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Abstract 
 
Antibiotic resistant infections are predicted to claim 10 million lives annually by 2050. 

Multi-drug resistant bacterial strains cause untreatable infections or necessitate last-

line antibiotics. Conjugative plasmids carry resistance genes and facilitate the 

evolution of multidrug resistance by horizontal transfer of genetic material. Plasmids 

have complex interactions with their bacterial hosts that are not fully understood. 

Chapter 2 describes an analysis pipeline for untargeted metabolomics that was 

developed and published to make this complex methodology more accessible, then 

used throughout the thesis. 

This thesis explores the metabolic relationship between the multi-drug resistant 

plasmid pLL35 in diverse Escherichia coli strains across key stages: plasmid 

acquisition, subsequent coevolution and exposure to antibiotics. 

Chapter 3: Upon acquisition of the plasmid, metabolomics reveals strain specific 

alterations in functions such as ubiquinone biosynthesis, central energy production and 

amino acid biosynthesis. 

Chapter 4: 3 strains that had been experimentally evolved in previous work were 

compared to their ancestors and displayed metabolic alterations associated with 

adaptation to lab conditions; amino acid biosynthesis, glycolysis and pyrimidine 

biosynthesis. The strains had specific metabolic alterations according to evolutionary 

treatment (plasmid carrying with and without cefotaxime selection) with a singular 

exception: the global regulator cyclic AMP, which was consistently upregulated in 

plasmid carriers in response to antibiotic selection. Functions affected by coevolution 

and selection included amino acid biosynthesis, central energy production and stress 

responses. 

Chapter 5: 4 plasmid carrying strains are exposed to kanamycin, cefotaxime and 

ciprofloxacin. Common stress and resistance responses are observed, but responses 

at a pathway and metabolite level are strain specific in extent and direction of change. 

Pathways affected include amino acid and nucleotide metabolism, energy production, 

biosynthesis of cell wall and biofilm components and redox stress management, 

providing insights into bacterial stress responses and resistance mechanisms beyond 

plasmid-encoded genes. Thus, Escherichia coli adapt to plasmid carriage and 

antibiotic exposure by subtle alterations of its metabolism on a network wide scale. 
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Chapter 1 : Main Introduction 
 

1.1 Introduction  
 
 WHO has declared antimicrobial resistance a top 10 global health threat. The 

worldwide spread of resistance genes is central to this crisis, and hospitals are facing 

an increasing number of untreatable infections (Antimicrobial Resistance, 2021). 

Resistance increases mortality rates and hospitalisation duration of initial admission 

infections and iatrogenic infections, and also increases risk factors for routine medical 

procedures like surgery and treatment of immuno-compromised patients such as those 

undergoing cancer treatment (Mathers, Peirano and Pitout, 2015). 

One of the primary mechanisms for the dissemination of resistance genes is horizontal 

gene transfer (HGT) facilitated by conjugative plasmids, semi autonomous mobile 

genetic elements (MGEs) (Carattoli et al., 2013). Plasmids are circular pieces of DNA 

that are formed by a functionally necessary backbone which carries genes for their 

replication, maintenance and conjugation machinery, enabling DNA transfer through a 

pilus that can circumvent species barriers (Hall, Brockhurst and Harrison, 2017). In 

addition to this, plasmids encode accessory genes which often confer a fitness benefit 

to bacteria by aiding survival of environmental stressors (Norman, Hansen and 

Sßrensen, 2009; Smillie et al., 2010).  

Plasmids are a mechanism for rapid adaptation because they can mobilise genes and 

thus transfer new functions horizontally (Hall, Brockhurst and Harrison, 2017). This 

facilitates evolution because the new functions can then be maintained and transferred 

vertically, or incorporated into bacterial chromosomal DNA (Harrison and Brockhurst, 

2012; Rodr²guez-Beltr§n et al., 2021). Horizontal transfer of resistance genes is an 

effective consequence to the selection pressure exerted by antibiotics (Hall, Brockhurst 

and Harrison, 2017). The success of plasmids harbouring resistance genes means that 

the antibiotic resistance crisis is a moving target that is incredibly difficult to contain or 

treat (San Millan, 2018). 

Successful plasmid transfer depends on a balance of costs and benefits to the bacteria 

upon acquisition. Plasmids can be advantageous in the right environmental contexts, 

for example resistance genes in the presence of antibiotics, or heavy metals (Norman, 
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Hansen and Sßrensen, 2009). However, plasmids are also frequently associated with 

fitness costs. Costs can include translational load of additional genetic material, 

induction of SOS responses, energy usage for pilus constructions and subsequent 

exposure to phage, creation of cytotoxic gene products and manipulation of regulatory 

networks (Hall, Brockhurst and Harrison, 2017; San Millan and MacLean, 2017; Dunn 

et al., 2021; Billane et al., 2022). In some cases costs may be severe enough to impair 

plasmid persistence in the absence of selection, as with pNUK73 in P. aeruginosa (San 

Millan et al., 2014). Even when plasmids are costly, the source of these costs are not 

clear, as demonstrated by a study challenging the prevailing hypothesis that plasmids 

impose a burden on their hosts through the demand on bacterial translation machinery. 

When ribosomes were hindered in E.coli K-12 MG1655 containing one of a series of 

diverse, clinically relevant plasmids, costs did not increase (Rodr²guez-Beltr§n et al., 

2022).  

The severity of plasmid impact on a given bacterial host is dependent on compatibility 

and hosts may have their fitness affected differently even by genetically similar 

plasmids (Enne et al., 2004; De Gelder et al., 2007; Humphrey et al., 2012). A summary 

of fitness changes associated with plasmid carriage cited a range of change in fitness 

negatively from 1.1% to 27% and positively up to 5% (Carroll and Wong, 2018). 

Comparing the impacts of an ecologically compatible plasmid pOXA-48_K8 to 25 

isolates of E.coli and 25 of K.pneumoniae demonstrated a small overall phenotypic 

trend of decreased growth. However when competition assays were conducted for 

each isolate against plasmid free counterparts there was a spectrum of relative fitness 

effects from the plasmid ranging from detrimental to beneficial, for both E. coli and K. 

pneumoniae, demonstrating the variability and specificity of plasmid-bacterial 

relationships (Alonso-del Valle et al., 2021).   

Plasmid carriage is a series of cost and benefits trade-offs between accessory gene 

advantage, fitness impact and environmental context. Evolutionary theory therefore 

suggests that plasmids ought not to be as prevalent as they are because their loss 

from bacterial populations should be selected for. In the absence of positive selection 

the plasmid would be expected to be lost due to purifying selection, and even in 

environmental contexts where accessory genes confer advantages, the movement of 

plasmid genes into the bacterial chromosome and subsequent lysis or ejection of the 

plasmid would be selected for (Carroll and Wong, 2018). However, plasmids are stable 
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for long periods of time without positive selection (Santos-Lopez et al., 2017; Dunn et 

al., 2021) and are able to transfer within and between bacterial species despite fitness 

costs (Benz et al., 2021; Sezmis et al., 2023).  

This discord between theory and observation has been termed the óplasmid paradoxô, 

for which answers have been found by looking at the relationship between plasmids 

and their bacterial hosts through the lens of evolution, and by acknowledging that 

plasmids play an active role in these relationships (San Millan et al., 2014; MacLean 

and San Millan, 2015; Santos-Lopez et al., 2017; Brockhurst and Harrison, 2022; 

Sezmis et al., 2023). 

Plasmid maintenance in bacterial populations can be explained by ecological and 

evolutionary mechanisms (Brockhurst and Harrison, 2022). This includes the 

horizontal transfer of conjugative plasmids which keeps replication and dissemination 

high enough for maintenance, a process sometimes co-opted by other mobile genetic 

elements (Pe¶a-Miller et al., 2015; Lopatkin et al., 2017; Che et al., 2021). This is aided 

by plasmid induced permissiveness of a bacterial host to the carriage of further 

plasmids (Dionisio, Zilh«o and Gama, 2019). The variability of plasmid impact allows 

for their maintenance in a community and bacterial populations that can stably carry a 

plasmid sometimes become a reservoir population from which plasmids can 

continually transfer out of (Hall et al., 2016; Dunn et al., 2021). An evolutionary 

mechanism for plasmid maintenance is genetic amelioration of costs where the 

bacteria, plasmid or both mutate to resolve genetic conflicts (Harrison et al., 2015; Hall 

et al., 2021; Carrilero, Dunn and Moran, 2023). 

There is increasing evidence that plasmids also have an impact on the transcriptome 

and affect bacterial phenotype more extensively than the provision of accessory gene 

function. 

This is explored in the following review.
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1.2 Review Why do plasmids manipulate the expression of bacterial 
phenotypes? 
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