was used. The reaction master mixes 

were set up following the relative volumes of each component as suggested 

by the manufacturer, adjusting them for 10 µL (half) reactions, and the Luna® 

WarmStart® RT Enzyme Mix was replaced with molecular-grade water. DNA 

was diluted to 1 ng/µL and then serially diluted 1:2 to 0.03 ng/µL using 

molecular-grade water. In a 96-well plate, 8 µL master mix and 2 µL DNA were 

added to the appropriate wells (Figure 2.3 ); DNA was replaced with molecular-

grade water for the no DNA control. The plate was sealed, and reactions were 

ran in an Applied Biosystem 7500 RT-qPCR machine (4351105, 

ThermoFisher Scientific), following the programme detailed in Table 2.4 .  

  

Figure 2.3 ï 96-well plate set up for RT-qPCR primer validation 
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Table 2.4 - RT-qPCR programme 

* For the Applied Biosystem RT-qPCR machine 

** Following the settings given by the machine 

2.5 PLASMIDS 

Table 2.5 ï List of plasmids used in this study 

Plasmid  Source  

pHYCTX14 (Bevan et al., 2021) 

pUC19 Supplied with C2987I, NEB 

pACBSCE (Lee et al., 2009) 

pDOC-K (Lee et al., 2009) 

  

Stage 1 2 
3 ï cycles  
(~ 40 - 45) 

4 

Step 
Reverse  

Transcription 
Initial 

denature 
Denature Extension 

Melt 
curve 

Temp 55 °C 55 °C 95 °C 60 °C 
60 ï 95 

°C** 

Time 10 minutes 1 minute 
10 

seconds 
60 seconds* Various**  
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2.6 PRIMERS 

Primers were designed in SnapGene (Snapgene, 2025) and synthesised by Merck. 

Table 2.6 ï List of primers arising from this study 

Name Primer sequence  Role  

invA 

fwd TCATTGACGTTGCGCGCCAGC 
Amplification of invA in S. Typhimurium  

rev GGGAACTCTGCCGGGATTCCC 

lacY 

fwd CAGCACCAGATAAGCGCCCTGG 
Amplification of lacY in E. coli 

rev GCTGTGCACTCATCCTCGCCG 

blaCTX-M-14 
fwd CTTTATGCGCAGACGAGTGCGGTG 

Amplification of blaCTX-M-14 in pHYCTX14 
rev GCTGCCGGTCTTATCACCCACAG 

pHYCTX14 
ctrl 

fwd TGTTCAAGTTTGATTCCTTGGGCTCTTCAGAATAC 
Amplification of pHYCTX14 backbone 

rev AGCGGTGTGGTGTTACTCGGT 

pHYCTX14 
+ blaCTX-M-14 

fwd 
ACACACGTGGAATTTAGGGAATACTGATGTAACACGGAT
TGACCGTATTGGGAGTTTGAGATGGTGACAA 

Amplification of blaCTX-M-14 and part of the 
pHYCTX14 backbone on either side of 
blaCTX-M-14  rev 

GGAAGATACGTGATCTGATCCTTCAACTCAGCAAAAGTT
CGATTTATTCAACAAAACCAGTTACAGCCCT 
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Table 2.6 cont.   

acrB 
homologous 

region 1 

fwd GACTTAAAGCTTCGCCGCGTGGC 

Amplification of homologous regions 
adjacent to acrB in E. coli for insertion 
into pDOC-K to create the ȹacrB deletion 
mutant 

rev TTAAGCCCTAGGAATCGGGCGATCG 

acrB 
homologous 

region 2 

fwd TACGGCCTCGAGGAGCACAGC 

rev CCGTACGCTAGCGGATTGCTCTGAA 

tolC 
homologous 

region 1 

fwd 
TCTAAGGAATTCTTCTCGTGCAATAATTTCTACATCGTTTT
TGCCA 

Amplification of homologous regions 
adjacent to tolC in E. coli for insertion into 
pDOC-K to create the ȹtolC deletion 
mutant 

rev TACCGGCCTAGGGCCGATAAGAATGG 

tolC 
homologous 

region 2 

fwd TATTGCCTCGAGAGTAACGGTCATAACCCTTTCC 

rev GTCGCAGCTAGCATCACTCTTTTCACAGC 

galU 
homologous 

region 1 

fwd AGTCCGGAATTCTGCGATGCCTGG 

Amplification of homologous regions 
adjacent to galU in E. coli for insertion 
into pDOC-K to create the ȹgalU deletion 
mutant 

rev GCTAGACCTAGGTTTTTTGACTTTCGTATTAATGGCAGCC 

galU 
homologous 

region 2 

fwd GTCATTCTCGAGCTTGAAGAAGAGATGGGCATTAAGA 

rev GGATCGGCTAGCATATAGCTACGTTGACGAAAAC 
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Table 2.6 cont.   

hldD 
homologous 

region 1 

fwd AGTCCGGAATTCTTCCGCACGAGC 

Amplification of homologous regions 
adjacent to hldD in E. coli for insertion 
into pDOC-K to create the ȹhldD deletion 
mutant 

rev GCTAGACCTAGGAAAGCCCGCGC 

hldD 
homologous 

region 2 

fwd GCATTACTCGAGTCGAGCGGTATCAAGGC 

rev ATTAGCGCTAGCAGCGCCCCG 

rapA 
homologous 

region 1 

fwd GTCATTGAATTCCGAACACTATCTGACCCGCC 

Amplification of homologous regions 
adjacent to rapA in E. coli for insertion 
into pDOC-K to create the ȹrapA deletion 
mutant 

rev GCTAGACCTAGGGATCCAGCGTTGACCA 

rapA 
homologous 

region 2 

fwd GTCATTCTCGAGCTGCGTTTGATCGTTGTAACG 

rev GCTAGAGCTAGCACTGGCGTTTTAACTCCC 

waaB 
homologous 

region 1 

fwd 
GCGTAAGAATTCAACAAAAAAACTTGCCCAACACAATTAT
AATGCA 

Amplification of homologous regions 
adjacent to waaB in E. coli for insertion 
into pDOC-K to create the ȹwaaB 
deletion mutant 

rev AGCATACCTAGGAACAGCTTCGCCAATAAAGG 

waaB 
homologous 

region 2 

fwd 
CATTGCCTCGAGATTATTTCTGTTATTTCCCGGAGGAAAT
AATG 

rev 
CTGCAAGCTAGCAATATATCTTAATTCTTGTTTTATATTGC
CTGGCCA 
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 Table 2.6 cont.   

waaC 
homologous 

region 1 

fwd CCGTAAGAATTCGCCTGTAAAGCCATTGTCACT 

Amplification of homologous regions 
adjacent to waaC in E. coli for insertion 
into pDOC-K to create the ȹwaaC 
deletion mutant 

rev GGCTCACCTAGGCGACGATGTTTTAACG 

waaC 
homologous 

region 2 

fwd CCGCACCTCGAGGAAACGGTATTTAATAAAATCAATTCCT 

rev ATTGTCGCTAGCGTGATAGTGCCAGGA 

waaJ 
homologous 

region 1 

fwd CCGTAAGAATTCGACTCTACTTGAAGCCTTGTCGT 

Amplification of homologous regions 
adjacent to waaJ in E. coli for insertion 
into pDOC-K to create the ȹwaaJ deletion 
mutant 

rev CATACGCCTAGGCTCAGTCTCCTGGAAAAAAAC 

waaJ 
homologous 

region 2 

fwd 
GGCAGGCTCGAGTTGTATTTTATAAAAAAGCTAAAGCATT
AATACT 

rev ATTGCAGCTAGCGAATCGACACCATAGG 

blaCTX-M-14 
(RT-qPCR) 

fwd TCAGCCTGTCGAGATCAAGC Amplification of blaCTX-M-14 in pHYCTX14 
to measure gene expression using RT-
qPCR rev TCAGTTCTGCCAGCGTCATT 

traM 
(RT-qPCR) 

fwd AGTCTCTCAGTCCTCATGTCTC Amplification of traM in pHYCTX14 to 
measure gene expression using RT-
qPCR rev ACCTTTCCATCTCAGCCGAC 
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 Table 2.6 cont.   

gyrB 
(RT-qPCR) 

fwd GGACCCGAAATTCTCCTCCC 
Amplification of gyrB in E. coli to measure 
gene expression using RT-qPCR 

rev TGCCAGCAGTTCGTTCATCT 
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2.7 ANTIMICROBIAL SUSCEPTIBILITY TESTING  

Antimicrobial susceptibility testing was used to determine the minimum 

inhibitory concentration (MIC) of various antimicrobials against bacterial 

strains. The MIC of a drug is defined as the lowest concentration required to 

inhibit visible growth of a microorganism in vitro (KadeŚ§bkov§ et al., 2024). 

Unless otherwise stated, MIC was determined using the microbroth or agar 

dilution methods, with Mueller Hinton (MH) broth or agar, as indicated by the 

European Committee for Antimicrobial Susceptibility Testing (EUCAST) 

guidelines (EUCAST, 2022).     

2.7.1 Microbroth dilution method  

Overnight cultures of the relevant strains and stock solutions of required 

antimicrobials, at double the maximum concentration required for the assay, 

were prepared. In a 96-well plate, 100 µL broth was added to columns two to 

12, before adding 100 µL antimicrobial stock solution to columns one and two, 

then serially diluted 1:2 from columns two to 11. Drug was omitted from the 

final column. Overnight cultures (~ 109 cells) were first diluted 1:100, then 

diluted a further 1:20 in LB broth, and 100 µL was added to all appropriate 

wells in the plate. The plate was sealed using a gas-permeable membrane 

and incubated at 37 °C. After 18 - 24 hours, the plate was removed and visually 

observed for bacterial growth. The minimum concentration of antimicrobial 

where no bacterial growth was observed was recorded as the MIC. Three 

biological replicates were performed for each bacterial isolate, and a drug-

sensitive control strain was included for each antimicrobial tested.  

2.7.2 Agar dilution method  

The agar dilution method was also used to determine the MIC of antimicrobials 

against bacterial strains.  

Overnight cultures were diluted 1:10,000 before 5 µL spots were inoculated 

onto agar plates supplemented with antimicrobials at doubling dilutions using 

a 96-well pin replicator. Plates were incubated at 37 °C for 18 ï 24 hours, then 

observed for colonies. The lowest concentration of antimicrobial that inhibited 
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bacterial growth was recorded as the MIC. Start and stop plates with no drug 

were included as controls, and two biological replicates were performed for 

each isolate. A drug-sensitive control strain was also included for each 

antimicrobial tested.  

2.8 MUTANT SELECTION 

To select for antibiotic-resistant mutants, 10 mL overnight cultures were 

prepared, then subjected to centrifugation at 2000 x g at 20 °C for ten minutes. 

After discarding the supernatant, the pellets were resuspended in 1 mL MH 

broth before inoculating 100 µL into an even lawn onto MH agar plates 

supplemented with appropriate antibiotics at a range of concentrations. After 

incubating overnight, colonies were recovered from the plates, grown in broth 

supplemented with relevant antibiotics and stored for further analyses to 

confirm the phenotype and genotype of the selected colonies, via antimicrobial 

susceptibility testing and sequencing, respectively.  

2.9 TESTING PLASMID STABILITY  

The stability of pHYCTX14 within bacterial strains was tested, as plasmid 

persistence was required in the absence of selective pressure.  

Overnight cultures of bacterial strains carrying the plasmid were prepared. 

Each day, 5 µL of culture was passaged into 5 mL fresh broth and incubated 

at 37 °C overnight. After seven days, a small sample of culture was streaked 

onto agar supplemented with 8 µg/mL cefotaxime for plasmid selection to 

confirm whether the plasmid remained within the bacterial population. 

Furthermore, cells were diluted 1:10,000,000 and 40 µL was inoculated into 

an even lawn onto agar plates with and without cefotaxime. After incubation, 

the CFU was calculated to give an indicator of the proportion of cells that kept 

or lost the plasmid after seven days.  
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2.10 GROWTH CURVES 

The differences between the growth rates of bacteria under different 

conditions were measured over 18 hours.  

Stock solutions of the chemicals to be used were prepared in LB without (w/o) 

NaCl broth. Chemicals were added to a 96-well plate and diluted to double the 

required concentration using LB w/o NaCl to a final volume of 100 µL in each 

well. Overnight cultures were diluted 1:10,000 in LB w/o NaCl broth, and 100 

µL was added to the wells. Using the BioTek LogPhase 600 Microbiology 

Reader (Agilent), absorbance in each well at 600 nm was measured every 20 

minutes for 18 hours. Four biological replicates were performed for each 

concentration of chemical tested alongside a bacterial control with no 

additional chemicals. A broth control to test for sterility was also included in 

each 96-well plate.  

2.11 BIOFILM ASSAYS  

2.11.1 Biofilm competition assay  

To obtain an indication of how well various E. coli isolates and S. Typhimurium 

14028S could co-exist together within a biofilm, the two species were grown 

in competition with each other using an adapted version of the biofilm evolution 

model developed previously (Trampari et al., 2021). 

Overnight cultures of the two species of bacteria were prepared, and 50 µL of 

both species was inoculated into 5 mL LB broth w/o NaCl in glass universal 

tubes. A sterile 5 mm glass bead (18406, Sigma) or 6 mm stainless steel bead 

(6 mm, AISI 316, Simply Bearings Ltd) was added to the universals using 

sterile tweezers to be used as the substrate for biofilm formation, and the 

cultures were incubated horizontally at 37 °C, 100 rpm, for approximately 48 

hours to encourage biofilm formation. After 48 hours, beads were removed 

from the universals using sterile tweezers, washed in 10 mL PBS to remove 

planktonic cells and placed into microcentrifuge tubes containing 1 mL PBS. 

Each bead was then vortexed vigorously for 30 seconds to displace biofilm 

cells into the PBS. Cells were then diluted 1:10,000, and 100 µL was 
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inoculated into an even lawn onto LB agar plates supplemented with X-Gal 

and IPTG to differentiate the two species via blue/white screening. After 

incubating the plates at 37 °C overnight, the number of blue (E. coli) and white 

(S. Typhimurium) colonies were recorded, and the CFU of each strain at the 

end of the experiment was used to indicate how well they could co-exist 

together in a biofilm. Four biological replicates were carried out per pair of 

bacterial isolates, and monospecies biofilm controls for both species were also 

included.  

2.11.2 Biofilm productivity assay  

A biofilm productivity assay was used to determine whether plasmid carriage 

and/or selection for specific single nucleotide polymorphisms (SNPs), 

conferring resistance to antibiotics, affected biofilm formation in S. 

Typhimurium 14028S or the E. coli food isolates.  

Adapting the previous protocol (2.9.1), monospecies biofilms were grown in 5 

mL LB w/o NaCl broth and ten sterile steel beads were used as the substrate 

for biofilm formation. The biofilm cells were recovered in 3 mL PBS and diluted 

before plating onto LB agar plates. After incubation, the number of colonies on 

the plates were recorded to calculate the CFU. Three biological replicates 

were carried out for each strain, and the relevant wild-type strains were also 

included as controls.  

2.12 CONJUGATION ASSAYS  

2.12.1 Conjugation on filter discs  

Conjugation assays on filter discs were used to transfer pHYCTX14 into 

strains of interest (Figure 2.4 ).  

Overnight cultures of the donor and recipient strain were prepared, and 1 mL 

was subjected to centrifugation for three minutes at 13,000 x g. The pellets 

were resuspended in 50 µL LB broth after removing the supernatant. A nylon 

membrane filter disc, 0.45 µM/25 mm (Z290815, Sigma), was sterilised in the 

Stratagene UV Stratalinker® 1800 at 1200µ joules x 100 and placed onto an 
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LB agar plate. After mixing, the donor/ recipient suspension was pipetted onto 

the filter, then incubated at 37 °C for three hours. A filter control (filter on LB 

agar with no bacteria added) was also included. After incubation, the filter was 

transferred into 1 mL LB broth and vortexed vigorously to recover the cells. To 

select for transconjugants, 100 µL of cells were inoculated into an even lawn 

onto LB agar supplemented with antibiotic to select for the recipient strain, as 

well as 8 µg/mL cefotaxime to select for the plasmid. For the controls, cells 

were diluted 1:10,000 and 100 µL was inoculated onto LB agar and LB agar 

supplemented with antibiotics to select for the donor and the recipient strain, 

respectively. The donor and recipient strains were also inoculated onto LB and 

various selective media as controls. Colonies yielded on LB agar 

supplemented with antibiotics to select for transconjugants were randomly 

selected for PCR to confirm that they were the expected species and carried 

the plasmid. Confirmed transconjugants were stored for further use. 
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Figure 2.4 ï Conjugation assays on filter discs 
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2.12.2 Conjugation in a multispecies biofilm model  

The model used for the biofilm competition assays (2.9.1) was adapted to 

conjugate plasmids between two species within a biofilm context (Figure 2.5 ). 

The model was set up with the donor and recipient strain as previously 

described, with ten steel beads as substrate for biofilm formation. Where a 

stressor was added to the model to investigate its impact on conjugation 

efficiency, a stock solution of the chemical was prepared as detailed previously 

(2.10), and the desired amount was added to the universal before incubation. 

After incubating, biofilm cells were recovered in 3 mL LB w/o NaCl and 

incubated at 4 °C for 120 minutes to resuscitate cells and restore cefotaxime 

resistance phenotype. For transconjugant selection, 100 µL of biofilm cells 

recovered were inoculated into an even lawn onto LB agar supplemented with 

antibiotics to select for the recipient strain, as well as 2 µg/mL cefotaxime to 

select for the plasmid. For the controls, the cells were serially diluted 1:10,000, 

and 5 µL of each dilution was spotted onto LB agar, LB supplemented with 

antibiotics to select for the donor and the recipient strain, respectively, and LB 

supplemented with X-Gal and IPTG. A time-zero measurement was also taken 

at the beginning of the experiment to determine whether even numbers of 

donor and recipient cells were initially inoculated into the model. A 50 µL 

sample from universal tubes inoculated with both the donor and recipient 

strains was taken and diluted 1:10,000 before 50 µL was inoculated into an 

even lawn on LB agar, supplemented with X-Gal and IPTG for blue/white 

screening.  

Four biological replicates were carried out per pair of bacterial isolates, and 

two monospecies biofilm controls for both species were also included. The 

monospecies controls were grown under no stress and recovered using the 

same method as the multispecies biofilms. Cells were serially diluted 1:10,000, 

and 5 µL of each dilution was spotted onto LB and the various selective media 

as controls. Colonies yielded on LB agar supplemented with antibiotics to 

select transconjugants were randomly selected for PCR to confirm that they 

were the expected species and carried the plasmid. Colonies were also 
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inoculated onto XLD and Brilliance Salmonella agar to check for the expected 

phenotype.  

The number of colonies recovered on the plates were recorded to calculate 

CFU, which was then used to calculate conjugation efficiency using the 

following formulas: 

To calculate the ratio of donor cells per recipient cell available at time zero: 

ὙὥὸὭέ έὪ Ὠέὲέὶ ὧὩὰὰί ὴὩὶ ὶὩὧὭὴὭὩὲὸ ὧὩὰὰ

Ὀέὲέὶ ὅὊὟ ὥὸ ὸὭάὩ ᾀὩὶέ
ὙὩὧὭὴὭὩὲὸ ὅὊὟ ὥὸ ὸὭάὩ ᾀὩὶέ

ρ
 

 

To calculate the normalised transconjugant CFU: 

ὔέὶάὥὰὭίὩὨ ὸὶὥὲίὧέὲὮόὫὥὲὸ ὅὊὟ

ρ

ὙὥὸὭέ έὪ Ὠέὲέὶ ὧὩὰὰί ὴὩὶ ὶὩὧὭὴὭὩὲὸ ὧὩὰὰ
Ø ὸὶὥὲίὧέὲὮόὫὥὲὸ ὅὊὟ 

 

To calculate the normalised conjugation efficiency: 

ὔέὶάὥὰὭίὩὨ ὧέὲὮόὫὥὸὭέὲ ὩὪὪὭὧὭὩὲὧώ
ὔέὶάὥὰὭίὩὨ ὸὶὥὲίέὲὮόὫὥὲὸ ὅὊὟ

ὙὩὧὭὴὭὩὲὸ ὥὲὨ ὸὶὥὲίὧέὲὮόὫὥὲὸ ὅὊὟ
  

 

. 
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Figure 2.5 ï The multispecies biofilm conjugation model 
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2.13 TRADIS 

To investigate important genes for plasmid acceptance in E. coli and 

Salmonella using Transposon Directed Insertion-site sequencing with 

expression (TraDIS-Xpress), pHYCTX14 was conjugated into an E. coli 

BW25113 transposon mutant library (Yasir et al., 2020) and an S. 

Typhimurium transposon mutant library (Holden et al., 2022).  

2.13.1 Conjugating pHYCTX14 into transposon mutant 

libraries  

A 15 mL overnight culture of the donor strain was prepared. For the mutant 

library (the recipient), a 15 µL aliquot (approximately 107 mutants) of glycerol 

stock was inoculated into 15 mL LB broth and incubated for one hour at 37 °C. 

Both cultures were subjected to centrifugation in 1 mL aliquots at 13,000 x g 

in sterile microcentrifuge tubes, and pellets were resuspended in 50 µL LB 

broth after discarding the supernatant. The aliquots of donor and recipient 

strains were mixed and pipetted onto sterile nylon membrane filters. After 

incubation, the cells on the filters were recovered in LB broth. Filters were split 

into sets of three, and each set was placed into 3 mL broth. The cells recovered 

from the filters were inoculated onto bioassay plates (CLS431111, Sigma) 

supplemented with 50 µg/mL kanamycin and 8 µg/mL cefotaxime, and 

incubated overnight at 37 °C. The following day, colonies from the plates were 

directly resuspended in LB broth. An appropriate volume of 100% glycerol was 

added to give a final concentration of 20 ï 25% glycerol, and 1 mL aliquots 

were made in cryovials for storage at -80 °C for E. coli, and -20 °C for S. 

Typhimurium.  

2.13.2 Exposure of transposon mutant libraries to cefotaxime  

As a control, the mutant libraries were exposed to cefotaxime to identify the 

baseline of genes that were important for survival to the antibiotic rather than 

for acceptance of the plasmid.  
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The protocol detailed above was followed, with the absence of the donor strain, 

and cells were recovered on bioassay plates supplemented with 50 µg/mL 

kanamycin and cefotaxime at a range of concentrations up to 8 µg/mL.  

2.13.3 Genomic DNA extraction for library preparation and 

sequencing  

The Zymo Quick DNA miniprep kit (D3024, Zymo Research) was used to 

extract DNA from the mutant libraries. The bacterial sample for DNA extraction 

was prepared by adding 170 µL DNA elution buffer (included in the kit) to 30 

µL glycerol stock, and then the protocol for biological fluids and cells was 

followed according to the manufacturerôs instructions.  

The DNA was quantified using Qubit and normalised to 12 ng/µL using 

molecular-grade water for library preparation and sequencing following the 

protocol detailed in (Holden et al., 2022).   

2.13.4 Data analysis  

FastQ files generated from sequencing were aligned to reference genomes 

and analysed using QuaTraDIS (version 1.3.3), using BWA (version 0.719 -

r1273). QuaTraDIS was built on previous TraDIS analysis tools, BioTraDIS 

(Barquist et al., 2016) and AlbaTraDIS (Page et al., 2019). Sequences arising 

from the E. coli BW25113 mutant library were aligned to CP009273 (Grenier 

et al., 2014), and S. Typhimurium sequences were aligned to CP001363 for S. 

Typhimurium ATCC 14028S (Jarvik et al., 2010).  

QuaTraDIS was used to align the sequencing reads that contained the 

transposon tag sequence to the corresponding reference genome to create 

plot files. The mapping quality cutoff score (m) was set to zero, and all other 

parameters were left as default. Plot files created were further analysed in 

QuaTraDIS using the comparison pipeline to determine significant differences 

between insertion frequencies between the control and test conditions for each 

gene. Genes with a q-value (p-value corrected for false discovery rate) < 0.01 

were recorded as being significantly different between the control and test 

conditions. The plot files were visualised in Artemis (version 18.2.0) (Carver et 
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al., 2012) to analyse the differences in transposon insertion frequencies 

manually, and these results were compared to those from the comparison 

pipeline to generate a list of genes for further experiments.  

2.13.4.1 Pathway  enrichment analysis  

The list of genes recorded as important, or essential, for plasmid acceptance 

in the comparison pipeline, indicated by a q-value <0.01 and a negative log 

fold-change (logFC), were analysed using ShinyGo (version 0.82) (Ge et al., 

2020), a pathway enrichment tool, to identify the main pathways the genes are 

involved in. For the gene list generated from the E. coli mutant library, the 

species was set to Escherichia coli str. K-12 substr. MG1655 (STRING. 

511145.Escherichia) for the analysis, and for S. Typhimurium, the species was 

set to Salmonella enterica subsp. enterica serovar Typhimurium (STRING. 

90371.Salmonella). All parameters in the tool were left as default.    

2.14 BIOINFORMATIC METHODS 

Sequencing data obtained during the project was stored on the Quadram 

Institute Bioscience Integrated Rapid Infectious Disease Analysis (IRIDA) 

platform (version 19.09.2) (Matthews et al., 2018) and Galaxy interface 

(version 23.0) (Afgan et al., 2018).  

2.14.1 Galaxy interface  

2.14.1.1 Quality control of sequencing reads  

Read quality reports  

Sequencing reads generated were analysed with FastQC (version 

0.72+galaxy1) (Andrews., 2024) to generate read quality reports and check 

that sequences were of suitable quality for genome assembly.  
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Taxonomic profiling of reads  

To ensure that the sequencing reads were not contaminated, a taxonomic 

profile of the reads was obtained using Kraken2 (version 2.1.1+galaxy1) 

(Wood and Salzberg, 2014) and Bracken (version 2.8) (Lu et al., 2017).  

The fastq.gz files were processed using fastp (version 0.23.2+galaxy0) (Chen 

et al., 2018). Qualified quality Phred was set at 20, and all other parameters 

were kept as default. To assign taxonomic labels to the sequences, output files 

from fastp were ran in Kraken2. The confidence interval was set to 0.1, and all 

other parameters were left as default. Sequences were queried against the 

k2_nt_20230502 bacterial database.  

Using the report output from Kraken, Bracken was used to estimate the 

abundance of the bacterial species found in the sequences. The kmer 

distribution was set to k2_nt_20230502, and all other settings were left as 

default.  

2.14.1.2 Genome assemblies and annotations  

Short -read genome assembly  

For short-read DNA assemblies, reads generated from Illumina sequencing 

were assembled using Shovill (version 1.1.0+galaxy0) (Seemann, 2017).  

Hybrid genome assembly  

To obtain polished hybrid genome assemblies, long-read DNA sequences 

generated from ONT sequencing were first assembled and then polished 

using the short-read sequences. An overview of the workflow used is 

illustrated in Figure 2.6 . All parameters for these tools were left as default 

unless otherwise specified. 
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Figure 2.6 ï Overview of the workflow used to assemble hybrid bacterial 
genomes in the Galaxy interface 
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Long-read genome assembly 

The quality of the raw sequencing reads were checked in Nanostat (version 

0.1.0) (De Coster et al., 2018) and filtered by quality using Filtlong (version 

0.2.0) (Wick, 2017). The parameters used for Filtlong were: 

¶ Input: Raw nanopore fastq file 

¶ Output threshold: 

o Min. length = 1000 

o Min. mean quality = 50 

 

Filtered reads were assembled using Flye assembler (version 2.5) (Lin et al., 

2016, Kolmogorov et al., 2019) using the following parameters: 

¶ Input: Filtered fastq from Filtlong 

¶ Mode: nanopore raw 

¶ Estimated genome size = 4.8m 

¶ Reduced coverage for initial contig assembly: 50 

 

The assembled genome was then polished twice using Racon (version 1.3.1.1) 

(Vaser et al., 2017), using the prebuilt in-house Racon_polishing_2_rounds 

workflow. Parameters in the workflow were set to: 

¶ Input: filtered nanopore reads from Filtlong  

¶ Produce an overlaps file in Map with minimap2 (version 2.12) (Li, 2018, 

Li and Durbin, 2009, Li and Durbin, 2010):  

o Reference: Scaffold file from Flye assembly  

o Single or paired-end reads: single  

o Fastq dataset: Raw nanopore reads  

o Output format: BAM/SAM  

¶ Target sequence: Scaffold assembly from Flye assembler 

 

The output polished assembly from Racon was checked for completeness 

using checkm lineage_wf (version 1.0.11) (Parks et al., 2015) and then further 
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polished using medaka_consensus (version 0.11.5) (Nanoporetech, 2018) 

using the parameters detailed below: 

¶ Basecalled data: Filtered reads  

¶ Draft assemblies: Output from Racon  

¶ Model: r941_min_high_g303 

 

Completeness of the polished genome was checked using checkm lineage_wf, 

then the order and orientation of the genome assembly was calculated using 

socru (version 2.2.4) (Page and Langridge, 2019).  

Polishing the long-read genome assembly using short-read sequences 

The assembly obtained from the previous step was polished using Polypolish 

(version 0.5.0) (Wick and Holt, 2022) using the following parameters: 

¶ Assembly: FASTA output from medaka_consensus   

¶ Input reads type or collection: paired end/paired collection  

o Forward reads (R1): forward reads from Illumina sequencing  

o Reverse reads (R2): reverse reads from Illumina sequencing 

 

Finally, polka (version 4.0.9) (Zimin and Salzberg, 2020) was used to improve 

the consensus accuracy in genome assemblies. Parameters were set to: 

¶ Long read assembly: Output from Polypolish 

¶ Input reads type or collection: Paired end/ paired collection 

o Forward reads (R1): forward reads from Illumina sequencing  

o Reverse reads (R2): reverse reads from Illumina sequencing 

Genome annotations  

Assembled genomes were annotated using Bakta (version 1.6.1+galaxy0) 

(Schwengers et al., 2021) and the Bakta database V5.1_2024-01-19.  
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2.14.1.3 Multilocus sequence typing  

The ST of bacterial isolates were determined using multilocus sequence typing 

(MLST) (Version 2.16.1) (Seemann, 2016b) using the default programme 

parameters. Where the tool was unable to call the full allelic profile of a 

genome, and therefore unable to provide the ST of an isolate, the locus 

combination given by the tool was manually queried against the MLST 

(Achtman) scheme in PubMLST (Jolley et al., 2018) to obtain the ST.  

2.14.1.4 Screening of contigs for antimicrobial and virulence genes  

Assembled contigs were screened for antimicrobial and virulence genes using 

ABRicate (version 0.9.7) (Seemann, 2016a), against the following databases:  

National Centre of Biotechnology Information (NCBI) AMRFinderPlus 

(Feldgarden et al., 2019); Comprehensive Antibiotic Resistance Database 

(CARD) (Jia et al., 2017); ResFinder (Zankari et al., 2012); Antibiotic 

Resistance Gene-ANNOTation (ARG-ANNOT) (Gupta et al., 2014); Virulence 

Factor Database (VFDB) (Chen et al., 2016); PlasmidFinder (Carattoli et al., 

2014); EcOH (Ingle et al., 2016); and MEGARes 2.0 (Doster et al., 2019).  

2.14.1.5 Calling for single nucleotide polymorphisms  

Snippy  

Snippy4 (version 4.4.3+galaxy2) (Seemann, 2015) was used to identify SNPs 

between short-read sequence data from bacterial isolates of interest and 

reference genomes previously published or obtained via hybrid genome 

assembly.  

Mapping and manual confirmation of single nucleotide polymorphi sms 

To manually confirm SNPs, short-read sequence reads were mapped against 

the corresponding unannotated reference genome using Bowtie2 (version 

2.3.4.3+galaxy0) (Langmead and Salzberg, 2012, Langmead et al., 2009). 

The BAM file obtained from mapping was read against the annotated 

reference genome in Artemis, and where SNP marks were observed through 
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all the sequencing reads, the amino acid substitution was verified via manual 

curation of the gene sequence. 

2.14.2 IRIDA pipelines  

A range of pipelines were available in the IRIDA platform for the assembly and 

annotation of short-read DNA sequences.  

Genome assemblies using the IRIDA Assembly and Annotation pipeline (last 

accessed in 2022) were completed using Quast (version 5.0.2) (Gurevich et 

al., 2013) to check sequence read quality and Shovill (version 1.0.4) for 

genome assembly. MLST (version 2.16.1) was used to determine the ST of 

bacterial isolates, and screening of antimicrobial and virulence genes was 

completed using ABRicate 0.8.  

2.14.3 Plasmid characterisation  

2.14.3.1 Plasmid incompatibility type  

To verify the incompatibility type of a plasmid, the plasmid sequence was 

submitted to PlasmidFinder 2.1 (Carattoli et al., 2014). Incompatibility type was 

predicted against the Enterobacteriales database, and parameters were left 

as default.  

2.14.3.2 Comparison of plasmid sequences  

Artemis comparison tool  

Artemis comparison tool (ACT) (Carver et al., 2005) was used to compare the 

sequences of pHYCTX14 and other reported plasmids to identify areas of 

similarities and differences between the sequences.  

To obtain the ACT crunch file required in ACT, a Basic Local Alignment Search 

Tool (BLAST) database of pHYCTX14 was made using NCBI BLAST+ 

makeblastdb (version 2.10.1 + galaxy0) (Altschul et al., 1997, Camacho et al., 

2009, Cock et al., 2015). The crunch comparison file was then created by 

performing a BLASTn of the plasmid sequences of interest (the nucleotide 
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query sequences) against the BLAST database using NCBI BLAST+ blastn 

(version 2.10.1 + galaxy0). Results were visualised using ACT in Artemis.  

BLAST ring image generator  

BLAST ring image generator (BRIG) (Alikhan et al., 2011) was used to 

illustrate the similarities and differences between multiple plasmid sequences 

within one figure.  

Manual curation of a plasmid map  

To manually curate the pHYCTX14 plasmid map, the nucleotide and protein 

sequence of each feature on the plasmid was extracted from the plasmid 

sequence. The sequences were queried against the NCBI (Sayers et al., 2024) 

and Uniprot (Consortium, 2022) databases using BLASTn and BLASTp. The 

best matches from both databases were compared and analysed, and a fully 

annotated map of pHYCTX14 was created in SnapGene (Snapgene, 2025). 

The oriT on the plasmid was estimated using OriTfinder2 (Li et al., 2018b), 

with all parameters left as default.   

Estimating plasmid copy number  

Plasmid copy number was estimated by dividing the average read depth of the 

plasmid contig from chromosomal contigs.  

2.15 DATA VISUALISATION AND STATISTICAL ANALYSES  

Unless otherwise stated, data visualisation and statistical analyses were 

performed in GraphPad Prism (version 10.4.1) (Prism, 2024). Analyses 

performed are described in detail in the relevant chapters. Some statistical 

analyses were done in consultation with the Quadram Instituteôs in-house 

statistician, George Savva, and these are described in detail in Chapter 6 .  
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CHAPTER 3:  

SELECTING A CANDIDATE 

PLASMID TO BE USED IN THE 

MULTISPECIES BIOFILM MODEL  

 

ñScience is about exploring, and the only way to uncover the 

secrets of the universe is to go and lookò  

< Brian Edward Cox >  
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3.1 INTRODUCTION 

MGEs are widely recognised for the role that they play in the spread of AMR 

via HGT in bacterial populations (Dimitriu, 2022). Many types of MGEs, 

including bacteriophages, transposons, insertion sequences (IS) and plasmids, 

contribute to the spread of AMR (Tokuda and Shintani, 2024). However, the 

conjugation of plasmids encoding AMR genes has been recognised as one of 

the major mechanisms that has led to the rapid and global dissemination of 

MDR bacteria (Fursova et al., 2022). Conjugative plasmids can also act as 

vectors for the mobilisation of non-intercellularly transferable MGEs carrying 

AMR genes, such as transposons (Rozwandowicz et al., 2018, Tokuda and 

Shintani, 2024), into bacterial cells where they can then integrate into the 

bacterial chromosome or other plasmids (Yao et al., 2022).  

For this study, a conjugative plasmid encoding a clinically relevant AMR gene 

was required to monitor the movement of plasmids within a multispecies 

biofilm community. Therefore, the first step was to select and characterise a 

candidate plasmid for this project.  

3.2 AIMS AND OBJECTIVES  

¶ Screen a collection of isolates for mobilisable plasmids encoding 

resistance genes of interest to select a suitable candidate for this study. 

¶ Fully characterise the candidate plasmid. 

3.3 RESULTS 

3.3.1 Analysis of different strains carrying clinically relevant  

resistance genes on mobile genetic elements  

To identify potential plasmids that could be used to model the impact of 

different stresses on plasmid movement, a large collection of strains available 

within the group was initially screened (Chapter 2 ) for clinically relevant AMR 

genes such as bla genes, encoding beta-lactam resistance (Lee et al., 2015), 

and ant, aac or aph genes, encoding resistance against aminoglycosides 

(Kallová et al., 1997).    
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These isolates represented various Gram-negative species collected from 

past studies that were characterised for AMR. Based on previous analyses of 

their AMR profiles, it was considered likely that they would carry relevant 

resistance genes on common plasmid types. 

3.3.1.1 Isolates carrying blaCTX-M 

A collection of 15 clinical isolates acquired as part of a study investigating the 

carriage of plasmids encoding blaCTX-M in faecal samples of healthy volunteers 

returning to the United Kingdom from South Asia was investigated (Bevan et 

al., 2021). These isolates were previously annotated as being E. coli and 

identified to carry variations of the blaCTX-M gene, although no sequence data 

was available, and it was unclear whether the genes were chromosomally 

integrated or carried on a plasmid.  

To gain more genomic information for further characterisation, these isolates 

were recovered from glycerol stocks, and DNA was sequenced using ONT 

technology. Of the 15 isolates, six were successfully revived and sequenced. 

However, due to contamination introduced during the sequencing run, high-

quality sequence data and long-read genome assemblies were only obtained 

for two isolates.  

The MLST and AMR profiles of these isolates were confirmed, and the 

genomes were analysed in Artemis (Carver et al., 2012) to identify plasmid 

contigs within transfer machinery (tra genes). The nucleotide sequences of the 

contigs encoding blaCTX-M were extracted and compared to isolates in the NCBI 

database (Sayers et al., 2024) using BLASTn (Camacho et al., 2009) to 

confirm whether the sequences were similar to previously reported bacterial 

chromosomal or plasmid sequences, and to predict whether the AMR genes 

were chromosomally integrated or encoded on plasmids. Where relevant, 

contig sequences were also submitted to PlasmidFinder 2.1 (Carattoli et al., 

2014) to predict the plasmid incompatibility type (Table 3.1 ).  
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3.3.1.2 Isolates from Nigeria  

A separate collection of bacterial isolates obtained in a study investigating the 

prevalence of MDR in clinical Gram-negative pathogens in Nigeria (Ogbolu et 

al., 2011) was also analysed for genes of interest. Short-read sequence data 

was available for these isolates, and their genomes had also been annotated 

previously. However, as the genome assembly and annotation tools had 

received updates since the study was first conducted, the sequences of these 

isolates were reassembled and annotated using the pipeline available on the 

IRIDA platform (Matthews et al., 2018).  

Several isolates in this collection were found to carry blaNDM, blaCTX-M, and ant 

genes that confer resistance to clinically relevant antibiotics. Analysis of the 

annotated genomes and results from BLASTn suggested that these genes 

were carried on mobile plasmids and could be valuable candidates for future 

experiments. As before, contig sequences were submitted to PlasmidFinder 

2.1 to identify the plasmid incompatibility type (Table 3.1 ). 
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Table 3.1 ï Bacterial isolates carrying resistance genes of interest  

Name Source  Organism  
AMR gene  
of interest  

Location of 
the AMR gene  
(Chromosome  

/plasmid)  

Incompatibility  
type  

Transfer 
machinery  

Top 5 matches in 
BLASTn  

EC-HY-3 
(Bevan 
et al., 
2021) 

E. coli  blaCTX-M-14 Plasmid IncFII traI, traD 

¶ Shigella sonnei 
plasmid pEG430-2, 
strain EG0430 

¶ Klebsiella 
pneumoniae isolate 
INF310-sc-2280104 
genome assembly, 
plasmid: 5 

¶ Escherichia coli 
isolate MINF_1A-sc-
2280431 genome 
assembly, plasmid: 3 

¶ Escherichia coli 
isolate MSB1_3B-sc-
2280406 genome 
assembly, plasmid: 3 

¶ Escherichia coli 
isolate MSB1_9I-sc-
2280417 genome 
assembly, plasmid: 3 
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Table 3.1 cont.  

  

EC-HY-4 
(Bevan 
et al., 
2021)                   

E. coli  blaCTX-M-15 Chromosome N/A 
Tn3 family 

transposase 
Tn2 

¶ Escherichia coli strain 
CVM N17EC1164 
chromosome, 
complete genome 

¶ Escherichia coli 
isolate 2-101 
chromosome, 
complete genome 

¶ Escherichia coli 042 
chromosome, 
complete genome 

¶ Escherichia coli strain 
A1_181 chromosome, 
complete genome 

¶ Escherichia coli strain 
K71-77 chromosome, 
complete genome 
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Table 3.1 cont.   

ECS6 Nigeria Acinetobacter  blaNDM-1 
Chromosome/ 

plasmid 
Unknown 

Mob proteins &  
family 

transposase 
ISAba125 

¶ Acinetobacter 
baumannii strain 
VB473 
chromosome, 
complete genome 

¶ Acinetobacter 
schindleri strain 
HZE23-1 plasmid 
pHZE23-1-1, 
complete 
sequence 

¶ Acinetobacter 
defluvii strain 
WCHA30 
chromosome, 
complete genome 

¶ Acinetobacter 
towneri strain 
G295 plasmid 
pNDM-GJ02, 
complete 
sequence 

¶ Acinetobacter 
baumannii genome 
assembly 
Acinetobacter 
baumannii CHI-32, 
plasmid: pNDM-32 



107 | P a g e  
 

Table 3.1 cont.   

ECS6 Nigeria Klebsiella blaCTX-M-15 Plasmid Unknown 
Tn3 family 

transposase 
Tn2 

¶ Klebsiella 
quasipneumoniae 
strain dm978b 
plasmid 
p_dm978b_NDM1, 
complete sequence 

¶ Klebsiella 
pneumoniae strain 
dm883b plasmid 
p_dm883b_NDM1, 
complete sequence 

¶ Klebsiella 
pneumoniae strain 
dm803b plasmid 
p_dm803b_NDM5, 
complete sequence 

¶ Klebsiella 
pneumoniae strain 
dm749b plasmid 
p_dm749b_NDM5, 
complete sequence 

¶ Escherichia coli 
strain dm655 
plasmid 
p_dm655_NDM5, 
complete sequence 
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Table 3.1 cont.   

ECS7 Nigeria E. coli blaCTX-M-15 Plasmid Unknown 

IS1380 family 
transposase 

ISEcp1,  
Tn3 family 

transposase 
Tn2 

¶ Escherichia coli 
plasmid p2, 
complete sequence 

¶ Escherichia coli 
plasmid p1, 
complete sequence 

¶ Klebsiella 
pneumoniae 
isolate Kpn2166 
genome assembly, 
plasmid: pCTX-
M15_Kpn2166 

¶ Escherichia coli 
strain 
WCHEC96200 
plasmid 
pCTXM15_000200, 
complete sequence 

¶ Escherichia coli 
strain 
WCHEC000837 
plasmid 
pCTXM15_000837, 
complete sequence 



109 | P a g e  
 

Table 3.1 cont.   

ECS14 Nigeria Acinetobacter ant(2")-Ia Plasmid Unknown 
IS6 family 

transposase 
IS15DII 

¶ Acinetobacter 
baumannii strain J9 
plasmid pJ9-1, 
complete sequence 

¶ Klebsiella oxytoca 
strain 
FDAARGOS_500 
plasmid unnamed1, 
complete sequence 

¶ Acinetobacter 
baumannii strain 
FDAARGOS_533 
plasmid unnamed2, 
complete sequence 

¶ Acinetobacter 
baumannii strain 
A297(RUH875) 
plasmid pA297-1 
(pRAY*), complete 
sequence 

¶ Acinetobacter 
baumannii strain 
Nord4-2 plasmid 
pR32_3, complete 
sequence 
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Table 3.1 cont.

PID_0159_DO9 Nigeria Acinetobacter ant(2")-Ia Plasmid Unknown 
None 

observed 

¶ Acinetobacter 
baumannii strain 
Nord4-2 plasmid 
pR32_3, complete 
sequence 

¶ Uncultured prokaryote 
from Rat gut 
metagenome 
metamobilome, 
plasmid pRGRH0627 

¶ Acinetobacter 
baumannii strain 
ACN21 plasmid 
unnamed6, complete 
sequence 

¶ Acinetobacter 
baumannii LAC-4 
plasmid pABLAC2, 
complete sequence 

¶ Acinetobacter 
baumannii strain 
MC23 plasmid 
pMC23.3, complete 
sequence 
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3.3.2 Selecting and characterising a candidate plasmid  

Information on the location and mobility of relevant AMR genes encoded by 

the isolates collected during previous studies was collated (Table 3.1 ) and 

evaluated to select a suitable candidate to be used in a multispecies biofilm 

model.   

Given that this study planned to focus on Gram-negative bacterial species, the 

increasing clinical prevalence of beta-lactamase-producing Gram-negative 

bacteria harbouring genes such as blaCTX-M, blaTEM or blaSHV, that encode 

ESBLs (El Aila et al., 2023), or blaNDM, which confers resistance to 

carbapenems, a class of antibiotics often reserved to treat severe infections 

caused by ESBL-producing bacteria (Acman et al., 2022), isolates encoding 

these genes on MGEs were of particular interest. Therefore, those encoding 

ant genes, conferring resistance to aminoglycosides, were omitted from 

consideration.  

Of the isolates in Table 3.1 , four were found to encode variations of blaCTX-M, 

and one was found to encode blaNDM-1. As initial experiments in this study 

aimed to measure the movement of plasmids between bacterial species in a 

multispecies biofilm, chromosomally integrated genes were excluded, and the 

plasmid encoding blaCTX-M-14 in EC-HY-3 was chosen as the candidate for this 

study. This plasmid was selected as it encoded a clinically important 

resistance gene and represented a common plasmid incompatibility type 

harboured by Enterobacteriaceae (Villa et al., 2010). Additionally, in the initial 

analyses, tra genes were identified in the contig sequence, suggesting that the 

plasmid can be conjugated between bacterial cells.  

The complete plasmid sequence was obtained from the annotated hybrid 

genome assembly of EC-HY-3 for further characterisation and to confirm its 

suitability for this project.  
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3.3.2.1 The chosen plasmid is unique, although related to other 

formerly reported plasmids  

The plasmid sequence was compared to those in the NCBI database using 

BLASTn to identify whether it had been reported previously. It was found that 

the plasmid is unique, although it shared a large percentage identity (>99%) 

with some previously described plasmids.  

Various tools were then used to compare the sequence of the candidate 

plasmid, referred to as pHYCTX14 in this study, to those that were closely 

related to assess their similarities and differences.  

Artemis Comparison Tool  

Using ACT (Carver et al., 2005), the relationship between pHYCTX14 and 

plasmid p143-3 from S. enterica strain 143 (Accession number: CP091565.1), 

the most closely related plasmid (percentage identity = 99.77% across 92% of 

the plasmid) in the database, was visualised (Figure 3.1 ).  

As expected, comparison of the two plasmids revealed that they were largely 

similar (Figure 3.1a ), with both plasmids containing a unique region not found 

in the other plasmid sequence. In p143-3, the unique region contained a range 

of hypothetical proteins (Figure 3.1b ), and in pHYCTX14, the unique region 

encoded blaCTX-M-14 alongside two unannotated genes (Figure 3.1c ) (the 

unannotated genes were further investigated in 3.3.2.2).  
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Figure 3.1 ï a) Comparison of p143-3 and pHYCTX14 plasmid sequences visualised in ACT, showing b) the region only encoded on 
p143-3 and c) the region only encoded on pHYCTX14. Red bands represent forward matches and blue bands represent reverse 
matches between the two DNA sequences.  
 

b) 

c) 
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BLAST Ring Image Generator  

To compare pHYCTX14 against a larger range of other similar plasmids, the 

differences between the sequences of the five closest matches (percentage 

identity >99%) from the NCBI database and pHYCTX14 were analysed and 

illustrated using BRIG (Alikhan et al., 2011) (Figure 3.2 ).  

The image generated by BRIG confirmed that pHYCTX14 was distinct, 

although closely related to formerly reported plasmids. Similarly to p143-3, the 

major variation between pHYCTX14 and the four additional plasmids included 

in this analysis was the region between approximately 50000 bp and 55000 

bp in pHYCTX14, where blaCTX-M-14 is encoded.  

 

  

Figure 3.2 - BRIG diagram illustrating the differences between the 
pHYCTX14 sequence (outer black ring) and the sequences of five closely 
related plasmids formerly reported to the NCBI database.  
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3.3.2.2 Curating the pHYCTX14 plasmid map  

As there was a large number of features that were unannotated in the plasmid 

sequence of pHYCTX14, a fully annotated map of the plasmid was manually 

curated to develop a better understanding of the plasmid structure.  

Each coding sequence in the plasmid was extracted and compared against 

the NCBI and Uniprot (Consortium, 2022) databases. The best matches from 

these databases were compared and analysed to determine the best 

annotation for the selected feature. The location of the oriT on the plasmid was 

estimated using oriTfinder2 (Li et al., 2018b). The features were manually 

annotated using SnapGene (Snapgene, 2025) to create the plasmid map 

(Figure 3.3 ). A list of all the features in pHYCTX14, as well as their location 

and size, is given in Table 3.2 .   
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Figure 3.3 ï pHYCTX14 plasmid map   
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Table 3.2 ï Features found on pHYCTX14 

Feature name  Location  Size (bp)  

pHYCTX14_001                               20-922 903 

yhdJ                                       1307-1990 684 

pHYCTX14_003                               1991-2212 222 

pHYCTX14_004                               2226-2660 435 

pHYCTX14_005                               2705-3475 771 

klcA                                       3888-4313 426 

pHYCTX14_007                               4360-4782 423 

pHYCTX14_008                               4779-4970 192 

pHYCTX14_009                               6013-6243 231 

pHYCTX14_010                               6295-7656 1362 

SAM-dependent methyltransferase            7703-8266 564 

pHYCTX14_012                               8266-8532 267 

ssb                                        9127-9654 528 

ydeA                                       9712-9945 234 

parB                                       10006-11970 1965 

psiB                                       12039-12473 435 

psiA                                       12470-13189 720 

flmC                                       13411-13623 213 

pHYCTX14_019                               14524-14820 297 

pHYCTX14_020                               14931-15752 822 

Transglycosylase domain containing 
protein 16049-16338 510 

oriT 16339-16617 278 

traM                                       16972-17355 384 

traJ                                       17547-18194 648 

traY                                       18314-18541 228 

traA                                       18575-18937 363 

traL                                       18952-19263 312 

traE                                       19285-19851 567 

traK                                       19838-20566 729 

traB                                       20566-21993 1428 

traP                                       21983-22573 591 

trbD                                       22512-22880 369 

traV                                       22877-23392 516 

pHYCTX14_033                               23741-24217 477 

pHYCTX14_034                               24316-24534 219 

pHYCTX14_035                               24562-24909 348 

traC                                       25035-27665 2631 

trbL                                       27662-28048 387 

traW                                       28045-28677 633 

traU                                       28674-29666 993 

pHYCTX14_040                               29696-30001 306 

trbC                                       30010-30648 639 

traN                                       30645-32495 1851 

trbE                                       32522-32779 258 
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Table 3.2 cont.  

traF                                       32772-33515 744 

trbA                                       33529-33870 342 

artA                                       33851-34186 336 

traQ                                       34267-34551 285 

trbB                                       34538-35083 546 

trbJ                                       35073-35360 288 

trbF                                       35338-35733 396 

traH                                       35720-37093 1374 

traG                                       37090-39915 2826 

traS                                       39912-40421 510 

traT                                   40435-41166 732 

pHYCTX14_055                               41369-42106 738 

traD                                       42157-44355 2199 

traI                                       44355-49625 5271 

ISEcp1                                     49864-51126 1263 

ISVsa5                                     51261-52469 1209 

bla                                        52714-53589 876 

IS903                                      53604-54036 433 

traX                                       54090-54773 684 

aidA                                       54832-55692 861 

finO                                       55795-56355 561 

yhcR                                       56941-57402 462 

hha                                        57448-57657 210 

pHYCTX14_067                               57695-58285 591 

pHYCTX14_068                         58440-58913 474 

pndA                                       59160-59309 150 

repA                                       59593-59841 249 

repA                                       60153-61010 858 

yacA                                       61923-62192 270 

yacB                                       62189-62470 282 

pHYCTX14_074                               62816-63151 336 

stbA                                      63489-64469 981 

stbB 64472-64894 423 
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pHYCTX14 encodes conjugative machinery  

An oriT and genes from both the Tra and the Trb operons, which are involved 

in the expression of the conjugative T4SS required for conjugation to occur 

(Waksman, 2025), were found on pHYCTX14. The plasmid carried 23 of the 

24 tra genes typically found on type F plasmids (Virolle et al., 2020), and eight 

of the eleven core trb genes (Li et al., 1999) (Table 3.2 ). traR, trbG, trbI and 

trbH were not found in the plasmid sequence.  

Genes required for plasmid stability and vertical transfer of plasmids in 

host cells are encoded on pHYCTX14  

In order to persist within a population of bacterial cells, plasmids often encode 

a range of mechanisms, such as plasmid partitioning (Baxter and Funnell, 

2014) and TA systems (Rawlings, 1999).  

pHYCTX14 was found to encode several genes associated with plasmid 

stability, including stbA and stbB of the StbABC operon, which is involved in 

plasmid partitioning (Quèbre et al., 2022), as well as parB, a gene typically 

expressed alongside parA and parS as part of the ParABS system, also 

involved in plasmid segregation (Broedersz et al., 2014). In addition to this, 

pHYCTX14 encoded the type II TA system, YacAB (Tu et al., 2020).  

A truncated IS903 is located next to bla CT-X-M-14     

Many blaCTX-M genes encoded on plasmids are located adjacent to small 

transposable elements known as IS (Eckert et al., 2005, Touchon and Rocha, 

2007). The blaCT-X-M-14 gene in pHYCTX14 was flanked by two complete IS, 

ISEcp1 and ISVsa5. Observations from the annotated plasmid sequence 

revealed that the gene was also neighboured by an incomplete IS903, which 

was verified by aligning the IS903 amino acid sequence in pHYCTX14 with a 

complete E. coli IS903 amino acid sequence (Accession number: CDN96694) 

using BLASTp (Camacho et al., 2009) (Figure 3.4 ).  
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pHYCTX14 is a low -copy -number plasmid  

The plasmid copy number of pHYCTX14 was estimated to be one to two 

copies per cell by dividing the average read depth of the plasmid contig from 

chromosomal contigs.  

3.4 DISCUSSION 

Several isolates collected during previous studies were found to carry clinically 

important resistance genes, including blaCTX-M, blaNDM and ant, that were 

potentially encoded on MGEs and could be used to monitor the movement of 

AMR genes within a multispecies biofilm.  

From the initial screening, EC-HY-3 was identified to encode blaCTX-M-14, and 

analysis of the contig encoding this gene suggested that the gene was carried 

on an incompatibility type FII conjugative plasmid. IncF plasmids are regularly 

involved in the dissemination of AMR between bacteria of the 

Enterobacteriaceae family (Muthuirulandi Sethuvel et al., 2019), and blaCTX-M 

genes, such as CTX-M-14, encode ESBLs (El Aila et al., 2023). ESBLs confer 

resistance to a wide range of beta-lactam antibiotics, including first-, second-, 

and third-generation cephalosporins (Husna et al., 2023). Clinically, ESBL 

encoding bacteria have caused major challenges for the treatment of Gram-

negative bacterial infections (El Aila et al., 2023), and blaCTX-M-14, as well as 

blaCTX-M-15, are considered the most widespread variants of blaCTX-M worldwide 

(Woodford et al., 2011).  

Detailed characterisation of the full plasmid sequence identified the presence 

of oriT, as well as 23 genes from the Tra operon and eight genes from the Trb 

Figure 3.4 ï Graphical summary of the pHYCTX14 IS903 amino acid 
sequence alignment with a complete E. coli IS903 amino acid sequence 
obtained from BLASTp (Camacho et al., 2009). The red line shows an 
alignment score of >=200. 
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operon on pHYCTX14. The Tra and Trb operons are involved in the 

expression of the T4SS and conjugative pili, which are required for successful 

plasmid conjugation between donor and recipient cells (Waksman, 2025). 

Notably, traR, trbG, trbI and trbH were not encoded on the plasmid.  

The absence of traR from the Tra operon, in addition to trbG, trbI and trbH in 

the trb operon, was not expected to affect the ability of pHYCTX14 to 

conjugate between bacterial cells during this study, as research has shown 

that the absence of these genes does not inhibit conjugation of type F plasmids 

(Maneewannakul and Ippen-Ihler, 1993, Karczmarczyk et al., 2014, 

Maneewannakul et al., 1992, Li et al., 2015). Investigations into mutant pOX38 

plasmids with traR, trbI or trbH deletions revealed that deletion of these genes 

does not impact the rate of conjugation, and the plasmids were able to 

conjugate with the same efficiency as the wild-type plasmid (Maneewannakul 

and Ippen-Ihler, 1993, Maneewannakul et al., 1992). pCA08, an IncF plasmid 

which does not encode trbG, has also been found to be mobile (Li et al., 2015), 

and other previously characterised conjugative type F plasmids, such as 

pEQ011, also encode incomplete Trb operons (Karczmarczyk et al., 2014).  

The morphological structure of conjugative pili encoded on plasmids can be 

split into two phenotypes: short rigid pili, produced by P-type T4SS, that 

promotes conjugation on surface-associated bacterial populations; and long 

flexible pili, produced by F-type T4SS, that promotes conjugation in both 

surface and liquid bacterial communities (Virolle et al., 2020, Lawley et al., 

2003). As pHYCTX14 is an IncFII plasmid, encoding the F-type T4SS, the 

presence of transconjugants in the planktonic phase of the biofilm conjugation 

model was also briefly investigated (Chapter 6 ).  

Comparing pHYCTX14 with plasmids reported to the NCBI database 

determined that the plasmid shared a backbone with those previously 

observed and would be a suitable candidate for future experiments, as it was 

relevant to circulating plasmids found in Gram-negative species of bacteria, 

such as K. pneumoniae and S. enterica, described in past studies. A unique 

region was found between approximately positions 50000 and 55000 in the 

pHYCTX14 sequence, corresponding to the location where blaCTX-M-14 and 
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ISEcp1, ISVsa5 and IS903 are encoded. It is likely that an ancestor of 

pHYCTX14 gained a transposon carrying blaCTX-M-14. A detailed comparison of 

pHYCTX14 with the closely related plasmid p143-3 suggested that some 

genes, between approximately positions 2300 and 12860, were either lost by 

pHYCTX14 or gained by the ancestor of p143-3. Interestingly, the IS903 

flanking blaCTX-M-14 appeared to be truncated. Previous studies have shown 

that blaCTX-M-14 is often flanked with ISEcp1 upstream and IS903 downstream 

(Liao et al., 2015), where ISEcp1 is associated with in the transposition and 

expression of blaCTX-M genes (Zhang et al., 2025a), and IS903 is suggested to 

play a role with the overall structure and integrity of the resistance cassette, 

with the truncation or loss of IS903 often associated with changes to the overall 

structure of the cassette (Zhao and Hu, 2013). There is limited research on 

whether changes to the structure and stability of the resistance cassette as a 

result of a truncated IS903 impacts the mobility of the cassette via 

transposition. Therefore, the ability of blaCTX-M-14 to mobilise from pHYCTX14 

into the bacterial chromosome could not be concluded solely from the 

characterisation of the plasmid sequence, and additional tests were designed 

to determine whether the resistance gene had mobilised into the bacterial 

chromosome during the conjugation experiments in this study (Chapter 4 ).  

The ability of the candidate plasmid to maintain itself within the bacterial 

population in the absence of selective pressure was an important 

consideration for this project. Plasmid profiling of pHYCTX14 indicated that the 

yacA and yacB from the YacAB type II TA system (Tu et al., 2020), as well as 

stbA and stbB from the StbABC partitioning system (Quèbre et al., 2022), were 

encoded on the plasmid.  

Plasmid partitioning systems are particularly important for the persistence of 

low-copy plasmids in bacteria as they ensure that plasmids are segregated 

evenly into daughter cells during bacterial replication (Baxter and Funnell, 

2014, Guynet et al., 2011). Research has shown that the loss of stbC from 

StbABC from the plasmid pR388 did not significantly impact plasmid 

persistence (Guynet et al., 2011). Therefore, the absence of stbC in 

pHYCTX14 was unlikely to affect its stability.  
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TA systems, also known as plasmid addiction systems, promote plasmid 

persistence by encoding a stable toxin (yacB encoded on pHYCTX14) and an 

unstable antitoxin (yacA encoded on pHYCTX14) (McVicker and Tang, 2016, 

Van Melderen, 2010). If the plasmid is not inherited by daughter cells during 

bacterial replication, the antitoxin will be rapidly degraded, and the toxin will 

kill the cells through a process known as post-segregational killing (Van 

Melderen, 2010). To confirm that pHYCTX14 could be maintained without 

antibiotic selection during the experiments in this study, the stability of the 

plasmid in relevant bacterial isolates was tested before proceeding with further 

investigations (Chapter 4 ).  

3.5 CONCLUSIONS 

In this chapter, pHYCTX14, an IncFII plasmid encoding blaCTX-M-14, was 

selected as the candidate plasmid to be used in this study. Comprehensive 

characterisation of the plasmid demonstrated that it would be suitable for the 

experiments planned and could be used to monitor the impact of various 

stressors on the rate of plasmid movement in a multispecies biofilm within a 

real-world context.  

Chapter 4  describes the development of a biofilm bead model to establish 

multispecies biofilm communities using a selection of E. coli food isolates and 

S. Typhimurium 14028S, as well as the conjugation of pHYCTX14 into the 

relevant isolates to build the strain bank required for this project.  
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CHAPTER 4:  

ESTABLISHING A 

MULTISPECIES BIOFILM 

COMMUNITY AND BUILDING 

THE STRAIN BANK  

 

ñScience could predict that the universe must have had a 

beginningò  

< Stephen William Hawking >  
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4.1 INTRODUCTION  

Polymicrobial biofilm communities are common contributors to many bacterial 

infections, and these infections are often challenging to eradicate due to the 

intrinsically resistant nature of biofilms to antimicrobials (Liu et al., 2024). 

Biofilms have also been found to encourage plasmid persistence and promote 

HGT (Uruén et al., 2021). Despite this, the understanding of antimicrobial 

resistance within the scientific community has mainly been built from 

experiments conducted using bacteria in the planktonic state, which is not 

reflective of the biofilm lifestyle that most bacteria exhibit (Trampari et al., 

2021), and the factors that drive movement of plasmids within polymicrobial 

biofilm communities remains to be investigated (Liu et al., 2024).  

In Chapter 3 , the candidate plasmid pHYCTX14 was selected for this study. 

To monitor the movement of this plasmid within a multispecies biofilm, a 

multispecies community consisting of bacterial strains that could stably co-

exist within a biofilm was needed, and E. coli and S. Typhimurium were chosen 

as the candidate species to establish the model biofilm community for this 

project.  

Salmonella is a common pathogen transmitted through the consumption of 

contaminated food products (He et al., 2023) and is one of the leading causes 

of gastroenteritis in humans worldwide (Ehuwa et al., 2021, Zweifel and 

Stephan, 2012). Aside from being a prevalent cause of disease in humans, 

Salmonella also populates the gut of various animals, including birds, dogs 

and reptiles (Ehuwa et al., 2021), where  E. coli is also a common inhabitant 

(Sørum and Sunde, 2001, Silva et al., 2012). Many commensal E. coli in food 

animals have been shown to harbour a range of AMR genes, acting as a 

reservoir of MDR bacteria. These genes can be disseminated to other, 

potentially pathogenic, strains and species of bacteria, such as Salmonella,  

leading to the spread of MDR bacteria to humans through the food chain 

(Szmolka and Nagy, 2013). This is especially concerning given the key role 

Salmonella plays in human gastrointestinal infections (Majowicz et al., 2010).  



126 | P a g e  
 

Studies have shown the mobilisation of MGEs, including plasmids encoding 

AMR genes, for example, blaCTX-M-27 and blaCTX-M-64, between E. coli and 

Salmonella in food-producing animals (Zhao et al., 2021, Zhao et al., 2020), 

as well as the ability for the two species to form mixed-species biofilms (Wang 

et al., 2013, Lin et al., 2022b). IncFII plasmids encoding blaCTX-M-14 have also 

been suggested to be widespread amongst healthy farm animals in countries 

such as China (Szmolka and Nagy, 2013). Considering these factors, E. coli 

and Salmonella were suitable candidates for this study, given the intended use 

of pHYCTX14 (Chapter 3 ) to monitor the rate of plasmid movement within a 

multispecies biofilm in this project.  

Previously, both closed and open biofilm models have been used to study 

plasmids. Examples of closed biofilm models include those that are conducted 

in polystyrene plates where biofilms form on the base and sides of the wells, 

that have been used to investigate the movement of plasmids in Klebsiella 

pneumoniae biofilms (Element et al., 2023), as well as the impact of plasmid 

carriage on biofilm formation (García-Bayona L Auid et al., 2024, Gama et al., 

2020). Open biofilm models, such as those conducted in microfluidic devices, 

have also previously been used to study the real-time movement of plasmids 

between different species of bacteria, such as Pseudomonas putida and E. 

coli (Li et al., 2018a), as well as between bacterial communities from activated 

sludge (Qiu et al., 2018). Studies have also used flow cells to investigate 

plasmid persistence in biofilms formed by P. putida (Røder et al., 2021).  

This chapter describes the development of a bead-based multispecies biofilm 

conjugation model to study plasmid transfer among strains. A selection of E. 

coli food isolates were grown in competition with S. Typhimurium 14028S to 

establish stable multispecies biofilm communities under different growth 

conditions, and pHYCTX14 was conjugated into relevant strains to build the 

strain bank required for this project.  
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4.2 AIMS AND OBJECTIVES  

¶ Select a panel of E. coli food isolates from a previous study to grow in 

competition with S. Typhimurium 14028S in a biofilm context. 

¶ Establish a multispecies biofilm community using E. coli and S. 

Typhimurium 14028S.  

¶ Select for rifampicin and nalidixic acid resistant E. coli and S. 

Typhimurium strains.  

¶ Conjugate pHYCTX14 into rifampicin and nalidixic acid resistant strains 

to build the strain bank. 

¶ Conduct relevant tests to ensure pHYCTX14 could be stably 

maintained within bacterial populations without antibiotic selection. 

¶ Investigate whether SNPs in rpoB or gyrA, as well as carriage of 

pHYCTX14, impact biofilm formation in the E. coli or S. Typhimurium 

strains. 

4.3 RESULTS 

4.3.1 Selecting a panel of E. coli  food isolates  

Ten E. coli food isolates (APPENDIX I) were selected from a panel of various 

isolates isolated from a range of food sources (Janecko et al., 2023) to be 

grown in competition with S. Typhimurium 14028S within a biofilm context. The 

ten isolates chosen represented prevalent STs found in the study and were 

selected based on the criteria that they did not encode transferable AMR 

genes and did not carry IncF plasmids. Additionally, blue colonies were 

recovered when these isolates were inoculated onto LB agar supplemented 

with X-Gal and IPTG, indicating expression of lacZ and synthesis of the ɓ-

galactosidase enzyme. This suggested that the selected E. coli were suitable 

for the proposed multispecies biofilm model, as S. Typhimurium 14028S does 

not encode lacZ and therefore, the two species could be easily differentiated 

using blue/white screening (Figure 4.1 ).  
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a) b) 

Figure 4.1 ï Representative plates of a) E. coli and b) S. Typhimurium 
14028S inoculated onto LB agar supplemented with X-Gal and IPTG. 
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4.3.2 Initial E. coli  and S. Typhimurium competition assays  

An adapted version of the biofilm evolution model (Trampari et al., 2021) was 

used to grow the ten E. coli food isolates obtained from the food survey in 

competition with S. Typhimurium 14028S to see whether any pairs of E. coli 

and Salmonella could co-exist in a mixed-species biofilm. The biofilms were 

initially grown using glass beads as substrate at 37 °C, and blue/white 

screening was used to estimate the CFU/bead of the E. coli and Salmonella 

biofilms recovered.  

Scatter graphs of the CFU were plotted for each pair of E. coli and Salmonella 

(Figure 4.2 ). Three E. coli isolates, EC18LG-0005-1, EC18PR-0008-3 and 

EC18PK-0020-1, were observed to co-exist best with S. Typhimurium 14028S. 

No significant difference was found between the CFU/bead of EC18LG-0005-

1 and Salmonella (Welchôs t-test, p = 0.071) and for EC18PR-0008-3 and 

Salmonella (Welchôs t-test, p = 0.959) when recovered from a mixed species 

biofilm. A significant difference was found between the CFU/bead of EC18PK-

0020-1 and Salmonella recovered from the biofilm (Welchôs t-test, p = 0.034). 

As more variation was observed between the CFU/ bead recovered from the 

other seven E. coli isolates and S. Typhimurium when grown in co-culture, 

these were omitted from further experiments.  
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Figure 4.2 - CFU of E. coli and S. Typhimurium 14028S biofilm cells recovered from glass beads as monospecies (mono) or mixed species (vs 14028S) 
biofilms. Data points represent individual replicates. Green data points represent S. Typhimurium 14028S, and different E. coli isolates were given unique 
colours in a sequential order as indicated by the brackets. Horizontal lines show the mean, and error bars denote one standard deviation above and below the 
mean. For data points where zero was recorded, a pseudocount of 0.1 was plotted. The limit of detection was <1 CFU/ bead. 
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4.3.3 The selected multispecies biofilm communities are 

maintained under different conditions  

Although the p-value calculated indicated a significant difference between the 

CFU of EC18PK-0020-1 and S. Typhimurium recovered from a mixed species 

biofilm, further investigations using EC18PK-0020-1, alongside EC18LG-

0005-1, EC18PR-0008-3, were still conducted as the scatter graph (Figure 

4.2) indicated that the CFU/bead recorded for the two species were still similar.  

To test the stability of the three E. coli and S. Typhimurium biofilm communities 

under different growth conditions, the competition assays were repeated at 37 

°C and 21 °C, using both glass and steel beads as substrates for biofilm 

formation.  

4.3.3.1 E. coli  and S. Typhimurium multispecies biofilms grown at 

37 °C on glass and steel beads  

Similar to the previous results obtained, S. Typhimurium co-existed well with 

EC18LG-0005-1, EC18PR-0008-3 in a biofilm at 37 °C, with no significant 

difference found between the CFU/ bead obtained on both glass (Figure 4.3a ) 

(Welchôs t-test, EC18LG-0005-1 p = 0.226 and EC18PR-0008-3 p = 0.158), 

and steel (Figure 4.3b) (Welchôs t-test, EC18LG-0005-1 p = 0.077 and 

EC18PR-0008-3 p = 0.408). For EC18PK-0020-1, a significant difference was 

found between the CFU/bead of the two species recovered on glass beads 

(Figure 4.3a) (Welchôs t-test, p = 0.002), but no significant difference was 

found when steel beads (Figure 4.3b ) were used as the substrate for biofilm 

formation (Welchôs t-test, p = 0.292).   
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b) 

Figure 4.3 - CFU of E. coli and S. Typhimurium 14028S biofilm cells grown at 37 °C recovered from a) 
glass beads or b) steel beads as monospecies or mixed species (vs 14028S) biofilms. Data points 
represent individual replicates. Green data points represent S. Typhimurium 14028S, and the different 
E. coli isolates were given unique colours as indicated in the figure. Horizontal lines show the mean, and 
error bars denote one standard deviation above and below the mean. For data points where zero was 

recorded, a pseudocount of 0.1 was plotted. The limit of detection was <1 CFU/ bead. 

a) 
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4.3.3.2 E. coli  and S. Typhimurium multispecies biofilms grown at 

21 °C on glass and steel beads  

When grown at 21 °C, all three E. coli isolates co-existed well with S. 

Typhimurium 14028S in a biofilm community on both glass (Figure 4.4a ) and 

steel beads (Figure 4.4b ). No significant differences were observed between 

the CFU recorded for S. Typhimurium 14028S and EC18LG-0005-1, EC18PR-

0008-3, as well as EC18PK-0020-1 on both materials (Welchôs t-test, p = 0.178, 

p = 0.090 and p = >0.999 (glass beads) and p = 0.844, p = 0.465 and p = 0.341 

(steel beads), respectively).   

As no statistically significant differences were observed between the CFU of 

E. coli and S. Typhimurium obtained at both 21 °C and 37 °C on the steel 

beads, and subsequent experiments planned to use steel beads due to its 

relevance to the food production environment (Awad et al., 2018), both 

temperatures were suitable for future biofilm experiments. 37 °C was chosen 

as the initial temperature for downstream experiments as it represents the 

optimal growth temperature for both species.  

  



134 | P a g e  
 

  a) 

Figure 4.4 - CFU of E. coli and S. Typhimurium 14028S biofilm cells grown at 21 °C recovered from a) 
glass beads or b) steel beads as monospecies or mixed species (vs 14028S) biofilms. Data points 
represent individual replicates. Green data points represent S. Typhimurium 14028S, and the different E. 
coli isolates were given unique colours as indicated in the figure Horizontal lines show the mean, and 
error bars denote one standard deviation above and below the mean. For data points where zero was 
recorded, a pseudocount of 0.1 was plotted. The limit of detection was <1 CFU/ bead.  

b) 
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4.3.4 Selected strains were transformable with pUC19  

As it was important in downstream experiments for the selected strains to 

accept external DNA, pUC19, a small cloning plasmid (Schweizer, 1991), was 

transformed into EC18LG-0005-1, EC18PR-0008-3, and EC18PK-0020-1 via 

electroporation. Transformants were successfully recovered on LB agar 

supplemented with 100 µg/mL carbenicillin, demonstrating the ability of these 

strains to accept foreign plasmids.  

4.3.5 Obtaining hybrid genome assemblies of EC18LG -0005-1, 

EC18PR-0008-3, and EC18PK -0020-1 

HMW DNA of the E. coli food isolates were extracted, and long-read 

sequencing was performed using ONT. Hybrid genomes of these isolates were 

assembled using the long-read sequence reads and the short-read 

sequencing data previously obtained as part of the food survey (Janecko et 

al., 2023).  

4.3.6 Building the strain bank  

4.3.6.1 S. Typhimurium 14028S and selected E. coli  food isolates 

do not exhibit rifampicin or nalidixic acid resistance  

The ability to track donor and recipient strains was required to monitor the 

movement of pHYCTX14 between E. coli and Salmonella during this study, 

and traditionally, this is achieved by selecting resistant mutants to antibiotics, 

which can then be used to discriminate the strains. To determine which 

antibiotics may be viable, the baseline MIC of different antibiotics against S. 

Typhimurium 14028S, EC18LG-0005-1, EC18PR-0008-3, and EC18PK-0020-

1 were investigated. Rifampicin and nalidixic acid were chosen, as single point 

mutations in rpoB and gyrA could confer high-level resistance to these drugs, 

respectively.  

Using the microbroth dilution method, the MIC of rifampicin and nalidixic acid 

was determined in the relevant strains to identify if there was any existing 

resistance to these antibiotics. 
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The results obtained (Table 4.1 ) were compared to the epidemiological cut-off 

(ECOFF) value for E. coli stated by EUCAST (EUCAST, 2022), where 

possible, to determine whether the strains showed sensitivity to the antibiotics 

they were tested against. For nalidixic acid, the ECOFF value was 8 µg/mL; 

therefore, all isolates were sensitive to this antibiotic. No ECOFF value was 

available for rifampicin. However, as the concentration of rifampicin to be used 

for selection in subsequent experiments would be considerably higher than the 

MIC obtained, it was determined that both rifampicin and nalidixic acid could 

be used as markers for selection in future experiments.  

Table 4.1 - MIC of rifampicin and nalidixic acid for EC18LG-0005-1, EC18PR-
0008-3, EC18PK-0020-1 and S. Typhimurium 14028S.  

 

4.3.6.2 Rifampicin and nalidixic acid resistant S. Typhimurium and 

E. coli  were selected for  

To select for mutants resistant to rifampicin or nalidixic acid, bacterial cultures 

were exposed to either of these antibiotics at a range of concentrations.  

Colonies yielded after exposure to rifampicin at 512 and 256 µg/mL, or nalidixic 

acid at 32 µg/mL, were recovered and characterised phenotypically by testing 

their MIC against rifampicin or nalidixic acid using the microbroth dilution 

method. All mutant colonies demonstrated an MIC of 256 µg/mL or above to 

rifampicin or nalidixic acid. After confirming that the recovered colonies 

exhibited the expected phenotype, the mutants were sequenced using an 

Illumina instrument, and the genomes were checked for SNPs in the expected 

targets, rpoB and gyrA, that would indicate resistance against rifampicin and 

Strain 
MIC of antibiotic (Õg/mL) 

Rifampicin Nalidixic acid 

S. Typhimurium 14028S 8 8 

EC18LG-0005-1 8 4 

EC18PR-0008-3 8 8 

EC18PK-0020-1 16 4 
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nalidixic acid, respectively (Table 2.1 and APPENDIX II ). An error was 

identified in the sequence data of EC18PR-0008-3, and it was not possible to 

call for SNPs in the mutants recovered for this isolate; therefore, it was 

dismissed from further experiments.  

4.3.6.3 pHYCTX14 was conjugated into strains to be used in the 

biofilm conjugation model  

pHYCTX14 was moved into the rifampicin resistant (RifR) and nalidixic acid 

resistant (NalR) versions of S. Typhimurium 14028S, EC18LG-0005-1, and 

EC18PK-0020-1 via conjugation on filter discs.  

A range of primers (Table 4.2 ) were designed for PCR to cross-check the 

species of the colonies recovered from LB plates supplemented with 

antibiotics for transconjugant selection, as well as check for plasmid presence 

or absence (Figure 4.5 ). The recovered transconjugant colonies were also 

streaked onto XLD and Brilliance Salmonella agar to check their phenotype 

(Figure 4.6 ). These checks were particularly important as they allowed any 

issues with strain contamination to be identified and rectified promptly. 

Colonies that presented both the correct phenotype on the selective agar and 

the correct genotype when visualised using gel electrophoresis were also 

sequenced using Illumina technology.  

Table 4.2 ï List of primers to cross-check the species of the colonies 
recovered from LB plates supplemented with antibiotics for transconjugant 
selection, as well as check for plasmid presence or absence. 

Name Role  

invA Amplification of invA in S. Typhimurium  

lacY Amplification of lacY in E. coli 

blaCTX-M-14 Amplification of blaCTX-M-14 in pHYCTX14 

pHYCTX14 
backbone 

Amplification of pHYCTX14 backbone 

blaCTX-M-14 + pHYCTX14 
backbone 

Amplification of blaCTX-M-14 and part of the 
pHYCTX14 backbone on either side of blaCTX-M-

14  
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Figure 4.5 ï Agarose gel electrophoresis of PCR products obtained from 
colonies recovered on LB plates supplemented with antibiotics for 
transconjugant selection from the conjugation of pHYCTX14 using E. coli as 
the donor strain and S. Typhimurium 14028S as the recipient strain. Bands 
show the size of the product obtained relative to the ladder (1kb) for the 
primers used in the reaction (indicated by the square brackets under the 
bands).  

Figure 4.6 - Representative plates of a) E. coli and b) S. Typhimurium 14028S 
inoculated onto XLD (red) and Brilliance Salmonella (white) agar.   

a) b) 



139 | P a g e  
 

4.3.6.4 pHYCTX14 can be maintained within the bacterial 

population without antibiotic selection  

As it was important for the plasmid to be maintained in the population without 

antibiotic selection in later experiments, the stability of pHYCTX14 within 

bacterial strains in the absence of selective pressure was tested.  

Cultures of strains carrying the plasmid were passaged into fresh LB broth 

over seven days, and streaking on agar supplemented with cefotaxime 

confirmed that the plasmid remained within the bacterial population. The 

proportion of cells that kept or lost the plasmid after seven days was also 

estimated by calculating the CFU of cells recovered on agar plates with and 

without cefotaxime (Figure 4.7 ). For the majority of strains, the CFU of cells 

recovered on LB supplemented with 8 µg/mL cefotaxime was Ò 10-fold lower 

than the CFU recovered on LB agar after a seven-day passage, with the 

exception being EC18PK-0020-1 NalR pHYCTX14, where the CFU recovered 

on LB supplemented with 8 µg/mL cefotaxime was approximately 100-fold 

lower than the CFU recovered on LB agar. Overall, the results suggested that 

under no antibiotic selection, most bacterial cells in the population maintain 

the plasmid, with a low level of plasmid loss. 
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Figure 4.7 - CFU of E. coli and S. Typhimurium strains carrying pHYCTX14 
recovered on LB agar and LB agar supplemented with 8 µg/mL cefotaxime 
after passaging in LB broth without cefotaxime selection for seven days. Points 
represent individual replicates. The limit of detection was <1 CFU/ mL.  
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4.3.6.5 Mutations in gyrA  appear to impact biofilm formation in 

EC18LG-0005-1  

To identify whether carriage of pHYCTX14, or the presence of SNPs in rpoB 

or gyrA, would affect the ability of the bacterial strains to form biofilms, the 

panel of strains were grown as biofilms on steel beads at 37 °C, and the CFU 

recovered from the beads on LB agar was used as an indicator of how well 

the strain was able to form biofilm.  

The results indicated that for S. Typhimurium 14028S (Figure 4.8a ) and 

EC18PK-0020-1 (Figure 4.8b ), SNPs in rpoB and gyrA, conferring resistance 

to rifampicin and nalidixic acid, respectively, had no significant impact on 

biofilm formation compared to the wild-type strains. Similarly, carriage of 

pHYCTX14 did not significantly impact biofilm formation in either strain 

(APPENDIX V). In EC18LG-0005-1, however (Figure 4.8c ), the SNP in gyrA 

resulted in a significant decrease in biofilm formation compared to the wild-

type strain (Welchôs t-test p = 0.029 and p = 0.034 for EC18LG-0005-1 NalR 

and EC18LG-0005-1 NalR pHYCTX14, respectively). It was concluded that 

pHYCTX14 did not cause the deficit in biofilm, as the presence of the plasmid 

did not have a significant effect on biofilm formation in any other strains, 

including EC18LG-0005-1 RifR pHYCTX14 (APPENDIX V).  
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b) 

a) 

c) 

Figure 4.8 - The CFU/steel beads of a) S. Typhimurium 14028S b) EC18PK-0020-1 
and c) EC18LG-0005-1 RifR or NalR strains with and without pHYCTX14 carriage 
compared to the wildtype. Data points represent individual replicates. Horizontal lines 
show the mean, and error bars denote one standard deviation above and below the 
mean. A significant difference (p Ò 0.05) is represented by an asterisk (*) and no 

significance is represented by ónsô. The limit of detection was <1 CFU/ beads. 



143 | P a g e  
 

4.4 DISCUSSION  

The results from the competition assays indicated that the E. coli food isolates 

EC18LG-0005-1 and EC18PR-0008-3 were able to co-exist with S. 

Typhimurium 14028S, as mixed-species biofilms under all the conditions 

tested. Interestingly, when EC18PK-0020-1 was grown in co-culture with S. 

Typhimurium 14028S, statistical analyses indicated that the two species 

maintained more equal populations when steel was used as the substrate for 

biofilm formation compared to glass. As grade 316 steel is commonly used in 

the food production environment (Awad et al., 2018), further experiments in 

this study planned to use steel beads and therefore, the outcomes from the 

competition assays suggested that the three pairs of E. coli and S. 

Typhimurium 14028S could be used to build model communities that would be 

used to monitor the impact of stress on the rate of HGT in multispecies biofilms. 

Furthermore, all three E. coli isolates were successfully transformed with 

pUC19 via electroporation. Although pUC19 is a small cloning vector 

(Schweizer, 1991), and not representative of the larger, conjugative plasmid 

pHYCTX14, that would be used to monitor HGT within a biofilm in this study, 

successful recovery of transformants suggested that these E. coli do not 

actively target and cleave plasmid DNA, or silence transcription of genes 

expressed on plasmids through mechanisms such as restriction modification 

systems (Rodic et al., 2017), or histone-like nucleoid structuring proteins 

(Singh et al., 2014).  

When testing the stability of pHYCTX14 in the S. Typhimurium 14028S and 

the E. coli strains, the results indicated a small decrease in the population of 

bacterial cells carrying the plasmid after seven days. However, as 

investigations into the effects of various stressors on conjugation efficiency 

were planned to be carried out over a 48-hour period, this was unlikely to 

impact experiments going forward.  

The negative impact of the SNP in gyrA on biofilm formation in EC18LG-0005-

1 was an unexpected observation, as this was not seen in the results for S. 

Typhimurium 14028S or EC18PK-0020-1. Previous studies have shown that 

in S. Typhimurium biofilms, the acquisition of point mutations conferring 
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resistance to antibiotics, including ciprofloxacin, can lead to a trade-off in 

biofilm formation (Trampari et al., 2021). However, the results from this study 

were not specific to E. coli.  

In E. coli, previous research on the relationship between gyrA point mutations 

and biofilm formation in uropathogenic E. coli (UPEC) revealed a higher 

prevalence of gyrA mutations in UPEC that formed biofilms compared to non-

biofilm-forming UPEC (Sultan et al., 2021). However, in Salmonella Typhi, 

mutants containing multiple SNPs in gyrA appeared to form less biofilm 

compared to a fluoroquinolone-sensitive wild-type strain (Musanna et al., 

2024). Overall, these studies suggest that the impact of SNPs on biofilm 

formation may differ between different species and even different strains of 

bacteria within a species, and it may be interesting to investigate whether 

SNPs in gyrA, conferring resistance to quinolone antibiotics, also negatively 

impact biofilm formation in other strains of E. coli or Gram-negative bacteria in 

the future.  

Whilst 37 °C was chosen as the initial temperature to establish the biofilm 

conjugation model, as it represented the optimal growth temperature for both 

E. coli and S. Typhimurium under laboratory conditions, it is not representative 

of the temperatures used in the food industry, where perishable products such 

as meat is stored at 0 - 1 °C (Eze et al., 2024). The temperatures of animals 

where the two species commonly co-exist are also typically higher, for 

example, in chickens, where body temperature is 41 - 42 °C (Troxell et al., 

2015). However, low temperatures do not allow experiments to be completed 

within a reasonable time frame, so once the concept of plasmid conjugation 

within the multispecies biofilm is established at 37 °C, the biofilm conjugation 

model can be adapted to measure conjugation efficiency at different 

temperatures found in real-world environmental conditions.  

4.5 CONCLUSIONS 

This chapter describes the successful establishment of multispecies biofilm 

communities that can be used to measure the rate of conjugation using E. coli 

and S. Typhimurium. There remains the limitation that only one Salmonella 
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strain was used as a candidate for this study. Due to time constraints, it was 

not possible to test multiple Salmonella isolates in competition with the panel 

of E. coli, so S. Typhimurium 14028S was chosen as a test. This strain of S. 

Typhimurium is well characterised (Jarvik et al., 2010) and is also commonly 

used to study biofilm evolution dynamics (Trampari et al., 2021), making it a 

suitable reference strain for this project. In addition, a transposon mutant 

library, previously generated in this strain of S. Typhimurium (Holden et al., 

2022), was planned to be used for downstream experiments to investigate the 

genes involved in S. Typhimurium plasmid acquisition.  

Chapter 5 describes the steps taken to optimise the multispecies biofilm 

model to allow plasmid movement between E. coli and S. Typhimurium in a 

biofilm to be measured.  
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CHAPTER 5:  

OPTIMISATION OF THE 

MULTISPECIES BIOFILM 

COMMUNITY TO MONITOR 

PLASMID MOVEMENT 

 

ñEverything is theoretically impossible, until it is doneò  

< Robert Anson Heinlein >  
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5.1 INTRODUCTION 

In Chapter 4 , multispecies biofilm communities were established using S. 

Typhimurium 14028S and E. coli food isolates. The candidate plasmid, 

pHYCTX14, was conjugated into marked versions of these isolates to build the 

strain bank used in this study.  

In past studies, bead-based biofilm models have been used to investigate the 

evolution of biofilms in various bacterial species, including B. cenocepacia 

(Ellis et al., 2015), and Bacillus thuringiensis (Lin et al., 2022a), where plastic 

beads were used as the substrate for biofilm formation to study long-term 

bacterial biofilm adaptation. Glass bead-based biofilm models have also been 

used to explore the evolution of AMR in S. Typhimurium biofilms exposed to 

different antimicrobials (Trampari et al., 2021), as well as in the long-term 

adaptation and evolution of multispecies bacterial biofilm communities, such 

as those comprised of Lactococcus lactis and Leuconostoc mesenteroides 

that are often used as starter cultures for dairy products (Henriksen et al., 

2022). Plasmid transfer in intraspecies biofilms has also been studied using 

various bead-based models. For example, calcium alginate beads have been 

used to investigate how gel structure impacts plasmid transfer between strains 

of P. putida (Mater et al., 1999), and glass beads have also been used as 

substrate for biofilm formation within flow reactors, to research the movement 

of the RP1 plasmid between in two marine Vibrio strains under flow conditions 

(Angles et al., 1993).  

This chapter describes the steps taken to optimise the multispecies biofilm 

community to allow plasmid movement between the two species in a biofilm 

to be measured using a steel bead-based biofilm evolution model.  

5.2 AIMS AND OBJECTIVES  

¶ Optimise the multispecies biofilm model to be able to measure 

conjugation efficiency within a biofilm context. 
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5.3 RESULTS 

Preliminary attempts to conjugate pHYCTX14 between E. coli and S. 

Typhimurium in a biofilm context demonstrated that various optimisations were 

needed to be able to measure a baseline plasmid transfer rate between the 

two species, before stress factors could be introduced into the biofilm 

conjugation model.  

5.3.1 The number of cells recovered from the biofilm can be 

increased by using more beads  

Initially, one steel bead was used as the substrate for biofilm formation in the 

biofilm conjugation model. However, this resulted in a low rate of biofilm 

recovery for both donor and recipient strains in the multispecies biofilm, and it 

was not possible to detect any transconjugants. To investigate whether 

increasing the number of beads used in the model would increase the 

recovered CFU, EC18LG-0005-1, EC18PK-0020-1 and S. Typhimurium 

14028S were grown as monoculture biofilms at 37 °C on one, three, five, eight 

and ten steel beads.  

For all three isolates, increasing the number of beads increased the CFU 

recovered, with at least ten times more cells recovered when ten beads were 

used, compared to when one bead was used as the substrate for biofilm 

formation (Figure 5.1 ). It was hypothesised that, in addition to increasing the 

biofilm CFU recovered, introducing more beads into the model would also 

result in more contact between the donor and recipient species of bacteria, 

increasing the chances of plasmid conjugation between the two species, as 

the beads are agitated during the incubation period. It was possible that when 

a single bead was being used in the biofilm conjugation model, the donor and 

recipient bacteria were forming separate microcolonies on the bead, and there 

was not enough contact between the donor and recipient bacteria for 

successful conjugation.  
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Figure 5.1 - CFU recovered from biofilms grown on one, three, five, eight or 
ten steel beads for a) S. Typhimurium 14028S, b) EC18LG-0005-1 and c) 
EC18PK-0010-1. Data points represent individual replicates. Horizontal lines 
show the mean, and error bars denote one standard deviation above and 
below the mean. For data points where zero was recorded, a pseudocount of 
0.1 was plotted. The limit of detection was <1 CFU/ beads. 

 

c) 

b) 

a) 
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5.3.2 Recovery of EC18LG -0005-1 RifR pHYCTX14 biofilm cells 

needed to be optimised  

After increasing the number of beads used in the biofilm conjugation model to 

ten beads, EC18LG-0005-1 RifR pHYCTX14 and S. Typhimurium 14028S 

NalR were chosen as the donor and recipient strains, respectively, for the 

conjugation of pHYCTX14 at 37 °C between two species using the biofilm 

conjugation model.  

To investigate whether a sub-inhibitory concentration of cefotaxime would 

select for higher numbers of transconjugants in the recipient strain of bacteria, 

two biofilm conjugation models, one with no stressor and one supplemented 

with 0.125 µg/mL of cefotaxime, were set up in parallel. This concentration of 

cefotaxime represented ¼ of the S. Typhimurium 14028S NalR MIC to this 

antibiotic and was chosen to exert stress on the recipient strain without 

causing detrimental impacts on fitness. The expected growth of colonies 

recovered on selective agar from the multispecies biofilm conjugation model, 

as well as the monospecies controls, is illustrated in Table 5.1  to help interpret 

the pattern of colonies on selective agar plates in the following figures.  

Table 5.1 - Expected growth of colonies recovered on selective agar from the 
multispecies biofilm conjugation model and the monospecies controls. ó+ô 
denotes growth expected and ó-ó denotes no growth expected.  

 

 

  

 

 Drug LB agar was supplemented with 

No drug 

100 µg/mL 
rifampicin 

and 8 µg/mL 
cefotaxime 

100 µg/mL  
nalidixic 

acid  

100 µg/mL  
nalidixic acid 
and 8 µg/mL  
cefotaxime 

E
x
p

e
c
te

d
 

g
ro

w
th

 Donor + + - - 

Recipient + - + - 

Transconjugants + + + + 
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For both models, no colonies were recovered from the agar plates 

supplemented with 100 µg/mL nalidixic acid and 8 µg/mL cefotaxime,  

(selecting for transconjugants), and it was also not possible to recover the 

donor strain from the multispecies biofilm on LB agar that had been 

supplemented with 100 µg/mL rifampicin and 8 µg/mL cefotaxime, after 

recovery from the steel beads (Figure 5.2 ).  

The presence of EC18LG-0005-1 RifR pHYCTX14 in the multispecies biofilm 

was confirmed as blue colonies were present on the LB agar plates 

supplemented with 40 µg/mL X-Gal and 1 mM IPTG for blue/white screening, 

and recovered at similar rates to the recipient strain, S. Typhimurium 14028S 

NalR (Figure 5.3 ), suggesting that the E. coli was not outcompeted by the 

Salmonella strain in the experiment.  
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a) 

Figure 5.2 - Representative colonies recovered on LB agar supplemented with 
no drug (no selection), 100 µg/mL rifampicin and 8 µg/mL cefotaxime (donor 
selection), 100 µg/mL nalidixic acid (recipient selection), and 100 µg/mL 
nalidixic acid and 8 µg/mL cefotaxime (transconjugant selection) (in order from 
left to right) from the conjugation of pHYCTX14 from EC18LG-0005-1 RifR 
pHYCTX14 to S. Typhimurium 14028S NalR on steel beads in a) LB w/o NaCl 
and b) LB w/o NaCl supplemented with 0.125 µg/mL cefotaxime.  
 

b) 

Figure 5.3 - Representative colonies recovered on LB agar supplemented 
with X-Gal (40 µg/mL), and IPTG (1 mM) from the conjugation of pHYCTX14 
from EC18LG-0005-1 RifR pHYCTX14 to S. Typhimurium 14028S NalR on 
steel beads in a) LB w/o NaCl and b) LB w/o NaCl supplemented with 0.125 
µg/mL cefotaxime. Blue colonies represent E. coli and white colonies 
represent Salmonella.  

a) b) 
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Surprisingly, bacteria were not recovered on LB agar supplemented with 100 

µg/mL rifampicin and 8 µg/mL cefotaxime from an E. coli monospecies control, 

although colonies were recovered on drug-free agar (Figure 5.4 ).  

After further attempts to conjugate pHYCTX14 between EC18LG-0005-1 RifR 

pHYCTX14 and S. Typhimurium 14028S NalR, it was confirmed that after 

growing on steel beads, the E. coli was surviving but could not be recovered 

on LB agar supplemented with 100 µg/mL rifampicin and 8 µg/mL cefotaxime, 

and the model would require further optimisation before plasmid movement 

could be monitored.  

A series of variables, including the concentration of antibiotics the cells were 

inoculated on after recovery from the biofilm model, as well as the time and 

temperature for cell recovery, were tested to identify why the donor and 

transconjugants could not be recovered from the model (Figure 5.5 ).  

Figure 5.4- Representative colonies recovered on LB agar supplemented with 
no drug (no selection), 100 µg/mL rifampicin and 8 µg/mL cefotaxime (donor 
selection), 100 µg/mL nalidixic acid (recipient selection), and 100 µg/mL 
nalidixic acid  and 8 µg/mL (transconjugant selection) (in order from left to 
right) from a monospecies EC18LG-0005-1 RifR pHYCTX14 biofilm control 
grown on steel beads in a) LB w/o NaCl and b) LB w/o NaCl supplemented 
with 0.125 µg/mL cefotaxime.  
 

a) 

b) 
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Figure 5.5 ï Overview of the steps taken to optimise selection of the donor 
strain, EC18LG-0005-1 RifR pHYCTX14, after recovery from the multispecies 
biofilm conjugation model.    
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5.3.2.1 The plasmid is not lost from EC18LG -0005-1 RifR pHYCTX14  

after growing as a biofilm  

After recovering EC18LG-0005-1 RifR pHYCTX14 biofilm cells on drug-free 

LB agar, colonies were randomly selected and streaked onto LB agar 

supplemented with 8 µg/mL cefotaxime to investigate whether pHYCTX14, 

encoding blaCTX-M-14, was lost from the bacterial population when grown as a 

biofilm.  

Bacterial growth on the agar plates supplemented with cefotaxime was 

observed, which suggested that the plasmid was not lost, and subsequent 

PCR reactions confirmed that the blaCTX-M-14 gene remained encoded on the 

plasmid and had not mobilised into the bacterial chromosome.  

5.3.2.2 Recovery of EC18LG -0005-1 RifR pHYCTX14 biofilm cells on 

lower concentrations of rifampicin and cefotaxime  

To investigate whether there were interactions between rifampicin or 

cefotaxime, or if the concentrations of the two antibiotics were too high for the 

recovery of the donor strain from the biofilm conjugation model, EC18LG-

0005-1 RifR pHYCTX14 biofilm cells were inoculated separately on LB agar 

supplemented with rifampicin or cefotaxime at a range of concentrations after 

growing on steel beads.  

The concentration of rifampicin did not impact the ability to recover 

EC18LG-0005-1 RifR pHYCTX14 from the biofilm conjugation model  

EC18LG-0005-1 RifR pHYCTX14 biofilm cells were recovered from steel 

beads and inoculated onto LB agar supplemented with 25, 50, 75 and 100 

µg/mL rifampicin. Bacterial growth on all concentrations of rifampicin tested 

(Figure 5.6a ) indicated that the concentration of the antibiotic (100 µg/mL) 

initially used to select for the donor cells after recovery from the biofilm 

conjugation model did not impact the fitness of the strain.  
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For cefotaxime, EC18LG-0005-1 RifR pHYCTX14 biofilm cells were 

inoculated on LB agar supplemented with 2, 4, 6, and 8 µg/mL antibiotic, and 

it was identified that the strain could not grow even on lower concentrations of 

cefotaxime after biofilm cells were recovered from the steel beads (Figure 

5.6b). 

 

5.3.2.3 Introducing the incubation step  

Previously, it was confirmed that pHYCTX14 was not lost from the bacterial 

population, although EC18LG-0005-1 RifR pHYCTX14 could not be grown on 

LB agar supplemented with cefotaxime after cells were recovered from the 

biofilm conjugation model. Therefore, it was hypothesised that blaCTX-M-14 was 

not actively expressed when cells were grown in a biofilm. An incubation step 

was introduced between the recovery of biofilm cells on the steel beads and 

inoculating onto agar plates supplemented with cefotaxime, to test whether 

changing the cells from a biofilm to a planktonic state would increase 

expression of blaCTX-M-14.  

a) 

b) 

Figure 5.6 - Representative colonies of EC18LG-0005-1 RifR pHYCTX14 
biofilm grown on steel beads recovered on a) LB agar supplemented with 25, 
50, 75 and 100 µg/mL rifampicin (in order from left to right) and b) LB agar 
supplemented with 2, 4, 6, and 8 µg/mL cefotaxime (in order from left to right).   
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Incubating biofilm cells in PBS did not increase EC18LG -0005-1 RifR 

pHYCTX14 recovery  

EC18LG-0005-1 RifR pHYCTX14 biofilm cells were recovered from the steel 

beads and incubated in PBS for 60 minutes at 21 °C, before inoculating onto 

LB agar supplemented with cefotaxime at the same concentrations as 

previously stated. In parallel, biofilm cells were also incubated in PBS 

supplemented with 0.015 µg/mL cefotaxime to investigate whether a 

subinhibitory concentration of the antibiotic would induce the expression of 

blaCTX-M-14. For both experiments, no colonies were recovered across all four 

concentrations of cefotaxime tested (Figure 5.7 ).    

  

Figure 5.7 - Representative colonies of EC18LG-0005-1 RifR pHYCTX14 
biofilm grown on steel beads recovered after incubation for 60 minutes at 21 
°C in a) PBS and b) PBS supplemented with 0.015 µg/mL cefotaxime. Bacteria 
were inoculated on LB agar supplemented with 2, 4, 6, and 8 µg/mL cefotaxime 
(in order from left to right). 
 

a) 

b) 
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Incubating biofilm cells in LB w/o NaCl appeared to increase recovery of 

EC18LG-0005-1 RifR pHYCTX14  

To investigate whether incubating the cells in a medium with nutrition to 

stimulate growth would increase the expression of blaCTX-M-14 in the biofilm cells, 

and allow EC18LG-0005-1 RifR pHYCTX14 to be recovered on LB agar 

supplemented with cefotaxime, biofilm cells were incubated in LB w/o NaCl for 

60 minutes at 21 °C, before inoculating onto LB agar supplemented with 

cefotaxime. As before, cells were also incubated in LB w/o NaCl supplemented 

with 0.015 µg/mL cefotaxime.  

Colonies were recovered on LB agar plates supplemented with 2 µg/mL 

cefotaxime after incubating in LB w/o NaCl (Figure 5.8a ), suggesting that 

incubating the biofilm cells in nutrient-rich media increased expression of 

blaCTX-M-14. Supplementing the media with a sub-inhibitory concentration of 

cefotaxime for incubation did not increase the number of colonies recovered 

on the agar plates (Figure 5.8b ).  

  

Figure 5.8 - Representative colonies of EC18LG-0005-1 RifR pHYCTX14 
biofilm grown on steel beads recovered after incubation for 60 minutes at 21 
°C in a) LB w/o NaCl and b) LB w/o NaCl supplemented with 0.015 µg/mL 
cefotaxime. Bacteria were inoculated on LB agar supplemented with 2, 4, 6, 
and 8 µg/mL cefotaxime (in order from left to right). 
 

a) 

b) 
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Incubating EC18LG -0005-1 RifR pHYCTX14 biofilm cells in LB w/o NaCl 

for 120 minutes at 4°C provided efficient recovery  

To explore whether the number of colonies recovered on LB agar 

supplemented with cefotaxime could be improved by increasing the incubation 

period, experiments were repeated with incubation at 21 °C in LB w/o NaCl for 

60, 90 and 120 minutes. In parallel, biofilm cells were also incubated at 4 °C 

to investigate whether using a lower incubation temperature, to avoid the 

potential impact of cells replicating during a longer incubation period, would 

decrease the number of colonies recovered.  

The CFU of EC18LG-0005-1 RifR pHYCTX14 recovered from the steel beads 

were plotted in a scatter graph to compare the conditions tested (Figure 5.9 ). 

The results indicated that incubating the cells for longer periods increased the 

number of colonies that grew on LB agar supplemented with 2 µg/mL 

cefotaxime to levels similar to the number of cells recovered on drug-free 

media, although the rate of recovery remained very low on agar supplemented 

with higher concentrations of the antibiotic. Furthermore, lowering the 

incubation temperature to 4 °C did not appear to negatively impact the CFU of 

EC18LG-0005-1 RifR pHYCTX14 recovered from the beads. It was concluded 

that incubating cells recovered from the biofilm conjugation model in LB w/o 

NaCl for 120 minutes at 4 °C would allow EC18LG-0005-1 RifR pHYCTX14 to 

grow on LB agar supplemented with 2 µg/mL cefotaxime.  
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As there was concern that incubating the biofilm cells recovered from the 

multispecies biofilm at 21 °C for extended periods may lead to an excess 

outgrowth of transconjugants, as well as some background conjugation of 

pHYCTX14, which would impact the results in downstream experiments, 

incubating the cells at 4 °C alleviated this concern as the chances of 

successful conjugation and bacterial proliferation would be lower given the 

decreased rate of metabolism in bacterial cells at this temperature.  

Figure 5.9 - CFU recovered from EC18LG-0005-1 RifR pHYCTX14 biofilms 
grown on ten steel beads on LB agar supplemented with no drug, LB agar 
supplemented with 100 µg/mL rifampicin and LB agar supplemented with 2, 4, 
6, and 8 µg/mL cefotaxime after incubating in LB w/o NaCl at 21 °C and 4 °C, 
for 60, 90 and 120 minutes. Data points represent individual replicates. 
Horizontal lines show the mean, and error bars denote one standard deviation 
above and below the mean. For data points where zero was recorded, a 
pseudocount of 0.1 was plotted. The limit of detection was <1 CFU/ beads. 
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5.3.3 Optimised recovery of EC18LG -0005-1 RifR pHYCTX14 

cells from the biofilm bead model  

From the previous experiments, it was determined that recovering biofilm cells 

from the steel beads in LB w/o NaCl and introducing an incubation step at 4 

°C for 120 minutes allowed EC18LG-0005-1 RifR pHYCTX14 to grow on LB 

agar supplemented with 2 µg/mL cefotaxime. However, it was unclear whether 

colonies could still be successfully grown on LB agar supplemented with both 

100 µg/mL rifampicin and 2 µg/mL cefotaxime after recovery using the 

optimised method.   

To test this, EC18LG-0005-1 RifR pHYCTX14 were grown on steel beads and 

recovered using the revised protocol before inoculating on LB agar 

supplemented with no drug, 100 µg/mL rifampicin, 2 µg/mL cefotaxime and 

both 100 µg/mL rifampicin and 2 µg/mL cefotaxime (Figure 5.10 ). The results 

indicated that although the average CFU of EC18LG-0005-1 RifR pHYCTX14 

recovered on agar supplemented with both rifampicin and cefotaxime was 

slightly lower compared to when the strain was recovered on agar 

supplemented with either no drug or just one antibiotic, no significant 

difference was found between any of the conditions tested (APPENDIX VI).    
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Figure 5.10 - CFU recovered from EC18LG-0005-1 RifR pHYCTX14 biofilms 
grown on ten steel beads on LB agar supplemented with no drug, LB agar 
supplemented with 100 µg/mL rifampicin, LB agar supplemented with 2 µg/mL 
cefotaxime and LB agar supplemented with 100 µg/mL rifampicin 2 µg/mL 
cefotaxime, after incubating in LB w/o NaCl at 4 °C, for 60, 90 and 120 minutes. 
Data points represent individual replicates. Horizontal lines show the mean, 
and error bars denote one standard deviation above and below the mean. No 
significant difference is represented by ónsô (no significance). The limit of 
detection was <1 CFU/ beads. 
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5.3.3.1 Difficulty recovering strains carrying pHYCTX14 from the 

biofilm model only appeared to impact E. coli   

As it was unclear whether the difficulty recovering bacterial isolates carrying 

pHYCTX14 from the biofilm model was strain specific, S. Typhimurium 14028S 

and EC18PK-0020-1 strains carrying pHYCTX14 (Chapter 4 ) were grown on 

steel beads and recovered without the 120-minute incubation step at 4 °C. 

Cells were inoculated onto LB agar plates with no drug as well as agar 

supplemented with 100 µg/mL of rifampicin or nalidixic acid (depending on the 

host marker). For plasmid selection, cells were inoculated on agar 

supplemented with 8 µg/mL cefotaxime, as well as 8 µg/mL cefotaxime with 

and without 100 µg/mL rifampicin or nalidixic acid as appropriate.  

For S. Typhimurium 14028S, colonies from the rifampicin and nalidixic acid-

resistant strains carrying pHYCTX14 were successfully recovered on all the 

agar plates (Figure 5.11 ).  

  

Figure 5.11 - Representative colonies of a) S. Typhimurium 14028S RifR 
pHYCTX14 recovered on LB agar supplemented with no drug, 100 µg/mL 
rifampicin, 100 µg/mL rifampicin and 8 µg/mL cefotaxime, and 8 µg/mL 
cefotaxime (in order from left to right), and b) S. Typhimurium 14028S NalR 
pHYCTX14 biofilms grown on steel beads recovered on LB agar 
supplemented with no drug, 100 µg/mL nalidixic acid, 100 µg/mL nalidixic acid 
and 8 µg/mL cefotaxime, and 8 µg/mL cefotaxime (in order from left to right).  
 

a) 

b) 
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For EC18PK-0020-1 strains carrying pHYCTX14, the results were identical to 

those obtained from EC18LG-0005-1 RifR pHYCTX14, and colonies could not 

be recovered on agar supplemented with 8 µg/mL cefotaxime, both with and 

without the addition of rifampicin or nalidixic acid (Figure 5.12 ). As described 

previously, the presence of the plasmid and blaCTX-M-14 was confirmed by 

randomly selecting colonies from the no-drug plate and streaking onto LB agar 

supplemented with 8 µg/mL cefotaxime, as well as by PCR reactions, to verify 

that pHYCTX14, and therefore the blaCTX-M-14 gene, had not been lost. The 

PCR reactions also verified that the blaCTX-M-14 had not mobilised into the 

bacterial chromosome. These results suggested that the difficulties selecting 

for blaCTX-M-14 and therefore pHYCTX14, in strains after recovery from the 

biofilm model, appeared only to impact E. coli in this study.  

  

Figure 5.12 - Representative colonies of a) EC18PK-0020-1 RifR pHYCTX14 
recovered on LB agar supplemented with no drug, 100 µg/mL rifampicin, 100 
µg/mL rifampicin and 8 µg/mL cefotaxime, and 8 µg/mL cefotaxime (in order 
from left to right), and b) EC18PK-0020-1 NalR pHYCTX14 biofilms grown on 
steel beads recovered on LB agar supplemented with no drug, 100 µg/mL 
nalidixic acid, 100 µg/mL nalidixic acid and 8 µg/mL cefotaxime, and 8 µg/mL 
cefotaxime (in order from left to right).  
  

a) 

b) 
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5.3.4 Investigating the expression of blaCTX-M-14  in biofilm and 

planktonic E. coli  communities  

To test the hypothesis that blaCTX-M-14 was not actively expressed when E. coli 

cells were grown in a biofilm, primers were designed to measure the 

expression of pHYCTX14, blaCTX-M-14 and gyrB in biofilm and planktonic 

EC18LG-0005-1 RifR pHYCTX14 cells using RTqPCR (Table 5.2 )  

Table 5.2 ï List of primers for RTqPCR 

 

The primers were validated against the target genes of interest using isolated 

plasmid and genomic DNA. The average cycle threshold (CT) was plotted 

against log10 DNA copy number to obtain an R2 value. Typically, an R2  > 0.98 

suggests a linear correlation between the experimental data and the 

regression line, indicating the primer's suitability for RTqPCR (Taylor et al., 

2010).  

For each reaction, the R2 was determined (Table 5.3 ), and although not all 

primers returned R2 > 0.98, they were found to be suitable to quantify gene 

expression of the required genes to answer the hypothesis. The presence of 

gyrB in the plasmid DNA template suggested that the plasmid DNA previously 

isolated was not completely free of chromosomal DNA. However, this was 

unlikely to impact downstream experiments.  

 

  

Primers  Role  

blaCTX-M-14 
(RTqPCR) 

Amplification of blaCTX-M-14 in pHYCTX14 to measure 
gene expression using RTqPCR 

traM 
(RTqPCR) 

Amplification of traM in pHYCTX14 to measure gene 
expression using RTqPCR 

gyrB 
(RTqPCR) 

Amplification of gyrB in E. coli to measure gene 
expression using RTqPCR 
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Table 5.3 - R2 value of each primer for plasmid DNA and genomic DNA, 
obtained by plotting average CT against log10 DNA copy number. 

 

Due to time constraints during this study, no further experiments were 

undertaken after validation of the designed primers. Future work will aim to 

complete these experiments to investigate the expression of blaCTX-M-14 in both 

biofilm and planktonic EC18LG-0005-1 RifR pHYCTX14 cells.  

5.4 DISCUSSION 

Of the three E. coli food isolates selected from the initial group of ten (Chapter 

4), EC18LG-0005-1 was selected as the initial isolate used in the biofilm 

conjugation model, as it represented a common ST (ST10) found in the food 

survey (Janecko et al., 2023). This ST of E. coli has been found to inhabit the 

gut of various avian species as well as mammals (Zong et al., 2018), and in 

recent years, has been increasingly isolated from environmental samples 

(Cardenas-Arias et al., 2024). ST10 has been described as a high-risk lineage 

for the dissemination of MDR via MGEs, encoding resistance to a range of 

clinically relevant antibiotics such as cephalosporins, carbapenems and 

colistin (Fuga et al., 2022). Given that conjugation efficiency will be measured 

using a plasmid encoding blaCTX-M-14, conferring resistance to cephalosporins, 

in this study, the use of an ST10 E. coli in the model was of particular relevance 

to the real world.  

Through initial attempts to conjugate pHYCTX14 between EC18LG-0005-1 

RifR pHYCTX14 and S. Typhimurium 14028S NalR, it was identified that 

EC18LG-0005-1 RifR pHYCTX14 biofilm cells could not be directly recovered 

on LB agar supplemented with 100 µg/mL rifampicin and 8 µg/mL cefotaxime 

after growing on steel beads, both as a monospecies biofilm and as a mixed 

species biofilm with S. Typhimurium. It was confirmed that the E. coli strain 

was not outcompeted by S. Typhimurium in the biofilm, as blue and white 

Primers  
R2 value  

Plasmid DNA  Genomic DNA  

blaCTX-M-14 0.9926 0.8946 

traM 0.9763 0.9877 

gyrB 0.9866 0.9967 
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colonies, representing E. coli and Salmonella, respectively, were recovered at 

similar rates on agar plates used for blue/white screening. Subsequent 

investigations also verified that the E. coli cells recovered from the biofilm 

model still encoded blaCTX-M-14 on pHYCTX14.  

The recovery of EC18LG-0005-1 RifR pHYCTX14 from the biofilm model was 

optimised by introducing an incubation step at 4 °C for 120 minutes in LB w/o 

NaCl broth between the recovery of biofilm cells on the steel beads and 

inoculating onto agar plates supplemented with cefotaxime, as well as by 

lowering the concentration of cefotaxime from 8 µg/mL to 2 µg/mL. Although 

incubating the cells at both 4 °C and 21 °C increased the number of colonies 

recovered, 4 °C was chosen as the ideal temperature, as there would be a 

lower chance of the plasmid conjugating between cells during the incubation 

period, which would impact the number of transconjugants recorded in future 

experiments.  

It was hypothesised that the difficulties growing E. coli carrying pHYCTX14 

biofilm cells on LB agar supplemented with cefotaxime, even after growing the 

biofilms in media supplemented with a sub-inhibitory concentration of 

cefotaxime, were caused by a reduction in blaCTX-M-14 expression when cells 

were grown in a biofilm, compared to when grown planktonically, and 

experiments were planned to investigate this further.   

Studies have previously reported changes to bacterial gene expression in 

response to different environmental stimuli. In E. coli, for example, the 

expression of heat shock proteins via transcription factor ů32 increases when 

cells are under stress from elevated temperatures (Pérez-Morales et al., 2025). 

Additionally, changes in bacterial gene expression have also been observed 

when bacteria grow as a biofilm (Sauer et al., 2022). For instance, biofilm 

formation in bacteria is often promoted by an increase in intracellular c-di-GMP 

levels (Mhatre et al., 2020), which can be involved in the regulation of multiple 

stages in the biofilm lifecycle (Alotaibi and Bukhari, 2021). In P. aeruginosa, c-

di-GMP can regulate initial attachment of cells by binding to the transcription 

regulator of flagellar gene expression, FleQ, which reduces cell motility. c-di-
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GMP can also regulate biofilm maturation by increasing the production of EPS 

(Alotaibi and Bukhari, 2021).  

It has been found that in the absence of selective pressure, expression of AMR 

genes can lead to a negative impact on bacterial fitness. In some cases, 

silencing of AMR genes has been found to benefit host fitness. For example, 

silencing of genes encoded on the RP1 plasmid has been found to benefit E. 

coli (Humphrey et al., 2012). Additionally, in an in vivo study investigating the 

expression of AMR genes encoded on plasmids, the silencing of aadA1, 

blaOXA-2, sul1, and tetA, encoded on the IncN plasmid pVE46, was observed 

in a small sample of E. coli isolated from faecal samples of piglets that were 

orally inoculated with the bacteria. This suggests that AMR gene silencing is 

not unique to experiments conducted under laboratory conditions, and may 

occur in real-world environments (Enne et al., 2006). The impacts of biofilm 

formation on plasmid copy number and expression of AMR genes have also 

been studied previously in species such as E. faecalis, where an increase in 

plasmid copy number was observed in a subpopulation of biofilm cells (Cook 

and Dunny, 2013). However, the majority of research appears to focus on the 

impact of plasmid carriage on biofilm formation, and studies investigating the 

expression of genes, including AMR genes, encoded on plasmids within 

biofilm populations of bacteria appear to be limited.  

The silencing of blaCTX-M-14 raises interesting questions on the maintenance 

and detection of AMR genes, particularly those encoded on plasmids, where 

plasmids and their associated AMR genes may be maintained undetected in 

bacterial populations. This could lead to inaccurate susceptibility testing where 

resistance traits are hidden, potentially leading to the silent spread of AMR 

genes from seemingly non-problematic bacterial species and communities to 

those that are pathogenic, exacerbating the AMR crisis overall.  
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5.5 CONCLUSIONS 

This chapter describes the optimisation of the biofilm conjugation model to 

allow the rate of pHYCTX14 conjugation between E. coli and S. Typhimurium 

within a biofilm community to be measured accurately.  

Although it was not possible to complete the experiments designed to explore 

the expression of blaCTX-M-14 in biofilm and planktonic E. coli cultures during 

this project, it would be useful to continue these experiments in the future, as 

they may provide new information regarding the impacts of biofilm formation 

on the expression of plasmid-encoded genes.  

Furthermore, it was interesting that the difficulties encountered when selecting 

for blaCTX-M-14 and therefore pHYCTX14, in strains after recovery from the 

biofilm model, were only observed in E. coli. Although the reason for this was 

unclear, additional investigations using other strains of E. coli, as well as other 

Gram-negative species of bacteria, would help to develop a clearer 

understanding of which bacterial strains and species exhibit this characteristic.  

Although there were difficulties with determining conjugation phenotypically 

using the resistance marker encoded on pHYCTX14, alternative strategies, 

such as tagging the plasmid with either a fluorescent marker or another AMR 

gene, were not explored during this study. This was due to the desire to keep 

all factors of the experiments as close to the óreal-worldô as possible, with 

minimal genetic manipulation that could have impacted the plasmid/ the 

plasmid host. Genetic manipulation of the plasmid would also have removed 

some of the óreal-worldô relevance of the biofilm conjugation model. 

Chapter 6  describes the use of the biofilm conjugation model to measure the 

impact of various stressors on the rate of pHYCTX14 conjugation between E. 

coli and S. Typhimurium.  
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CHAPTER 6:  

INVESTIGATING THE RATE OF 

PLASMID MOVEMENT IN A 

MULTISPECIES BIOFILM UNDER 

STRESS 

 

ñIf we knew what it was we were doing, it would not be called 

research, would it?ò  

< Albert Einstein >  
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6.1 INTRODUCTION 

In Chapter 5 , the multispecies biofilm conjugation model was optimised to 

allow plasmid movement between E. coli and S. Typhimurium to be measured.  

The induction and impact of various chemicals on plasmid transfer between 

single species and communities of bacteria have been investigated in the past. 

These chemicals have included sub-inhibitory concentrations of antibiotics, 

such as meropenem and ciprofloxacin, that have been found to increase 

conjugation efficiency from Klebsiella to E. coli (Ding et al., 2022). Additionally, 

ciprofloxacin has also been found to increase plasmid movement from 

Pseudomonas (Shun-Mei et al., 2018) to E. coli. These studies have focused 

on using planktonic bacteria either in liquid or filter mating assays. The impact 

of regularly used non-antibiotic pharmaceuticals, such as ibuprofen and 

naproxen, on plasmid movement has also been studied previously, and these 

have been found to promote conjugation in microbial communities, such as 

those in activated sludge systems (Wang et al., 2022).  

Aside from pharmaceutical related chemicals, it has previously been 

suggested that the HGT of plasmids encoding AMR genes can also be 

exacerbated by non-pharmaceutical related stresses present in the food 

processing environment (Zarzecka et al., 2022). Given that both E. coli and S. 

Typhimurium are commonly found in food products (He et al., 2023, Szmolka 

and Nagy, 2013), and the parent strain of the E. coli donor, EC18LG-0005-1 

RifR pHYCTX14, used in the model, was also isolated from leafy greens in a 

food survey (Janecko et al., 2023), a number of food chain-related 

preservatives and supplements were selected to be used in the biofilm 

conjugation model to investigate the impact of various stressors on 

conjugation efficiency within a biofilm context. The use of food chain-related 

stressors was particularly relevant to the real world, especially given the role 

that biofilms play in the persistent contamination of environments related to 

the food industry (Van Houdt and Michiels, 2010, Rossi et al., 2014) 
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Preservatives that have previously been found to increase the rate of plasmid 

movement include artificial sweeteners (Alav and Buckner, 2024), sodium 

nitrite, sodium benzoate and triclocarban (Cen et al., 2020), as well as 

acidifiers such as phosphoric and citric acid (Zhang et al., 2025b).  

For this study, sodium nitrite, sodium benzoate and sodium chloride, which are 

commonly used as additives in human food preparation, were chosen to be 

tested in the biofilm conjugation model. Sodium nitrite and sodium benzoate 

have been previously shown to affect the rate of conjugation in planktonic 

bacteria (Cen et al., 2020). Sodium chloride and sodium nitrite have also been 

recently investigated for their mechanisms of action and resistance in S. 

Typhimurium (Holden et al., 2025;. Aside from evidence on their impact on 

conjugation efficiency from previous research, these preservatives were also 

chosen for use in this study as they have been previously used by the group 

in biofilm experiments and were readily available.  

Copper, which is often used both as an antimicrobial (Parra et al., 2018) and 

as a food supplement in food-producing animals (Espinosa and Stein, 2021), 

was also selected to be used in the biofilm conjugation model (as copper 

sulphate solution) as it has previously been found to decrease conjugation 

efficiency in bacteria (Palm et al., 2022).  

Additionally, ciprofloxacin (cipro) and cefotaxime (cef) were also chosen to be 

used as stressors in the biofilm conjugation model. Ciprofloxacin has 

previously been suggested to significantly increase conjugation efficiency of 

pUCP24T between E. coli and P. aeruginosa (Shun-Mei et al., 2018), and as 

pHYCTX14 encodes blaCTX-M-14, which confers resistance to cephalosporins 

such as cefotaxime, it was decided to investigate whether a subinhibitory 

concentration of cefotaxime would promote conjugation of the plasmid.  
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6.2 AIMS AND OBJECTIVES  

¶ Select food chain-related preservatives and supplements previously 

found to impact conjugation rate. 

¶ Determine the appropriate concentrations of chemicals to use in the 

biofilm conjugation model. 

¶ Obtain a baseline rate of pHYCTX14 transfer from EC18LG-0005-1 

RifR pHYCTX14 to S. Typhimurium 14028S NalR within a biofilm under 

no stress. 

¶ Investigate the impact of different stressors on pHYCTX14 conjugation 

efficiency between EC18LG-0005-1 RifR pHYCTX14 and S. 

Typhimurium 14028S NalR within a multispecies biofilm community.  

6.3 RESULTS  

A range of food chain-related preservatives and supplements (Table 6.1 ), 

some previously found to affect the rate of plasmid movement, were selected 

alongside ciprofloxacin and cefotaxime to investigate the impact of 

environmental stressors on the conjugation efficiency of pHYCTX14 between 

EC18LG-0005-1 RifR pHYCTX14 and S. Typhimurium 14028S NalR within a 

biofilm context. Some of the preservatives selected have also recently been 

characterised for mechanisms of action and resistance in S. Typhimurium 

(Holden et al., 2025, Assaf et al., 2023).   

Table 6.1 ï Food chain-related chemicals previously found to affect the rate 
of plasmid movement. 

  

Chemical  
Impact on conjugation 

efficiency  
Reference  

Sodium nitrite 
(NaNO2) 

Increase (Cen et al., 2020) 

Sodium benzoate 
(C6H5COONa) 

Increase (Cen et al., 2020) 

Sodium chloride 
(NaCl) 

N/A N/A 

Copper sulphate  
(Cu) 

Decrease (Palm et al., 2022) 
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6.3.1 Determining the optimum concentrations of stressors 

to use in the biofilm conjugation model  

To determine the optimum concentration of each chemical to use in the biofilm 

conjugation model, the fitness of EC18LG-0005-1 RifR pHYCTX14 and S. 

Typhimurium 14028S NalR was measured by growing the bacteria 

planktonically in LB w/o NaCl supplemented with the appropriate chemical at 

a range of concentrations (Table 6.2 ). Planktonic cultures were grown in 96-

well plates, and absorbance at 600 nm was measured every 20 minutes for 18 

hours to obtain growth curves. A bacterial control grown in LB w/o NaCl, 

without additional chemicals, and a broth sterility control were included in 

every 96-well plate. For bacterial growth under stress from ciprofloxacin and 

cefotaxime, growth curves were only obtained for the donor or recipient strain, 

respectively, as the donor strain is resistant to cefotaxime and the recipient 

strain is resistant to ciprofloxacin.  

Table 6.2 ï Concentrations of chemicals tested against EC18LG-0005-1 RifR 
pHYCTX14 and/or S. Typhimurium 14028S NalR in planktonic cultures. The 
corresponding figures of the growth curves obtained for each chemical and the 
concentration of the chemical selected to be used in the biofilm conjugation 
model are also provided.  

Chemical  
Concentrations 

tested  
Corresponding 

figure  

Concentration 
chosen for the 

biofilm 
conjugation 

model  

Ciprofloxacin 0 - 0.006 µg/mL 6.1 0.006 µg/mL 

Cefotaxime 0 ï 0.5 µg/mL 6.2 0.125 µg/mL 

Sodium nitrite 0 ï 0.1% 6.3 0.06% 

Sodium benzoate 0 ï 0.8% 6.4 0.05% 

Sodium chloride 0 ï 15% 6.5 2.5% 

Copper sulphate 0 ï 3 mM 6.6 0.15 mM 

 

Where growth curves were obtained for both the donor and recipient strain, 

the optimum concentration of chemicals chosen for the biofilm conjugation 

model was determined, where the growth curves indicated a reduction in 

EC18LG-0005-1 RifR pHYCTX14 growth where possible (Figures 6.1 ï 6.6). 

The chemicals chosen for this study had an impact on the fitness of both 
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EC18LG-0005-1 RifR pHYCTX14 and S. Typhimurium 14028S NalR. 

However, due to time constraints, these experiments were limited to 

investigating the impact of these chemicals on conjugation efficiency within a 

biofilm, where the fitness of the donor strain was more strongly affected 

compared to the recipient strain.  

For ciprofloxacin (Figure 6.1 ), an initial concentration of 0.06 µg/mL was 

selected for use in the biofilm model, as the results indicated that 0.006 µg/mL 

did not impact the fitness of EC18LG-0005-1 RifR pHYCTX14 in planktonic 

cultures. However, when LB w/o NaCl was supplemented with 0.06 µg/mL 

ciprofloxacin in the biofilm conjugation model, this concentration of the 

antibiotic completely restricted the growth of the donor strain. Therefore, the 

concentration of ciprofloxacin used in the biofilm conjugation model was 

lowered to 0.006 µg/mL.  

For copper sulphate (Figure 6.6 ), the growth curve suggested that 1.5 mM 

would provide sufficient stress on the E. coli isolate. However, this 

concentration had a significant impact on the survival of both EC18LG-0005-

1 RifR pHYCTX14 and S. Typhimurium 14028S NalR in a biofilm. Therefore, 

the final concentration selected to be used in the biofilm conjugation model 

was reduced to 0.15 mM. 
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Figure 6.1 ï Growth curves of EC18LG-0005-1 RifR pHYCTX14 grown in LB 
w/o NaCl broth supplemented with ciprofloxacin at a range of concentrations. 
Absorbance (OD600nm) was measured every 20 minutes for 18 hours. Four 
biological replicates were included per concentration of antibiotic and data 
points represent the mean OD600nm.  
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Figure 6.2 ï Growth curves of S. Typhimurium 14028S NalR grown in LB w/o 
NaCl broth supplemented with cefotaxime at a range of concentrations. 
Absorbance (OD600nm) was measured every 20 minutes for 18 hours. Four 
biological replicates were included per concentration of antibiotic and data 
points represent the mean OD600nm.  
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Figure 6.3 ï Growth curves of a) EC18LG-0005-1 RifR pHYCTX14 and b) 
S. Typhimurium 14028S NalR grown in LB w/o NaCl broth supplemented 
with sodium nitrite at a range of concentrations. Absorbance (OD600nm) was 
measured every 20 minutes for 18 hours. Four biological replicates were 
included per concentration of antibiotic and data points represent the mean 
OD600nm.  

a) 

b) 
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Figure 6.4 ï Growth curves of a) EC18LG-0005-1 RifR pHYCTX14 and b) S. 
Typhimurium 14028S NalR grown in LB w/o NaCl broth supplemented with 
sodium benzoate at a range of concentrations. Absorbance (OD600nm) was 
measured every 20 minutes for 18 hours. Four biological replicates were 
included per concentration of antibiotic and data points represent the mean 
OD600nm.  

a) 

b) 














































































































































































































































