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Abstract 

E. coli ST lineages 131, 73 and 95 of phylogroup B2 are globally pathogenic, and are 

proportionally distributed in most hospital and community acquired human extra-

intestinal diseases and in the gut. However, several pieces of evidence have shown 

that ST131 is highly multi-drug resistance while STs 73 and 95 are largely susceptible 

to antibiotics. Limited information exists to explain this. To investigate this, differences 

in the genomic diversity of plasmids in the lineages were characterised using 

bioinformatics tools. Plasmid-host dynamics were investigated by examining rate of 

plasmid transfers using plasmid transfer experiments. To assess the impacts of the 

plasmids on transfer rates, genome wide association studies were carried out, and to 

determine how well the plasmids are maintained within the host, stability experiments 

were done. Finally, fitness costs of the plasmid’s carriage within the host over time 

using competition experiments and the evolutionary history existing among the two 

common F-plasmid sequence types were examined and compared using genome 

alignments techniques and phylogenetic analysis. ST73 lineage was observed to carry 

more of mobilizable plasmids compared to the other lineages. IncFII and IncFIB 

plasmids were common in the E. coli strains analysed. The presence of different 

classes of antimicrobial resistance genes and frequent occurrence of fluoroquinolone 

resistance determinant were observed in ST131. Most ST131 plasmids are associated 

with O25H4:fimH30, and the latter are adapted to multiple resistance genes and 

integrons, mostly detected in F-plasmid sequence type F29:A-:B10. ST95 and ST73 

lineages also share this F-plasmid sequence type but most strains are associated with 

F51:A-:B10, which is also dominated by integrons, but fewer multiple antimicrobial 

genes. These lineages also encode many plasmid encoded virulence genes and 

bacteriocins. No diversity was observed in the rate of plasmid transfers among the ST 
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lineages, however there were some variations between the F-plasmid sequence types 

and rates of plasmid transfer. This association was based on the presence of some 

variable genes: traC, traF, traH, traR found in the two plasmid types. The presence of 

the multiple tra genes positively enhanced the rates of plasmid transfer. Besides, the 

conjugal transfer, F-plasmid sequence type effects were also observed in plasmid 

stability frequencies and host fitness in all strains. Gene content of the two common F-

plasmid sequence types revealed that the plasmids harboured about 74% of genes 

involved in IncF plasmid conjugative transfer. Other genes detected in these sequence 

types were mostly involved in plasmid stabilization, partition and regulation, regulators 

of plasmid encoded virulence genes, programmed cell death and operon control. The 

current study suggests that the success of plasmid-bacterium associations in ST73 

and ST95 that made them globally pathogenic, even though antibiotic susceptible can 

be attributed majorly on the genetic content of the plasmids they encode, especially 

the F-plasmid sequence types, F51:A-:B10 and F29:A-:B10. These F-plasmid 

sequence types encode advantageous genes, are highly pathogenic, stable and exert 

minimal effects on the bacterial host that harbour them. This study has therefore 

demonstrated that plasmids associated with specific F-plasmid sequence type 

displayed genotypic characteristics indicative of adaptation, pathogenesis, and 

persistence in ExPEC diseases. The distinct functions of the tra genes encoded by 

these plasmids in conjugal transfer is pivotal in the adaptation, evolution, and survival 

of E. coli lineages and finally, the effects of F-plasmid sequence type on plasmid 

stability and host fitness play important roles on the ability of the plasmids to associate 

with new bacterial hosts and consequently on the evolution of plasmid-mediated 

antibiotic resistance.  
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Chapter 1 General Introduction 

 

1.1 Antibiotic Resistance 

Antibiotics are drugs used to prevent and cure infections in humans, animals and even 

plants. Antibiotic resistance (AR) occurs when microbes evolve mechanisms that 

protect them from the adverse effects of antibiotics. According to World Health 

Organization, AR has become a threat to world health and economic growth. Serious 

illnesses, untreatable infections, increased risks of out-of-control diseases, extended 

hospital stays, rise in medical bills and increased mortality are some of the challenges 

this poses (AMR; WHO, 2020). Proliferation of bacteria that are resistant to drugs 

because of their capacity to acquire new resistance genes is a threat to the ability to 

treat everyday diseases. The global rise and spread of multi-resistant bacteria has 

further increased the incidences of these disease outbreaks. These group of bacteria 

have become resistant to at least three or more antimicrobials that were previously 

used to treat them (AMR; WHO, 2020). Antibiotic resistant bacteria are known to be 

the causal agents of frequently encountered bacterial infections, such as urinary tract 

infections, diarrhoea, bacteraemia, neonatal meningitis, pneumonia, as well as 

uncommon infections such as disease outbreaks that are specific to patients in 

intensive-care units (AMR; WHO, 2020; Fratamico et al., 2016). These diseases are 

frequently caused by Escherichia coli (E. coli), which are associated with high levels 

of antimicrobial resistance (AMR) and may cause intestinal or extra-intestinal infections 

(Jang et al., 2017). E. coli may be acquired from either community or hospital sources 

(Horner et al., 2014; Brisse et al., 2012). Urinary tract infections (UTI) caused by E. 

coli are frequently treated with fluoroquinolone antibiotics, however fluoroquinolone 

resistance is now common among E. coli according to the Global Antimicrobial 
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Resistance and Surveillance system (GLASS) report (AMR; WHO, 2020). High rates 

of resistance to ciprofloxacin, another antibiotic used to treat UTIs caused by E. coli, 

have also been observed globally, ranging from 8.4% to 92.9% for E. coli and 4.1% to 

79.4% for Klebsiella pneumonia, another member of the Enterobacteriaceae that 

commonly cause UTI. Resistance to a last resort antibiotic used to treat carbapenem 

resistant Enterobacteriaceae (CRE), colistin, has been observed in multiple countries 

and is of concern due to lack of other options for treating such infections. Of additional 

concern is the high rates of resistance of E. coli to third generation cephalosporins 

(3GC), which are used to treat bloodstream infections. The 2019 GLASS report found 

that 36% of E.coli causing bloodstream infections, surveyed across 49 countries, were 

resistant to 3GC.  

 

1.2 Escherichia coli 

E. coli belongs to the family Enterobacteriaceae, a large family of bacteria that is 

represented by a diverse group of rod shaped, Gram-negative bacteria. E. coli naturally 

live as commensals in the intestinal tract of humans and animals. The E. coli 

pangenome (the full set of genes from all species within a clade) consists of around 

76,000 gene families (Touchon et al., 2020). The average E. coli genome is about 5Mb 

in size and consists of about 4700 genes. A pangenome is made up of core genes, 

which are genes present in all strains of a species, and variable genes, which are 

genes not present in all strains and are dispensable. The core genome of E. coli 

consists of about 2000 genes (Touchon et al., 2009).  
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Multi-locus sequence typing (MLST) is an established typing technique often used for 

E. coli. Three distinct multi-locus sequence typing (MLST) have been identified: the 

Mark Achtman scheme that uses a set of 7 housekeeping genes (Wirth et al., 2006), 

the Pasteur institute scheme that uses 8 housekeeping genes (Jaureguy et al., 2008) 

and the Thomas Whittam scheme that uses up to 15 housekeeping genes (Qi et al., 

2004). The genes used by these three MLST schemes are mostly different. The most 

widely used scheme is Mark Achtman’s MLST method. It is a technique in which E. 

coli lineages are allocated a sequence type (ST) with a numerical label. A unique gene 

sequence is known as an allele, and it is numbered. A unique combination of the alleles 

for the seven housekeeping genes make up a sequence type (ST) (Manges et al., 

2015).  

 

E. coli is subdivided into phylogroups whose major representatives are phylogroups A, 

B1, B2 and D. Phylogroup B2 typically consists of three major sequence types (STs): 

ST131, ST95 and ST73. These STs and ST69 from phylogroup D account for majority 

of human associated E. coli infections (Riley, 2014). Most strains of E. coli are 

harmless inhabitants of the gut of warm-blooded animals (Kaper et al., 2004), however 

some strains become pathogenic when opportunities arise causing various diseases.  

 

The pathogenic strains of E. coli consist of the intestinal and extra-intestinal pathogenic 

E. coli, and they are responsible for a wide range of highly life-threatening diseases 

(Jang et al., 2017). Intestinal pathogenic E. coli groups have been well studied and are 

classified according to their virulence factors. They are known to colonise regions 

within the intestinal tract, where they cause several diseases. Common pathovars that 

cause these diseases include enteropathogenic E. coli (EPEC), enteroinvasive E. coli 
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(EIEC), enterotoxigenic E. coli (ETEC), enterohaemorrhagic E. coli (EHEC) and 

enteroaggregative E. coli (EAEC) (Jang et al., 2017). The EPEC strains have been 

implicated as the source of dysentery amongst children in third world countries. 

However, EHEC  E. coli strains are a major cause of intestinal infection in the 

developed world (Riley, 2014). The EHEC E. coli is a shiga toxin-producing E. coli that 

has been known to cause haemolytic uraemia syndrome and haemorrhagic colitis, a 

major cause of acute renal failure that often leads to death (Kaper et al., 2004). Extra- 

intestinal pathogenic E. coli strains also known as ExPEC are responsible for a great 

number of varying extra-intestinal diseases (Johnson et al., 2006; Russo and Johnson, 

2003). They colonise sites outside the intestinal system causing diseases, such as 

cystitis, bacteraemia, pneumonia, neonatal meningitis (Fratamico et al., 2016; Gordon, 

2010; Smith et al., 2007). These diseases are usually acquired from hospitals or 

communities (Dale and Woodford, 2015). 

 

1.2.1 Escherichia coli ST131 

ST131 is currently the most researched ExPEC lineage amidst the extra-intestinal 

pathogenic E. coli that have been isolated globally. This lineage was initially isolated 

in the 2000s. Since then, it has successfully spread all over the world, perhaps 

because of its tendency to be multidrug-resistant (Nicolas-Chanoine et al., 2014). 

 

Strains belonging to ST131 have one of the following major serotypes: O16:H5, 

O25:H4 and NT: H4 (Olesen et al., 2013; Dahbi et al., 2013; Matsumura et al., 2012). 

The O25:H4 serotype is known for the acquisition of fluoroquinolone resistance. In 

addition, seven fimH types have been identified in this lineage, with fimH30 being the 
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most frequent, followed by fimH22, fimH35 and fimH41 (Johnson et al., 2013). Most 

fimH types are linked to particular serotypes: for example, majority of O25:H4 

serotypes are positive for fimH30 while O16:H5 serotype is associated with fimH41.  

 

Most ST131 strains have acquired resistance to all classes of antibiotics used to cure 

infections of humans and animals. Isolates of ST131 were more specifically resistant 

to amikacin, quinolones / fluoroquinolones, amoxicillin-clavulanic acid, ciprofloxacin, 

ampicillin / amoxicillin and piperacillin-tazobactam, than non-ST131 isolates (Skov and 

Monnet, 2016; Liu et al., 2016; Zhang et al., 2014; Chen et al., 2014). These drugs are 

largely used to cure diseases caused by E. coli acquired from community sources. 

Variety of virulence factor genes are also commonly detected in ST131 strains. They 

include serum resistance associated gene (traT), aerobactin (iucD), yersiniabactin 

receptor (fyuA), group 2 capsule synthesis (kpsMII), pathogenicity island marker 

(malX), outer membrane receptor (ompT), type 1 fimbriae (fimH), aerobactin receptor 

(iutA), uropathogen-specific gene (usp), adhesin siderophore receptor (iha) and 

secreted autotransporter toxin (sat) (Blanco et al., 2013; van der Bij et al., 2012; 

Johnson et al., 2010; Nicolas-Chanoine et al., 2008). It has also been reported that 

ST131 strains that are resistant to quinolones and fluoroquinolones possess fewer 

virulence genes than their antibiotic susceptible counterparts (Moreno et al., 2006).  

 

Apart from extra-intestinal sites, ST131 strains have also been encountered in the 

stools of symptomless individuals (Escobar-Paramo et al., 2006; Escobar-Paramo et 

al., 2004). Multi-drug resistant (MDR) strains of ST131, isolated from clinical sources, 

commonly exhibit fluoroquinolone resistance, due to the presence of specific gene 

mutations in par and gyr (Nicolas-Chanoine et al., 2008). The presence of encoded 

https://www.sciencedirect.com/topics/medicine-and-dentistry/gene-mutation
https://www.sciencedirect.com/topics/medicine-and-dentistry/gene-mutation
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mobile element CTX-M-15, in some of the strains of this lineage has also been reported 

(Price et al., 2013). Despite CTX-M-15 being a mobile genetic element, clonal 

expansion is largely responsible for the proliferation of fluoroquinolone resistance and 

CTX-M-15, a group of enzymes in a family of class A extended-spectrum β-lactamases 

(ESBLs) (Nicolas-Chanoine et al., 2014; Price et al., 2013; Coque et al., 2008; Nicolas-

Chanoine et al., 2008).  

 

1.2.2 Escherichia coli ST95 

The ST95 lineage is a global and genetically diverse human-associated E. coli lineage. 

Several serotypes have been observed in this lineage, including O18:K1:H7, 

O1:K1:H7, O2:K1:H7  O2a:H4, O2a:H7, O45a:H7, O25b:H4 and O1:H7 (Gordon et al., 

2017; Weissman et al., 2006), and numerous virulence genes such as, sitA, vat, neuC 

and usp (Gordon et al. (2017).  

 

In humans, this lineage has been implicated in many significant extra-intestinal 

infections: a study conducted in San Francisco, US, examined E. coli isolated from 

peritoneal fluid and blood samples between 1997 and 2006, and reported that ST95 

strains were the most frequently encountered (Bert et al., 2010). In addition, ST95 

isolates obtained from extra-intestinal infections in clinical and community settings in 

United States were the second most common, after ST131 (Salipante et al., 2015; 

Bannerjee et al., 2013; Adams-Sapper et al., 2013). There are also previous reports of 

interspecies transmission of ST95 strains; it has been isolated from domesticated 

animals, such as dogs and cats (Johnson et al., 2008), and has been linked with 
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colibacillosis in birds (Mora et al., 2009). However, recent studies rarely observe ST95 

strains  in companion animals and wild birds (Gordon et al., 2017).  

 

Although the ST95 lineage is pandemic, its strains are largely antibiotic susceptible. 

Unlike what has been continuously observed in the ST131 lineage, only a small 

proportion of ST95 isolates have acquired multi-drug resistance. In addition, ST95 

lineage do not harbour any of the chromosomal mutations in gyrA and/or parC, which 

are associated with resistance to fluoroquinolones (Gordon et al. 2017).  

 

1.2.3 Escherichia coli ST73 

ST73 lineage is also spreading globally through clonal expansion, but it is yet to have 

as much scientific scrutiny as the globally circulating ST131 lineage (Petty et al., 2014; 

Price, et al., 2013).  

 

Most of the strains of ST73 have serotype O6:H1 (Martinez-Medina et al., 2009; 

Johnson et al., 2008). Other serotypes have also been reported: O2:H1, O18:H1, 

18ac:H1, O21:H1, O22:H1, 25:H1, O120:H1 and O120:H31 (Kallonen et al., 2017). 

Numerous virulence genes are also present in this lineage. Such virulence genes 

include: cnf1, fimH, fyuA, hra, hlyA, iroN, kpsM II, ompT, papC, pic, papEF, papG, 

sfa/foc, usp and vat (Bert et al., 2010; Martinez-Medina et al., 2009).  

 

The ST73 lineage has also been implicated in many extra-intestinal sites: in a study 

conducted between 2005 and 2006, in Rio de Janeiro, Brazil, it was reported that ST73 

was the most commonly encountered lineage isolated from urinary tract infections in 
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women, after ST131 (Dias et al., 2009). This report further revealed that the infections 

were acquired from community sources, affecting about 12% of women. Other studies 

also isolated ST73 from cystitis and blood stream infections from various clinics and 

community acquired infections, and at varying frequencies: 5%, 16.6% and 18% 

(Horner et al., 2014; Gibreel et al., 2012; Brisse et al., 2012).  

 

Although ST73 strains are also known to be pandemic, and are frequently encountered 

in extra-intestinal sites, they have also been noted to be highly susceptible to 

antibiotics. It has been reported that ST73 strains are sensitive to most medically 

important antimicrobials, and do not frequently carry plasmids, which is the typical 

facilitator of multiple-drug resistance (Bengtsson et al., 2012). 

 

1.3 Mobile genetic elements (MGEs).  

MGEs enable comprehensive insights into genome evolution. They are genetic 

elements that can be transferred from one cell to another or move around within a 

genome. Barbara McClintock first discovered a type of MGE in the 1950s known as 

transposons. Transposons have the capacity to change location within the genome, 

cause unstable mutations and also produce chromosomal abnormalities (McClintock, 

1950). In the 1970s, another MGE, "insertion sequences" (IS), was identified (Malamy 

et al., 1972).  

 

MGEs are very important elements in horizontal gene transfer (Lukjancenko et al., 

2010; Touchon et al., 2009). They enable AR genes and virulence factors to be 

transferred within bacterial cell and / or between cells, different lineages, or species 
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(Partridge, 2011). They are known to enhance the variability and size of genomes 

across various strains, and also increase host adaptation and fitness to certain 

environments (Touchon et al., 2020; Leimbach et al., 2013). Many of these reports 

have demonstrated that MGEs play crucial roles in antibiotic resistance in pathogens, 

as well as in the evolution of pathogenic organisms (Stokes and Gillings, 2011; 

Dobrindt et al., 2010; Rasko et al., 2008).  

 

1.3.1 Transposable elements 

Transposable elements are frequently encountered and are very diverse. Three 

different types of bacterial transposable elements are found. They include insertion 

sequence (IS) elements, transposons, and conjugative transposons. These elements, 

while moving from one location to another can replicate and insert copies of DNA 

segments within the same cell. E. coli strains have been noted to carry multiple copies 

of transposable elements, IS1 through to IS4. Majority of these MGEs are found on 

intrinsic plasmids (Muñoz-López and García-Pérez, 2010).  

 

Insertion sequences (IS) are short DNA elements that encode only the genes involved 

in their own transposition. They are the simplest type of the transposable elements. 

They are flanked by inverted repeat sequences, which are necessary for the 

transposition process (Bennet, 1995). They are not directly involved in dissemination 

of antibiotic resistance because they lack extrinsic information. However, they act as 

recombination hotspots due to homogeneity of their repeat sequences (Prentice et al, 

2001). Transposons closely resemble IS elements, except that they encode additional 

information that are not relevant to their transposition. Transposons consist of a length 
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of DNA that is flanked on both sides by IS elements, in this situation, the IS elements 

have captured each other. They then move as a unit with the DNA sequence they flank. 

The physical closeness of the flanking IS elements is very important to their ability to 

move as a single unit (Chandler et al., 1982). This is because, as a single unit, if an 

additional DNA sequence is inserted between them, and a threshold size is exceeded, 

the IS elements would cease to function as a unit. Instead, they will move 

independently, leaving the earlier associated genes behind. Conjugative transposons 

carry genes that mediate their integration and excision into and from the chromosome. 

They also carry genes necessary for their conjugal transfers into bacterial cells 

(Christopher et al., 2014; Salyers et al., 1995).  

 

1.3.2 Plasmids 

Plasmids are small double stranded DNA molecule found in bacteria and archaea. 

They are important mobile genetic element that exist independently of the 

chromosome and are self-replicating. In E. coli, plasmids are typically found to 

comprise less than 5% of the total genome (Martinez-freijo et al., 1998). They are 

known to encode genes required by the cell, especially during adverse conditions. 

Virulence genes, antibiotic resistance genes, genes resistant to toxic heavy metals and 

many others enable the cell to exploit specific environmental situations (Thomas and 

Summers, 2008). Plasmids play a very important role in horizontal gene transfer and 

most E. coli carry two or more plasmids (Sherley et al., 2003). 
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1.3.3 Integrons 

Integrons are genetic elements that capture, express and transfer AR genes through 

their encoded gene cassette (Mazel, 2006). This process occurs during bacterial 

conjugation. Integrons are often found in plasmids, bacterial chromosome as well as 

in transposons (Mazel, 2006). They play a major role in the evolution and adaptation 

of pathogenic microorganisms.  

 

Based on sequence conservation, integrons consist of 3’-conserved segment (3’-CS), 

5’-conserved segment (5’-CS), and the variable segment between 3’-CS and 5’-CS. 

Integrons are divided into components. The first component is an integron integrase 

(intI) gene. An integron can encode multiple gene cassettes arranged as an array 

within a conserved recombination site (attI), the second component that make up the 

integron. Integron encoded gene cassettes can move in and out of the array, changing 

the order of their arrangement within it. These recombination and excision processes 

are mediated by the intI gene (Kovalevskaya, 2002). The third component is an 

integron connected to a promoter (Pc), that is used to express the gene cassettes 

(Mazel, 2006). Gene cassettes are flanked by conserved sequences known as 59-

base element (also known as attC) with one to two open reading frames. As soon as 

intI is expressed, it explores the genomic sequence associated with gene cassettes. It 

then moves out of the gene cassette and merges into the integron, at the attI site. The 

attI allows the separation of any open reading frames (orfs) in gene cassettes, with the 

aid of polymerase chain (PCR) primers, using the attC. This helps to connect novel 

genes (Boucher et al., 2007).  
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17% of bacterial genomes in the National Centre for Biotechnology Information (NCBI) 

database harbour an intI gene (Cambray et al., 2010). The function of integrons in the 

spread of AR is very significant, especially in Gram-negative bacterial cells. Integrons 

have acquired an extensive array of resistance genes from reservoir of drug resistant 

organisms. The rapid increase in integrons that are encoded in AR pathogens may 

further raise the possibility of interactions with other genes, leading to the acquisition 

of novel, and complex mobile elements that encode resistance to multiple antibiotics. 

One of the effects of this is the capacity of MGEs to enhance the transfer of resistance 

genes within species and cells (Partridge, 2011). Evolution and adaptation of integrons 

also continues to increase because of persistent exposure of pathogens to selective 

agents, both in the natural environments and through human activity. 

 

 

Figure 1.1 Integron structure 

Doi: 10.1038/ismej.2014.226 

 

1.3.3.1 Gene cassettes 

Gene cassettes are small genetic elements that are composed of a sole or occasionally 

two genes. They often have a recombination site but lack promoter (Hall and Collis, 
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1995). Free form of gene cassettes is circular in shape, but when they integrate into 

integron, they become linear (Hall and Collis, 1995). Integrons may gain one or more 

gene cassettes to establish an assembly of cassettes (Gillings, 2014). Cassette arrays 

in clinical class 1 integrons usually consist of between 0 and 6 cassettes (Jacquier et 

al., 2009), while some chromosomal cassette arrays harbour hundreds of gene 

cassettes (Michael and Labbate, 2010). Gene cassettes encoded within integrons are 

predominantly key constituents of bacterial adaptation. The capacity of integrons to 

obtain novel gene cassettes and to reposition the genes already in the gene assembly, 

enable a faster way to acquire adaptive diversity. The vast diverse functions of gene 

cassettes harboured by integrons allow the latter to acquire pre-adapted traits for 

antimicrobial resistance (AMR) gene acquisition and expression, which are very useful 

in the presence of antibiotics. Therefore, gene cassettes contribute immensely to the 

adaptation of bacterial cells to antibiotic therapy (Gillings, 2014). Variations in 

heterogeneous sites as well as in the codon usage in these integrons are proof that 

accumulation might have been progressive from a variety of phylogenetic 

environments (Partridge et al., 2009).  

 

1.3.3.2 Classification of Integrons 

Integrons were initially grouped into mobile integrons and chromosomal integrons, but 

the two groups were classified based on limited examples. Reports later indicated that 

there are many other different integron families (Boucher et al., 2007; Hall and Stokes, 

2004). These integrons are classified based on the phylogeny of their respective 

integrase genes: the first group is found in proteobacteria from freshwater and soil 

environments, included in this group are the class 1 and 3 integrons from clinical 
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samples (Naas et al., 2001). The second group is found in gamma-proteobacteria from 

marine environments, this group includes the class 2 integrons and integrons found on 

the SXT integrative conjugative element and pRSV1 plasmid from various Vibrio 

species. The last group of integrons are those whose integrase genes are in the 

reverse orientation to the first two groups (Boucher et al., 2007). These integron 

classes have a diverse reservoir of gene cassettes that are known to harbour 

resistance to antimicrobials. AR integrons are known to share common characteristics: 

they are often associated with plasmids, and they have few gene cassettes encoded 

with AR. But these shared characteristics are not inherent features of their ancestors. 

It is possible that they might have evolved because of convergent evolution. This type 

of evolution is often enhanced by strong selection pressures, caused by use of 

antibiotics by humans. Consequently, all the groups of integrons associated with AR 

pathogens may have current and same evolutionary record (Gillings, 2014). An 

example of this, is the intI genes associated with the integrons from the class 1 mobile 

integron. These intI genes were isolated from various hospitals and were observed to 

be similar. This suggests that these integrons are new progenies of a single event 

(Gillings, 2014).   

 

However, both chromosomal integrons and mobile integrons play crucial function in 

genome evolution and diversity (Boucher et al., 2011). Mobile integrons have limited 

gene cassettes, with the longest registered being about 8 cassettes driven from a 

single promoter (Naas et al., 2001). Additional cassettes are rarely expressed because 

of their distance from the promoter (Hall and Collis, 1995). Reservoir of cassettes 

harboured by mobile integrons, can confer resistance to most categories of 

antimicrobials used in agriculture and medical science (Partridge et al., 2009; Gillings 
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et al., 2008; Stokes et al., 2006). They also have varying attI and are able to gain their 

mobility by interacting with plasmids or transposons. The second group known as the 

chromosomal integron is also referred to as “super-integrons”. This group has 

hundreds of gene cassettes, and similar attI that are often not involved in AMR (Gillings 

et al., 2008). They are said to be inactive (Cambray et al., 2010), although movement 

of gene cassettes from chromosomal integrons has been reported (Domingues et al., 

2012). Generally, integrons do not have capacity for self-mobility; the intI is often 

unable to remove its own gene from a chromosome. Such genes are usually located 

within cassette arrays of chromosomal integrons or are found lying adjacent to the intI 

gene. The intI thus, have to depend on their association with transposases or 

recombinases for inter-chromosomal mobility.  

 

1.3.3.3 Class one Integrons (C1) 

C1 integrons harbour limited gene cassettes, and they usually participate actively in 

the spread of AR. There have been numerous reports of plasmids harbouring C1 

integrons, in a broad array of bacterial species (McGivern et al., 2021; Li et al., 2020; 

Wang et al., 2017; Van Essen-Zandbergen et al., 2009).C1 integrons are found in 

about 40 to 70% of Gram-negative pathogens from clinical samples (van Essen-

Zandbergen et al, 2007; Martinez-Freijo et al.,1998). The movement of Tn402-integron 

hybrid into diverse plasmids and other transposons generated diversity and rapid 

spread of C1 integrons into a range of pathogens and commensals. The C1 clinical 

integrons are very commonly encountered. They have been discovered at about 10 to 

50% in commensal bacteria in healthy human subjects (Liu et al., 2013; Bailey et al., 

2010), where integron carriage by commensal E. coli increased to about 80% (Sepp 
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et al., 2009).Commensal bacteria encoding integrons act as a bridge for horizontal 

gene transfer of resistance genes between the commensals and pathogens (Djordjevic 

et al., 2013; Betteridge et al., 2011). Although this class of integrons are commonly 

encountered in Gram-negative bacteria, some studies have also detected their 

presence in Gram-positive bacterial cells (Xu et al., 2011; Gillings et al., 2008; Shi et 

al., 2006; Nandi et al., 2004). C1 integrons that are enclosed in transposons or other 

mobile genetic elements, have been shown to have the capacity for external mobility 

between and within bacterial genomes. This process is known as hitchhiking. C1 

integrons encoded in plasmids are often transferred during bacterial conjugal gene 

transfer, or through natural transformation or transduction (Domingues et al., 2012).  

 

1.4 Horizontal Gene Transfer and Mobile Genetic Elements 

The transfer of genetic material amongst prokaryotes and/or eukaryotes is called 

horizontal gene transfer (HGT) (Robinson et al., 2013; Hotopp, 2011; Ochman et al., 

2000). This process plays an important function in the increase of bacterial resistance 

to antimicrobials (Gyles and Boerlin, 2014; Barlow, 2009). This occurs when a bacterial 

cell gains resistance, and such resistance genes are spread to other cells (Francino, 

2012; Hawkey and Jones, 2009). Hence, horizontal gene transfer is important in 

evolution and adaptation of organisms (Gyles and Boerlin, 2014; Francino, 2012; 

Organisation for Economic Co-operation and Development (OECD), 2010; Hawkey 

and Jones, 2009; Kay et al., 2002; Koonin et al., 2001; Nielsen, 1998). The 

mechanisms of horizontal gene transfer, powerful natural selective pressures and 

transposition have resulted in multi-drug resistance species of most bacterial 

pathogens (Gyles and Boerlin, 2014; Stearns and Hoekstra, 2005). 

https://en.wikipedia.org/wiki/Antibiotic_resistance
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Approximately one percent (1%) of genes that have been horizontally transferred are 

commonly found in areas known as hotspots within the chromosome. Increase of these 

genes could occur with increased genome size and rate of plasmid transfer, thereby 

enhancing the enlargement of the hotspots. Hotspots direct most changes on gene 

banks. They are home to most MGEs, especially those encoding AR genes, and also 

control exchange between genome spread and assembly (Oliveira et al., 2017).  

  

1.4.1 Mechanisms of Horizontal Gene Transfer 

AMR genes can be transferred from one bacterium to another through three different 

methods of horizontal gene transfer. They are transformation, transduction and 

conjugation (Gyles and Boerlin, 2014; Todar, 2012; Maloy, 2002). 

 

1.4.1.1 Transformation 

Transformation involves the introduction, absorption, and expression of genetic 

material (usually DNA or RNA) from the environment, into a competent recipient cell, 

leading to the genetic modification of the cell (Stearns and Hoekstra, 2005). 

Competency is a transient situation, whereby a recipient cell has the capacity to 

accommodate foreign DNA from the surroundings or be induced in a laboratory setting 

(Johnston et al., 2014). This state is a ‘must’ in order to integrate the genes into 

bacteria for experimental studies or for clinical or commercial purposes. Bacteria are 

usually the commonest organisms of interest for the transformation process (Renner 

and Bellot, 2012). Transformation can also take place naturally as a time-limited 

reaction to adverse situations, such as, cell density and starvation (Johnston et al., 

2014). In this case, plasmid DNA harbouring a beneficial determinant gene, moves 

https://en.wikipedia.org/wiki/Transformation_(genetics)
https://en.wikipedia.org/wiki/Transduction_(genetics)
https://en.wikipedia.org/wiki/Conjugation_(genetics)
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from one bacterial cell to another, where it is joined to the genome of the recipient cell 

by homologous recombination.  

 

1.4.1.2 Transduction 

Transduction occurs when foreign DNA is introduced into a cell by a virus (Snyder et 

al., 2013; Stearns and Hoekstra, 2005). Bacteriophages (phages) are viral elements 

that invade bacterial cells and reproduce within the cells. They harbour resistance 

genes, especially β-lactamase genes, which are MDR genes, as well as virulence 

factors needed by the bacteria. This unique role usually results in bacterial evolution 

and adaptation. Molecular biologists utilise the transduction process to transfer foreign 

DNA into cell genome of a host, with the aid of a bacteriophage. Transduction involves 

any of two cycles: the lytic cycle or lysogenic cycle. Lytic cycle occurs when 

bacteriophages infect bacterial cells. They utilise transcriptional, replicational and 

translational machineries of the host cell to produce new viral particles known as 

virions. The virions lyse the host bacterial cell, and then get discharged. However, in 

the lysogenic cycle, after infection, the chromosome of the phage gets embedded as 

a prophage (phage genome) into the chromosome of the bacterial cell, where it could 

become passive for a long period of time. It can only become active again, in a situation 

where it is stimulated, for example, by ultra-violent light. If this occurs, the prophage 

excises from the chromosome of the bacterial cell, and then attacks the cell, for the 

lytic cycle to take place (Snyder et al, 2013; Malys, 2012; Madigan and Martinko, 

2006). 
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1.4.1.3 Conjugation 

Conjugation is the movement of genetic material among bacterial cells, either by direct 

contact between one cell and another, or by a bridge-like connection between the two 

cells (Johnston et al., 2014; Stearns and Hoekstra, 2005), with the aid of a pilus 

(Alberts et al., 2002). Although this process may be via direct contact between one cell 

and another, or by means of a pilus, there is no exchange of gamete. Therefore, a new 

organism is not formed. Nevertheless, an extant organism is transformed. In the course 

of a traditional E. coli conjugation process, a conjugative or mobilisable genetic 

material, such as a plasmid or transposon is usually supplied by the donor cell (Keeling 

and Palmer, 2008). Such genetic information is very often useful to the recipient cell, 

and some of the advantages are antimicrobial resistance, capacity to utilise novel 

metabolites, virulence, and ability to tolerate xenobiotic chemicals (Gyles and Boerlin, 

2014). 

 

1.5 Plasmid diversity 

1.5.1 Plasmid classification 

1.5.1.1 F-plasmids 

The F-plasmids also known as fertility plasmids are one of the earliest plasmids 

responsible for antibiotic resistance. They are frequently found in the family 

Enterobacteriaceae. These plasmids allow genes to be transferred from one 

bacterium, carrying the F-factor, known as donor, to another bacterium that is devoid 

of the F-factor (F−) known as recipient, by conjugal transfer (Lawley et al., 2003).  
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The F-factor is a 100kb fragment of double stranded DNA with two origins of 

replications (Rosenberg and Hastings, 2001). Transfer origin, oriT, enables a specific 

one-way direction replication during horizontal gene transfer. The F-factor harbours 

genes for sexual pilus. The pilus forms a bridge-like connection, used for F-carrying 

bacteria, to attach to the F− cells for conjugative transfer. The F-factor also encodes 

an operon of about thirty genes, which are known to encode tra proteins, that enhance 

gene transfer. The mating apparatus of F-type plasmids are also found to have 

different replicons. Such subgroups of F-plasmids, including FIA, FIIA / FIC and FIB  

are commonly encountered (Mutai, et al., 2019; Rosenberg and Hastings, 2001). 

These replicons carry fertility plasmids necessary for bacterial conjugation. In addition 

to multiple replicons, most F-plasmids also carry varying toxin-anti toxin systems as 

well as partitioning systems. These later systems ensure plasmid replication and 

maintenance (Van Melderen and Saavedra, 2009; Lewis-Kittell and Helinski, 1993).  

 

1.5.1.2 Resistance plasmids (R) 

R plasmids are plasmids known to encode AR genes, often multiple AR genes (Levin, 

1995). The multi-resistance of R plasmids can be described by their capacity to spread 

numerous AR genes at once through bacterial conjugation. Most F-plasmids are 

transferred at a very high frequency, unlike R plasmids that are usually transferred at 

low frequencies. In addition, some R plasmids when they co-exist in the same host cell 

with F-plasmids, prevent the transfer of F-plasmids (Watanabe, 1969). 
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1.5.2 Plasmid Incompatibility 

Bacterial cells may harbour multiple copies of a plasmid. But not all plasmids are 

capable of stable co-existence within the same cell. Two or more co-resident plasmids 

are not able to co-exist when they both share same origin of replication or similar 

partitioning system. This situation is termed plasmid incompatibility (Carattoli, 2009). 

In plasmid incompatibility, the plasmids contribute equally to the total plasmid copy 

number and are thus regulated together. However, they are not identified as distinct 

plasmids. Consequently, during cell division, one of the plasmids usually gets lost 

(Novick, 1987). This situation is common with low copy number plasmids that belong 

to the same incompatibility (Inc) group.  

 

Plasmid incompatibility can either be reciprocal or unidirectional. Reciprocal 

incompatibility is when the two plasmids have an equal likelihood of getting lost from 

the bacterial cell they began with, while unidirectional incompatibility occurs when one 

of the plasmids has an extra attribute that gives it an edge over the other one, namely, 

acquisition of a second replicon (Thomas, 2014).  

 

Well-established classification systems have been used to group incompatible 

plasmids. Unlike previous replicon schemes that are based on observational analysis 

(Datta and Hedges, 1973), now, incompatibility classification is based on amino acid 

sequence of replication initiation (Rep) protein (Shintani et al., 2015). This plasmid 

classification type utilises molecular characteristics of the replicons (Carattoli et al., 

2005). However, there are disadvantages to this classification type: it is difficult to 

group multiple replicon plasmids into single replicon groups, there is minimal 

information about the Rep types and the Inc groups of many microbial taxonomies and 

https://www.frontiersin.org/articles/10.3389/fmicb.2015.00242/full#B21
https://www.frontiersin.org/articles/10.3389/fmicb.2015.00242/full#B21
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also, the difficulty in distinguishing the replication sites for other types of plasmids. 

Classification of incompatible plasmids based on mating pair formation (MPF) classes 

and mobility (MOB) types have been reported (Garcillan-Barcia et al., 2011; Smillie et 

al., 2010) to solve these challenges.  

 

Twenty seven (27) Inc group plasmids presently exist in the Enterobacteriaceae 

(Shintani et al., 2015). Plasmids that exhibit extensive dissimilarity from the same 

progenitor display compatibility and therefore can co-exist with one another while 

plasmids that are nearly similar tend to be incompatible. Based on this genetic 

relationship, Inc group plasmids were further classified into four key groups: IncI group 

(IncB, IncK, IncI), IncF group (IncC, IncD, IncF, IncJ, IncS); IncP group (IncM, IncP, 

IncU, IncW) and Ti group (IncH, IncN, IncT, IncX) (Waters, 1999). The Inc group 

plasmids F, N, P, B/O, HI1, HI2, I1, IncA/C and L/M are all associated with clinically 

acquired MDR infections. The IncP-1 plasmid is a well-studied plasmid that is 

distributed across many bacterial classes (Adamczyk and Jagura-Burdzy, 2003). Rep 

proteins of IncB, IncF, IncI, and IncK plasmids are more than 87% identical to one 

another. IncF plasmids especially IncFII and IncFIB are the most prevalent in E. coli 

(Wang et al., 2013; Carattoli, 2009). 

 

1.5.3 Plasmid Copy Number 

Plasmid copy number is the number of plasmid copies in a bacterial cell. In most 

plasmids, there are one or two copies per chromosome. Low copy plasmids are 5 or 

less copies in a bacterial cell. Such plasmids often need a toxin-antitoxin or a 

partitioning system to ensure that each daughter cell receives the plasmid at cell 
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division. Medium copy plasmids are often mutated plasmids. There are about 20 

copies per cell. Mutated plasmids usually replicate to high copy plasmids. Most high 

copy plasmids are >100 copies per cell and are often derived from medium copy 

number plasmids through mutagenesis (Boros et al., 1984). In some small-size 

plasmids, like the ColE plasmids, as much as fifty, or more plasmids are often found 

(Carattoli, 2009). Plasmid copy number plays a great impact in the effectiveness of 

plasmid-borne attributes, particularly on drug resistance. Most multi-copy plasmids are 

small, and do not typically encode antibiotic resistance genes (Carattoli, 2009).  

 

Plasmid copy number is intrinsically linked to plasmid incompatibility (Carattoli, 2009). 

At cell division (fig. 1.2), once replication is initiated, in a cell that harbours two 

incompatible plasmids, the plasmids cannot be distinguished from one another 

because they share same origin of replication. Replication is thus delayed until the 

plasmids have been segregated into different cells, in order to create the pre-

replication copy number. Plasmids loss at cell division, as well as the effects of the 

presence of plasmids on their hosts, can be controlled through copy number regulation 

(Carattoli, 2009). This process of plasmid copy number regulation are very important 

and often vary. 
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Figure 1.2 Copy number and plasmid incompatibility 

Adapted: www.bitesizebio.com 

 

1.6 Plasmid replication control 

The number of plasmid copies within a cell is pre-determined for a given plasmid under 

constant conditions (Lewis-Kittell and Helinski, 1993). This condition is accomplished 

by controlling plasmid replication, through control systems, as well as in the regulation 

of the replication-initiation gene harboured by the plasmids. Most of plasmid control 

mechanisms involves restriction (Lewis-Kittell and Helinski, 1993). Restriction refers to 

a negative feedback control that ensures an inverse relationship in the rates of 

replication and plasmid copy number in each cell. The region of plasmid that 

accomplishes the initiation of replication, and its control is called a replicon. The 

replicon consists of replication origin and gene-identifying proteins that are frequently 

Cell division with one plasmid 
Cell division with two incompatible plasmids 

Cell grows and plasmid replicates  
Cell grows but plasmids do not replicate as two 
origins are already present  

Cell division occurs 

 Incompatible plasmids have been distributed 
to different daughter cells 

Each daughter cell has one copy of   
same plasmid  

Cell division occurs 
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needed for the integration and replication sequences, required in the control of 

replication. During bacterial cell division, replicon encode genes that regulate uniform 

partitioning of plasmids into daughter cells (Lewis-Kittell and Helinski, 1993).  

 

Replication control can be achieved either by ribonucleic acid (RNA) antisense 

transcripts or by iteron based control. RNA antisense transcripts controls plasmid 

replication by an inhibition process: RNA is transcribed in a region overlapping an RNA 

transcript that is either directly involved in the replication process or encodes a product 

that is involved. The two RNA molecules hybridise along their complementary 

sequence regions, preventing further action from RNA transcript normally involved in 

replication. Counterscript RNA molecules are constitutively produced, hence their 

concentration within the cell, and the probability of interfering with plasmid replication, 

which is proportional to plasmid copy number (Brantl, 2014; Lewis-Kittell and 

Helinski,1993). An example of this is RNA antisense transcripts detected in IncFII 

plasmids. In iteron based control, a diffusable initiator protein attaches to sets of 

tandem repeats sequences known as iterons at the origin of replication. The 

association between the iteron and replication initiator protein enhances plasmid 

replication and control. At low concentrations, binding of the protein initiates the 

process of replication. But at high concentration, initiation protein will become inhibitory 

as excess binding obscures the origin of replication (Chattora, 2000; Lewis-Kittell and 

Helinski, 1993). An example of iteron-based control is observed in IncP plasmids 

(Stalker et al., 1981).  
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1.7 Plasmid Maintenance Systems 

1.7.1 Post-segregational killing (PSK) systems 

Post-segregational killing (PSK) systems (fig.1.3), also known as toxin / antitoxin (TA) 

systems or plasmid addiction systems, consist of small closely related genetic 

elements, that encode a stable "toxin" protein and a sensitive "antitoxin". PSK systems 

are diverse and are often prevalent in multiple copies in the prokaryotes (Fozo et al., 

2010). The activities of this system have been expressed as programmed cell death. 

At cell division, PSK is hindered by the presence of a plasmid in a cell, usually because 

the antitoxin immobilises the toxin, to prevent the killing. However, if there is plasmid 

loss, often because of replication errors, or mis-segregation (Yarmolinsky, 1995), the 

antitoxin quickly breaks down, and the toxin kills the daughter cells that do not maintain 

their plasmid copies (Hayes, 2003; Gerdes et al., 1986), that is, the plasmid-free 

bacteria are eventually eliminated by the adverse effects of the toxin (Wang and Wood, 

2011; Engelberg-Kulka et al., 2006; Tsuchimoto et al., 1992). Another system of cell 

killing occurs when the antitoxin acts as an antisense transcript and blocks the function 

of the plasmid messenger RNA (mRNA) to act as a toxic protein. In this situation also, 

if there is plasmid loss, the antitoxin’s RNA quickly breaks down leading to the 

production of the toxin mRNA, which would eventually kill the bacterial cell (Gerdes 

and Wagner, 2007; Gerdes et al., 1997). PSK systems usually move from one cell to 

another through the process of conjugal transfer, and they sustain themselves at the 

detriment of their host cell (Van Melderen and Saavedra, 2009).  

 

The PSK system is associated with pathogenic bacteria, and as such, can harbour 

plasmids that encode AMR and virulence factors (Ma et al., 2013). Hok and sok are a 

type 1 PSK system detected in the plasmids of a number of Gram-negative bacteria, 

https://en.wikipedia.org/wiki/Cell_division
https://en.wikipedia.org/wiki/Pathogens
https://en.wikipedia.org/wiki/Pathogens
https://en.wikipedia.org/wiki/Gram-negative_bacteria
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including plasmid R1 of E. coli (Fozo et al., 2008a). FimA and FimB are homologues 

of hok and sok. They stabilise the F-plasmid in E. coli. The hok toxin is found in the 

cell membrane, and often functions by killing the membrane capacity of the bacterial 

cell, resulting in the depletion of the cell’s fitness needed for metabolism. The antitoxin 

sok, on the other hand, is a small volatile antidote that blocks the toxin hok, by killing 

its movement (Gerdes et al., 1986). In addition, other PSK systems, ccdB and ccdA 

are also found in the F-plasmid of E. coli (Fozo et al., 2008b) while Ibs and Sib are 

found in the intergenic regions of E. coli (Bernard and Couturier, 1992). PSK systems 

were also detected on other transposable elements, such as bacteriophages and 

conjugative transposons (Magnuson, 2007). They have also been detected in multiple 

copies in chromosomes (Alonso, 2021; Harms et al., 2018; Brantl, 2012; Van 

Melderen, 2010). 

 

Figure 1.3 Post-segregational killing systems 

Source: https://images.app.goo.gl/AZFQjSgVqhMBkMp97 

https://en.wikipedia.org/wiki/F_plasmid
https://en.wikipedia.org/wiki/Mobile_genetic_elements
https://en.wikipedia.org/wiki/Bacteriophage
https://en.wikipedia.org/wiki/Transposable_element
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1.7.2 Multimer Resolution Systems 

Homologous recombination and replication between sister plasmids, can lead to 

plasmid dimers (two plasmids, each with its own replication origin) or plasmid 

multimers (sequential repeats of monomer plasmids). Either of these could lead to a 

reduction in the number of plasmid copies that are available for segregation into 

daughter cells (Austin et al., 1981). In large plasmids (often available as two or three 

copies for every bacterial cell), plasmid dimers or multimers could lead to recurrent 

plasmid loss (Austin et al., 1981; Nordström and Austin, 1989). Furthermore, the type 

of replication control that is utilised by most plasmids, may lead to what is known as 

“dimer catastrophe”. This situation occurs because dimers or multimers contain cells 

that are slow growing and are also maintained at low copy number than monomers 

(Summers et al., 1993). The likelihood of monomer replication is thus lower than that 

of dimer or multimer, resulting in increased proportion of dimer only cells. The effect of 

this increase is the segregation of cells that are devoid of plasmid. Dimer catastrophe 

often leads to increased reduction in plasmid stability (Summers et al., 1993).  

 

Multimer resolution systems help in improving the number of plasmid copies available 

for segregation, by correcting plasmid dimers and multimers (Austin et al., 1981). 

Before cell division, it is very necessary that multimers are rectified to monomers for 

effective segregation to occur. This is achieved by site-specific, enzyme-mediated, 

recombination systems. Large plasmids harbour their own recombinase systems, 

which is composed of genes for a recombination site and a distinct recombinase. 

Dimers are composed of two of such sites. These sites are nicked, changed, and re-

assembled by the protein to produce two discrete circular monomers. 
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1.7.3 Partition (par) systems 

Large plasmids are composed of low copy numbers, usually two or more copies in a 

cell. Irregular segregation of these plasmid copies into daughter cells can result in 

unrestricted plasmid loss (Nordström and Austin, 1989). In this situation, PSK can 

eliminate a great number of the cells within the population. This is a disadvantage to 

the survival of the pathogenic cell. Plasmids can overcome this situation by means of 

plasmid par systems.  

 

Most conjugative plasmids with low copy numbers harbour a par system. This system 

consists of a cis-acting centromere-like region, an ATPase or a GTPase motor protein 

and a distinct DNA binding adaptor protein. The transcription of the operon harbouring 

the two proteins is often auto-regulated (Gerdes et al., 2000). Plasmid par systems can 

be grouped into three classes: Type I, II and III. Type I par system harbours a divergent 

Walker-type P-loop ATPase. This class of par systems can be additionally grouped 

into Ia and Ib (Gerdes et al., 2000). Type Ia system have large ATPase motor proteins, 

which functions as the operon self-repressor. Type Ib systems have small motor 

proteins and use their DNA binding protein as a self-repressor. Type II par system 

harbours an actin / hsp70 class of ATPase, while type III par system harbours a 

GTPase (Gerdes et al., 2000). 

 

Par systems separate sister plasmids into daughter cells by a method comparable to 

the mitotic chromosome segregation (Ebersbach and Gerdes, 2005). The segregation 

of low copy plasmids at cell division generally depends on these systems. Plasmid par 

system ensures that one copy of the plasmid DNA is always acquired by each daughter 

cell (Gordon and Wright, 2000). In a situation where par system is absent, successful 
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plasmid segregation will depend on, if the plasmid is a multi-copy plasmid, and the 

actual spread of the plasmids within the cell (Wang et al., 2016; Reyes-Lamothe, et 

al., 2014).  

 

1.8 Population Biology of Plasmids 

1.8.1 Conjugative systems  

Plasmids are transferred among lineages through conjugation and mobilisation 

process (fig.1.4). At the end of this process, each of donor and recipient cell are left 

with a duplicate of the plasmid (Griffiths et al., 2000). Plasmids encoded by conjugative 

transfer systems harbour specific genes required to facilitate DNA exchange 

(Cabezón, et al., 2015; Derbyshire and Gray, 2014; Gomis-Rüth and Coll, 2006; 

Schröder and Lanka, 2005; Lawley, et al., 2003; Llosa, et al., 2002; Haase, et al., 

1995). Conjugative transfer systems make sure that the same genetic element is not 

present in the recipient cell. This is achieved by blocking the formation of cell-to-cell 

contact, and the entry of single stranded DNA into the recipient cell. Thus, preventing 

the transfer of plasmid DNA into cells already with similar conjugative plasmid.  

 

The conjugation system involves three major constituents: a relaxosome, a type IV 

secretion system (T4SSs) and a type IV coupling protein (T4CP). The relaxase, is a 

protein found within the relaxosome. It identifies the origin of transfer (oriT), which is a 

small DNA sequence used only for bacterial conjugation (Smillie et al., 2010). The 

relaxase catalyses the initial and the final stages in the bacterial conjugation by 

increasing the initial break at the origin of transfer within the donor cell. This process 

occurs when the relaxase cuts the double stranded DNA and hitches the emerging 
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single stranded DNA at the transfer origin. The relaxase, now attached to the single 

stranded DNA molecule, is incorporated by a T4CP into a T4SSs, and then it moves 

from the donor cell to the recipient cell (de la Cruz et al., 2010).  

 

Most T4SSs are not associated with bacterial conjugation, but are differentiated in 

protein secretion, especially in eukaryotic organisms, where the distribution of effector 

proteins to the cytosol of the organisms occur. T4SSs do not have a relaxase, but they 

encode a T4CP (Smillie et al., 2010). T4SSs comprises eight massive clades that are 

related to the eight mating pair formation groups. These mating pair formation groups 

are based on the phylogeny of VirB4, an ubiquitous protein with identifiable 

homologues (Guglielmini et al., 2014). Conjugative plasmids are usually large. Some 

that are as large as 100 kb or more have been observed (Smillie et al., 2010). The size 

is usually proportional to the amount of plasmid DNA required for the replication 

process to occur (Smillie et al., 2010). 

 

1.8.2  Mobilisable systems 

Mobilisable plasmids are small, usually about 10kb. They are known to harbour only a 

few genes, and also lack the genes that encode the factors needed for the coupling of 

the cells prior to DNA transfer. However, mobilisable plasmids encode genes that are 

necessary for their own conjugal DNA transfer (Garcillán-Barcia et al., 2009). This 

conjugal transfer, however, is only possible when a conjugative plasmid co-exist with 

a mobilisable plasmid within the same cell. Mobilisable plasmids do harbour a relaxase 

and sometimes, a T4CP, but they have no T4SSs. They possess the relaxosome 

constituents, which is, a relaxase protein, the origin of transfer and some accessory 
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proteins (Smillie et al., 2010). They are found in excess in the genomes of bacterial 

cells because they utilise a T4SSs, that is found within the conjugative plasmids that 

they co-exist with (Francia et al., 2004). Certain bacterial cells do not encode either 

conjugative or mobilisable plasmids. These are known as non-mobilisable plasmids 

(Smillie et al., 2010). 

 

 

Figure 1.4 Bacterial Conjugation 

Source: en.wikipedia.org 

 

1.9 Factors contributing to the persistence of plasmids in the host 
populations 

Plasmids play a very crucial role in the evolution of bacteria, however, understanding 

how far and how long plasmids can stably persist in the bacterial population remains 

a difficult task (Lili et al., 2007; Bergstrom, et al., 2000). This is usually because of the 
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burden created by the presence of the plasmid(s) within the host cell. This burden can 

be in the form of plasmid metabolism, certain regulative interchanges between the 

bacterial cell and the plasmid, cell-killing role acquired from harbouring the plasmid 

and the rate of plasmid loss during cell division (Baltrus, 2013; Shachra et al., 2010; 

Doyle et al., 2007). An equilibrium between the effects of the plasmid and the host 

fitness is thus, essential for both the plasmid and the bacterial host. There are three 

main factors that influence the persistence of plasmids in their host populations: 

plasmid effects on host fitness, plasmid loss due to segregation and fitness gains due 

to plasmid transfer. 

 

1.9.1 Plasmid effects on host fitness  

Host fitness often depend on the costs and the benefits of the plasmids to the bacterial 

host. Plasmid evolution can be influenced by the number and plasmid DNA content 

within a host cell. Plasmids exert a load on the bacteria that harbour them. When the 

plasmid DNA content is large and / or the plasmid has a high copy number, there is a 

negative effect on the bacterial cell (Smith and Bidochka, 1998; Khosravi et al., 1990). 

This is especially crucial where there is an absence of encoded traits that benefit the 

bacteria in such plasmids.  

 

Plasmid loss often occurs when the costs of carrying the plasmid exceeds its 

usefulness and there is negative selection. However, for beneficial plasmid genes 

(where plasmid trait confers an advantage), integration would be expected (positive 

effect) thereby minimizing random loss during cell division. Several reports have shown 

that in some situations, where plasmid-borne determinants confer a benefit to their 
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hosts, the overall fitness effects of such plasmids are not often well understood (Di 

Luca et al., 2017; Porse et al., 2016; Johnson et al., 2015; Vogwill and MacLean, 2015; 

San Millan et al., 2014). Some of these studies indicated that the carriage of plasmids 

encoding antibiotic resistance pose a cost to the bacterial host without the presence of 

antibiotic. Under these conditions, it is anticipated that bacterial strains that are devoid 

of the costly plasmid will surpass the plasmid-bearing strains because of the fitness 

cost of plasmid carriage. Costly plasmids may therefore be lost from the bacterial 

population because of competition with cells that are plasmid-free. Persistence of such 

costly plasmids within the cell, would therefore depend on the ratio of the beneficial 

outcome, to the cost effects on the cell (Steward and Levin, 1977). Other studies have 

suggested that reduction in the plasmid cost can occur after some time (Starikova et 

al., 2013; Dionisio et al., 2005; Dahlberg and Chao, 2003).  

 

1.9.2 Plasmid loss due to Segregation 

Plasmid stability is a term used when each of the daughter cells possess a single 

plasmid at cell division. Such culture is said to be segregationally stable. This is 

because all the plasmids have the right base sequence (Friehs, 2004). How well 

plasmids are maintained determines the plasmid stability. Stability of plasmid is 

enumerated by calculating the density of cells that are devoid of plasmid over a period, 

usually, in an already prepared cell culture containing plasmid. The rationale behind 

this type of experiment is that plasmid losses and any other ensuing positive growth of 

plasmid devoid cells account for the total number of plasmid-free cells at any period 

(Lili et al., 2007). Even though, at the beginning, this number may be small, but, at 

every generation, the growth increases. Plasmid persistence can increase, following 

https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg13
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg13
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg84
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg79
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg79
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg15
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg11
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adaptive evolution of the plasmid or the bacterial host. However, prolong plasmid 

persistence within an adapted bacterial cell will depend on the plasmid effect on the 

host fitness (Wein et al., 2019). 

 

Plasmid segregation signifies bacterial plasmid replication, where similar copies of 

plasmids are generated and are equally segregated among the new daughter cells. 

Plasmid loss due to segregation is usually because of unequal distribution of the 

plasmid molecules during cell division. When this occurs, heterogeneous population of 

cells (where plasmid-free cells outnumber plasmid-bearing cells) emerge. Hence, 

there is reduction in the overall productivity of the cell population (Popov et al., 2009). 

 

Plasmid size and copy number also play important part in segregational loss. High-

copy number plasmids are known to be irregularly spread among daughter cells during 

cell division, because they do not have sufficient partitioning and toxin-antitoxin system 

(Wang, 2017; San Millan et al., 2016; Million-Weaver and Camps, 2014), and because 

of their high copy numbers, probability of both of the daughter cells having a plasmid 

at the same time is very low. In addition, when copy number of the plasmid increases, 

increase in the number of Iterons (repeated sequences within the origin of replication 

that are needed for replication) often inhibit plasmid replication (Novick, 1987). Low-

copy number plasmids on the other hand, need certain systems to be able to 

disseminate plasmids. Such systems include: replication control mechanism, 

regulation of copy number and PSK systems (Tsang, 2017; Carattoli, 2013). To 

establish copy number maintenance, PSK system enhances elimination of cells that 

are devoid of plasmids and in some cases, also increase plasmid replication (Dmowski 

and Jagura-Burdzy, 2013; Hayes and Van Melderen, 2011). When plasmid copies are 

https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg86
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg69
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg53
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg82
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg9
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg16
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg16
https://cdnsciencepub.com/doi/10.1139/cjm-2017-0609#refg30
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partitioned irregularly among daughter cells, or when the plasmid replication rate is 

inadequate to match host replication rate, then cells devoid of plasmids will emerge 

again in populations of plasmid encoding cells (Lenski and Bouma, 1987; Kline, 1985; 

Scott, 1984). But, if plasmid carriage inhibits the cell growth, then selection will facilitate 

the increase in the prevalence of the plasmid-free cells (Warnes and Stephenson, 

1986; Seo and Bailey, 1985; Lee and Edlin, 1985; Noack et al., 1981). Persistence of 

plasmids in a bacterial population, thus, will depend on how stable the plasmids are 

within their host, the fitness of the bacterial host and the environmental conditions of 

the plasmids (Wein et al., 2019). 

 

1.9.3 Fitness gains due to plasmid transfer 

Conjugal gene transfer is enhanced both by mobile genetic elements and the bacterial 

hosts: donor (Frost and Koraimann, 2010) and the recipient cells ((Marraffini and 

Sontheimer, 2008; Bertani and Weigle, 1953). Most MGEs are advantageous to their 

hosts via the sharing of the same gene pool. Conjugal transfer could prove 

advantageous to the host due to the transfer of variable genes that are not directly 

associated in the maintenance and transfer of MGEs (Dimitriu et al., 2016). But the 

conjugal transfer of these traits has been explained as an exploitative characteristic of 

the MGEs because of the plasmid cost effects on the host. Although, it has been 

established that the donor cell does not obtain any direct gain from transferring genes 

to the recipient cell, however this process is beneficial to the recipient cell (Dimitriu et 

al., 2016). Nevertheless, the plasmid being transferred still enhances the donor allele 

overall fitness, because the same cell is improved with advantageous allelomorphs 

(Dimitriu et al., 2016). Fitness gains resulting from the transfer of plasmids also select 
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for resistance and virulence factors, therefore plasmid transfer rates can be enhanced 

by both indirect plasmid effects on host fitness and direct plasmid effects on plasmid 

fitness (Stewart and Levin, 1977). 

  

1.10 Persistence of non-mobilisable plasmids in bacterial 
population 

Bacterial conjugal transfers are necessary for plasmid persistence within bacterial 

population, but reports have shown that half of known plasmids are neither conjugative 

nor mobilisable (San Millan et al., 2013; Smillie et al., 2010). Therefore, another 

question that arises is, how do so many of these non-conjugative and non-mobilisable 

plasmids continue to persist within the bacterial population. San Millan et al. (2014), 

discovered that when bacteria are exposed to antibiotics, they evolve compensatory 

adaptations to alleviate some of the effects of carrying a plasmid, and even when 

antibiotics use is ceased, or when they are exposed to antibiotics again, these adapted 

plasmid-carriers become positively selected (San Millan et al. 2014). Therefore, such 

a plasmid are much more slowly removed from the population because it is no longer 

a burden to the bacteria. These findings suggest that adaptations between plasmid 

and bacteria in the presence of antibiotics, during the first generations of co-existence 

are enough for stability and maintenance of a non-mobilisable plasmid in a bacterial 

population, even after antibiotics use has ceased. Thus, the negative effects of plasmid 

carriage can be removed by compensatory adaptation.  
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1.11 Overall Evaluation of Existing Studies 

The ExPEC lineages of the phylogroup B2 are proportionally distributed in many 

human extra-intestinal diseases, with prevalence in hospital and community acquired 

ExPEC diseases. They are also commonly encountered in the gut. However, there has 

been many significant studies on the highly multi-drug resistance lineage, ST131 than 

its equally important drug susceptible counterparts, ST73 and ST95 lineages. Limited 

information exists to explain the rationale why these latter lineages though known to 

be largely susceptible to antibiotics, are also major pathogenic extra-intestinal E. coli 

that are extremely pandemic. Reports have suggested that, though E. coli strains of 

the phylogroup B2, that are antibiotics resistance as well as those that are drug 

susceptible continue to cause pandemics, none of them has been able to become a 

dominant cause of extra-intestinal infection (Kallonen et al., 2017; Riley et al., 2014). 

This seems to further suggest that antibiotic resistance may not be the only cause of 

the pandemicity, and pathogenicity observed in the strains of these lineages. However, 

much of the antimicrobial resistance in E. coli is plasmid mediated. Therefore, 

understanding the characteristics of the plasmids found in these STs in relation to their 

evolution and dissemination may be the key factor in unveiling what goes on within the 

genomes of these lineages. 

 

1.12 Research Aims 

Over the years, the frequency of AR human pathogenic bacteria has significantly 

increased around the globe. Several studies have shown that many of these resistant 

strains are associated with the family Enterobacteriaceae (Skov and Monnet, 2016; 

Liu et al., 2016; Alhashash et al., 2016; Nicolas-Chanoine et al., 2014; Zhang et al., 
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2014; Chen et al., 2014; Petty et al., 2014; Price et al., 2013; Golding et al., 2012; Dias 

et al., 2009; Coque et al., 2008; Nicolas-Chanoine et al., 2008). This group of bacteria 

are frequently recovered from intestinal and extra-intestinal infections. Within the 

Enterobacteriaceae, E. coli is known to be responsible for most of the extra-intestinal 

infections. 

 

E. coli is sub-divided into phylogroups with major representatives: A, B1, B2 and D. 

Phylogroup B2 is the major class of E. coli responsible for many ExPEC diseases 

(Gordon et al., 2015; Lau et al., 2008). Globally, phylogroup B2 strains account for 

about 70% of ExPEC infections. Within this phylogroup, are three key lineages 

responsible for most of these ExPEC infections: sequence types (STs) 131, 73 and 

95. Many reports have shown that each of these three lineages play an equal role in 

these infections, with each representing about 10% of E. coli recovered from humans 

(Forde et al., 2019; Gordon et al., 2017; Kallonen et al., 2017; Stephens et al., 2017; 

Chen et al., 2014; Gordon, 2010; Nicolas-Chanoine et al., 2008). These STs also 

represent about 30% of isolates recovered from human faecal samples (Gordon et al., 

2017). 

 

Given how ubiquitous these lineages are among humans, it would be expected that, in 

a community setting, the three lineages would be exposed to antimicrobials at about 

the same rate. However, many studies have demonstrated that their antimicrobial 

profiles differ: ST131 is noted to be highly resistant to antibiotics (Kallonen et al., 2017; 

Johnson et al., 2016), when compared with the other two lineages, STs 73 and 95. 

These later lineages have been observed to be largely antibiotics susceptible 

(Kallonen et al., 2017; Stephens et al., 2017; Gordon et al., 2017). The reasons for the 
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antibiotic susceptibility of these extra-intestinal E. coli strains remains largely unknown. 

Given the genes conferring resistance to antimicrobials are frequently plasmid borne, 

in this study we investigated the evolution, population dynamics, function and genomic 

diversity of the plasmids within these lineages. 

 

The first result chapter of this thesis characterised the differences in the genomic 

diversity of the plasmids in the phylogroup B2 lineages using various bioinformatics 

tools. The second result chapter investigated the plasmid-host dynamics by examining 

the rate of plasmid transfers among the ST lineages using plasmid transfer 

experiments, assessing the impacts of the plasmids on transfer rates using genome 

wide association studies, determining how well the plasmids are maintained within the 

host after several generations using stability experiments and examining the fitness 

costs of the plasmids carriage within the host over time using competition experiments. 

The third result chapter examined and compared the evolutionary history existing 

among the two common plasmid type in the three lineages using genome alignments 

techniques and phylogenetic analysis. The final chapter discussed the findings of this 

study with reference to the differences in antimicrobial profiles of the three lineages of 

phylogroup B2, that are equally globally pathogenic and explored the information 

acquired from this study to improve our understanding of the ecology and evolution of 

E. coli plasmids.  
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Chapter 2 Genomic diversity of strains isolated from 
patients living in the same geographical 
region.  

 

2.1 Abstract 

The frequency of multi-drug resistant human pathogenic bacteria has significantly 

increased all over the globe. The three lineages of the phylogroup B2 have been 

equally implicated in the cause of these extra-intestinal infections, but their 

antimicrobial profiles differ. Because resistance genes are often borne on plasmids, 

investigation of the differences in the genomic content of the plasmids found in the 

lineages of the B2 phylogroup, and how the plasmids promote the spread of resistance 

genes was carried out using various bioinformatics tools. Number of strains analysed 

were 80 (ST131), 76 (ST73) and 79 (ST95). This study shows that there were key 

differences in the plasmids content within these lineages. The number of mobilisable 

plasmids per strain varied among lineages (Wilcoxon Test: X2 = 8.73, P > 0.0127). 

ST131 strains had an average fewer mobilisable plasmids than ST73 or ST95 strains. 

By contrast ST73 strains were less likely to host a conjugative plasmid compared to 

strains of the other STs (Wilcoxon Test: X2 = 50.28, P < 0.0001). No difference among 

STs in the total number of plasmids harboured per strain was detected (Median Test: 

X2 =1.819, P > 0.4027). The total plasmid DNA content per strain varied significantly 

(ANOVA: F = 14.49, P > 0.0001), ST131, n=80, ST73, n= 76 and ST95, n=79) among 

the lineages. The average plasmid DNA content of ST131 strains was 147kbp, 164kpb 

for ST95 strains and 112kbp for ST73. Among strain differences within an ST also 

varied among STs (Brown-Forsythe Test: F = 5.05, P > 0.007). ST73 strains exhibited 

the greatest among strains variation and ST95 strains the least, a result that reflects 
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the fact that many ST73 strains lacked conjugative plasmids. IncF plasmids that play 

an important role in conjugal transfers were very common in all the E. coli strains 

analysed especially IncFII and IncFIB plasmids, but this class of plasmids was more 

frequently found in the strains of the ST131 lineage. There were diversities in the 

resistance determinants in ST131 lineage based on the presence of different classes 

of antimicrobial resistance genes as well as the frequent occurrence of fluoroquinolone 

resistance determinant set this lineage apart from the other two (STs 73 and 95) 

lineages. Most fluoroquinolone resistant isolates were most adapted to 

O25H4:ST131:fimH30. O16H5:fimH41 is another host characteristics common in 

ST131 strains. ST73 had no fluoroquinolone positives in any of its isolates. The most 

prevalent serotype observed in the strains of the ST95 lineage was 01:H7 with fimH27 

while the most prevalent serotype in ST73 lineage was 06:H1 with fim30. Integrons 

were found associated with resistance genes within the strains of ST131 lineage, but 

they were few when compared to the other lineages. Most of the ST131 strains 

associated with multiple resistance genes and integrons were detected in the F-

plasmid sequence type F29:A-:B10. ST95 and ST73 lineages share a major F-plasmid 

sequence type: F51:A-:B10 and integrons were observed to dominate this F-plasmid 

sequence type, but fewer multiple antimicrobial genes were noted. F51:A-:B10 

sequence type was not found in any of the strains of the ST131 lineage. Plasmid 

encoded virulence genes and bacteriocins were common in these lineages. Most of 

these genes are involved in DNA transfer, cytolysis, and defense responses. Overall, 

distinct genetic diversity was observed in the plasmids of the B2 lineages. Thus, the 

unique differences within the plasmids of these lineages may be able to account for 

their differing antimicrobial profiles.  
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2.2 Introduction 

Escherichia coli clonal groups ST131, ST95 and ST73 frequently account for a large 

proportion of extra-intestinal E. coli infections, occurring at equal rates in both clinical 

and community settings in many parts of the world (Nicolas-Chanoine et al., 2008; 

Riley, 2014). However, one of the lineages, ST131, has been implicated in several 

studies as the major cause of multidrug resistance in extra-intestinal E. coli infections 

(Kallonen et al., 2017; Johnson et al., 2016; Skov and Monnet, 2016; Nicolas-Chanoine 

et al., 2014; Price et al., 2013; Coque et al., 2008; Nicolas-Chanoine et al., 2008). 

Limited information exists on the reasons why the two other lineages, ST95 and ST73, 

are largely drug susceptible (Stephens et al., 2017; Kallonen et al., 2017; Gordon et 

al., 2017; Bengtsson et al., 2012). Specifically, how these drug susceptible strains 

evolve to cause pandemics, and whether there are other biological characteristics that 

are unrelated to drug resistance. 

 

Plasmids are double-stranded DNA molecules, which are naturally found in bacteria, 

archaea, and recently, in some eukaryotes. They are mobile genetic elements that 

exist independently of the chromosome, and are self-replicating (Martinez-freijo et al., 

1998). They are known to encode genes required by the cell, especially during adverse 

conditions. Virulence genes, antibiotic resistance genes, genes conferring resistance 

to toxic heavy metals, and many others enable the cell to exploit specific environmental 

situations (Thomas and Summers, 2008). Resistant plasmids are known to encode 

multiple antimicrobial resistance genes (Levin, 1995). Since plasmids are important 

determinants of antimicrobial resistance in E. coli, understanding the differences in the 

genomic diversity of the three lineages with emphasis on their plasmid content, 

frequency of occurrence, and other intrinsic factors within their genome, becomes 
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essential to provide clues as to why STs 73 and 95 are drug susceptible despite that 

all three of them are globally pathogenic. 

 

There has been a significant increase in the use of bacterial whole-genome 

sequences, due to readily available next generation DNA sequencing techniques, 

especially with regards to its use in monitoring the outbreak of resistant pathogens. 

Various software tools were utilised to analyse draft genomes of the strains of 

phylogroup B2 lineages from clinical samples obtained from Canberra Hospital, 

Australia over a period of time. These techniques examine the genetic characteristics 

of the genomic make-up of each lineage in order to understand their differences.  

 

The aim of this project was to investigate the differences in the genomic diversity of 

the plasmids in the phylogroup B2 lineages using various bioinformatics tools. 

 

2.3 Materials and Methods 

 

2.3.1 Bioinformatics Tools 

Plasmid communities of 235 draft whole genome sequenced (WGS) data of E. coli 

isolates from blood, urine and faeces taken from people living in the Canberra region 

of Australia were analysed These strains served as a proxy for strains that had spread 

globally (Merino et al., 2016; Gordon, et al., 2015; Blyton et al., 2014; Gordon, 2010; 

Yumuk et al., 2008; Gordon, et al., 2005; Gordon, et al., 2002). There were 76 isolates 

of ST73, 80 of ST131, and 79 of ST95. Three recently developed bioinformatics tools 

designed to detect contigs associated with plasmid DNA were used to determine the 
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number of plasmids within the strain of each lineage. The bioinformatics tools used 

were Mlplasmid (Sergio Arredondo-Alonso et al., 2018), Plascope (Royer et al., 2018), 

and MobSuite (Robertson and Nash, 2018). 

 

Mlplasmid is a binary classifier used to predict short-read contigs either as a plasmid 

or chromosome derived. It is a species - specific classifier that employs pentamer 

frequencies. The binary classifier assigns each contig to either plasmid or chromosome 

using a probability threshold. Plascope on the other hand, is based on a centrifuge 

software tool that uses a metagenomic classifier and a custom database. It assigns 

sequences based on matches against the database, and then sorts them into classes. 

MobSuite is an application tool for identifying, grouping, reconstructing, and typing of 

plasmids from whole genome assemblies. It uses a reference database method to 

identify contigs of plasmid origin and then cluster them into classes based on an 

internal grouping strategy. MobSuite accepts fasta formatted genome assemblies.  

 

The outputs predictions from the three bioinformatics tools were combined to enhance 

accuracy and wherever there is a consensus among all the tools for plasmid, such 

contig is accepted as plasmid derived. The outputs from these analyses were also 

incorporated into pipeline such as BLAST (basic local alignment search tool) to further 

confirm the results. This was done by uploading the assembled genomes in fasta 

format to the BLAST programme. BLAST examines for regions of similarity among 

biological sequences. The programme compares nucleotide or protein sequence, to 

sequence databases, and then, calculates the statistical significance (National Center 

for Biotechnology Information [NCBI]). 
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Incompatibility (Inc) groups were identified by uploading the assembled genomes in 

fasta-format to the centre for genomic epidemiology (CGE) 

(www.genomicepidemiology.org). The presence of plasmids in a strain is based on 

finding matches to known Inc groups using the application tool, PasmidFinder 2.1 

(Carattoli et al., 2014). The PlasmidFinder web tool is able to identify plasmids in total 

or partial sequenced isolates of bacteria. The presence of antibiotic resistance genes 

was determined by uploading assembled genomes in fasta format to ResFinder 3.1 

(Zankari et al., 2012). Serotyping was done by using the SerotypeFinder 2.0 tool 

(Joensen et al., 2015). The fimH type was identified by uploading the genomes to 

FimTyper version 1.0 (Roer et al., 2017). ResFinder, VirulenceFinder, SerotypeFinder 

and the FimTyper are all tools available on the CGE website. 

 

The draft sequenced data were also analysed using other bioinformatics tools such as 

MacSyFinder, CONJScan and IntegronFinder, MacSyFinder is an application tool use 

to model and detect macromolecular systems, and genetic pathways in protein 

datasets. In prokaryotes, these systems have evolutionary conserved properties: they 

are made up of conserved components and are encoded in compact loci (conserved 

genetic architecture). The user models these systems with MacSyFinder to reflect the 

conserved features, and to allow their efficient detection. Detection of a system is 

based on the presence of a given amount of mandatory and accessory components in 

the pre-defined genetic architecture. CONJScan allows for the detection of conjugative 

systems in genomes. A conjugative system is defined by the presence of a relaxase, 

a Type IV coupling protein and a Type IV secretion system (T4SS). There are eight 

different types of T4SS. They are defined by the phylogeny of the only ubiquitous 

protein, Virb4 found in T4SS. Conjugation system Types T, G, F, and I for single cell 

http://www.genomicepidemiology.org/
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bacteria such as E. coli were detected using this application tool. IntegronFinder was 

used to detect the presence of integrons in the bacterial genomes.  

 

2.3.2 Statistical analysis of genomic data 

The number of plasmids, plasmid DNA content, F- plasmid sequence types, fimH type, 

serotype, number of incompatibility groups, resistance genes associated with the 

ExPEC groups, presence of integrons, virulence factors, and type of conjugation 

system were  determined and compared using one-way analysis of variance (ANOVA) 

and Median test at 95% probability. The significant differences were noted. All 

analyses and graphic designs were done in JMP 15, and Microsoft excel software. 

 

2.4 Results 

 

2.4.1 Serotype and fimH type diversity 

Varying distributions of serotypes and fimH types within the different lineages (fig. 2.1) 

(pearson X2 test: P< 0.0001) were observed. Serotypes O25:H4 and O16:H5 were the 

only serotypes detected in ST131 lineage. Serotypes 01:H7, 050 /02:H7, and 050 / 

02:H4 were most prevalent in ST95, while 06:H1 was the most prevalent serotype in 

ST73 lineage. Some ST95 strains exhibited the serotype 025:H4.  
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Figure 2.1 Distribution of serotypes / fimH types by lineages 

 

Six fimH types were identified among the strains of the ST131 lineage, although, 

majority of ST131 strains belonged to fimH30 with 025:H4 serotype. Ten different fimH 

types were identified in the strains of ST95 lineage, but fimH27 and fimH41 with O1:H7 

and O50/02:H7 serotypes respectively were more prevalent. ST73 lineage harboured 

about fifteen different fimH types. FimH30 with O6:H1 serotype was most prevalent, 

this was followed closely by fimH12 and fimH10 with 025:H1 and O6:H1 serotypes, 

respectively. 

 

2.4.2 Number of plasmids per strain 

MobSuite attempts to infer the number of plasmids present in each bacterial isolate 

using draft assemblies, and if the plasmids are conjugative or mobilisable. The results 

of the MobSuite analysis revealed that the number of mobilisable plasmids per strain 

varied among lineages (Wilcoxon Test: X2 = 8.73, P > 0.0127) (fig. 2.3). ST131 strains 
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had on average fewer mobilisable plasmids than ST73 or ST95 strains. By contrast 

ST73 strains were less likely to host a conjugative plasmid compared to strains of the 

other STs (Wilcoxon Test: X2 = 50.28, P < 0.0001) (fig. 2.2). No difference among STs 

in the total number of plasmids harboured per strain was detected (Median Test: X2 

=1.819, P > 0.4027) (fig. 2.4), with 2 as the median number of plasmids per strain. 

While each strain of ST131 harbour more than one plasmid, about 5% of ST73 and 

2% of ST95 strains harbour only one plasmid (fig. 2.4). 

 

 

Figure 2.2 Number of conjugative plasmids per strain as inferred by the MobSuite tool 
with respect to ST membership. 
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Figure 2.3 Number of mobilisable plasmids per strain as inferred by the MobSuite tool 
with respect to ST membership. 

 

 

Figure 2.4 Number of plasmids per strain as inferred by the MobSuite tool with respect to 
ST membership 
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varied with ST (ANOVA: F = 14.49, P < 0.0001). The average plasmid DNA content of 

ST73 strains was 112kbp, 164kpb for ST95 strains and 147kbp for ST131 (figs. 2.5, 

2.6 and 2.7). As well as the STs differing in their total plasmid DNA content, the among 

strain variation within an ST also varied among STs (Brown-Forsythe Test: F = 5.05, 

P > 0.007). ST73 strains exhibited the greatest among strains variation and ST95 

strains the least, a result that reflects the fact that many ST73 strains lacked 

conjugative plasmids. 

 

Total plasmid DNA per strain increased with the number of plasmids present in a strain, 

but the magnitude of the relationship varied among the STs (ANOVA: ST, F = 10.71, 

P < 0.0001; Number of Plasmids, F = 63.21, P < 0.0001; ST * Number of Plasmids, F 

= 6.46, P > 0.0019) (fig 2.8). 

 

 

Figure 2.5 Total plasmid DNA content per strain with respect to ST membership 
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Figure 2.6 Total plasmid DNA content per strain with respect to ST membership 

 

 

Figure 2.7 Total plasmid DNA content per strain with respect to ST membership 
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Figure 2.8 The relationship between the total number of plasmids inferred per strains and 
the total amount of plasmid DNA inferred per strain with respect to the ST 
membership of the strains 

 

2.4.4  Incompatibility groups diversity 

Thirteen incompatibility groups were detected in total. The incompatibility groups 

Inc12, Inc13, IncH, IncN, IncX1, and IncX4, and InCY were uncommon, and none were 

detected in more than six strains. The average number of Inc groups varied with ST 

(Wilcoxon Test: X2 = 29.12, P < 0.0001), with an average of three Inc groups detected 

in ST73 strains compared with an average of four in STs 95 and 131. 

 

The common Inc groups were non-randomly distributed with respect to ST 

(Contingency Table: X2 = 53.13, P < 0.0001) (fig. 2.9). IncFIA was over- represented 

in ST131 strains, while InC1 and IncQ1 were over-represented in ST95 strains.  

0

50

100

150

200

250

300

350

400

0 1 2 3 4 5 6 7 8

To
ta

l P
la

sm
id

 D
N

A
 p

er
 S

tr
ai

n
, k

b
p

Number of Plasmids per Strain

ST73 ST95 ST131 Linear (ST73) Linear (ST95) Linear (ST131)



Chapter 2 

76 

 

 

Figure 2.9 Distribution of the most common incompatibility groups with respect to 
sequence type 

 

2.4.5 Distribution of conjugation systems 

The probability of detecting one or more of the conjugation systems F, G, I and T varied 

among the STs (Contingency Table: X2 = 38.01, P < 0.001). These conjugation 

systems were not detected in 55% of ST131 strains, and were absent in 43% of ST73 

strains, while only 13% of ST95 strains lacked a conjugation system. All the analysed 

plasmids of the E. coli strains were observed to carry diverse conjugation systems (fig. 

2.10) (Pearson X2 test: P< 0.0001), Type G, F, T and I. The conjugation Type T system 

was more prevalent in ST131, n=80 strains. However, very few of the strains of ST95, 

n=79 and ST73, n=76 carried this conjugation type. The conjugation Type G system 

was not found in either of the strains of ST131 or ST73 lineages. However, this 

conjugation Type G system was observed in some strains of ST95 lineage. 

Conjugation Type F was very common in the strains of the three lineages: ST95 has 

0

10

20

30

40

50

60

70

80

90

100

ColRNAI IncFIA IncFIB IncFII IncI1 IncQ1

%
 o

f 
S

tr
a
in

s
 P

o
s

it
iv

e

Plasmid Incompatibility Group

73 95 131



Genomic diversity of strains isolated from patients living in the same geographical region 

77 

the highest distribution, followed by ST73 and then, ST131. Overall, all the ExPEC 

strains analysed harboured at least, two conjugation systems (fig. 2.10). 

 

 

Figure 2.10 Distribution of conjugation systems with respect to sequence type 

 

2.4.6 Plasmid encoded virulence profiles of the ExPEC lineages 

Varying number of plasmid encoded virulence genes and bacteriocins were detected 

in the ST lineages (contingency table 2.1 and 2.2). The number of virulence factors 

detected per strain varied by ST (P< 0.05) (single factor Anova). Plasmid-encoded 

traits consistently present in the strains of all the lineages includes enterotoxin tieB 

protein (senB), enterobacterial complement resistance protein (traT), aerobactin 

synthase (iucC), protein iss (iss), tellurium resistance protein (terC), aerobactin 

receptor (iutA), outer membrane receptor protein (ompT) and SitA protein (sitA). 

Cytotoxin necrotizing factor 1 (cnF1), common in patients with urinary tract infections 

was prevalent in the strains of ST73 than the other STs (contingency table 2.1). 
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In contrast to ST131 strains, plasmid encoded colicin E1 (cea) was very common in 

ST73 and ST95 strains. Microcin B17 (mcbA) were detected in some strains of ST95, 

none of these were found in the other STs (contingency table 2.2). This result also 

shows that the presence of virulence genes and bacteriocins are not strongly 

correlated with the presence of antibiotic resistance genes (contingency table 2.2). 

 

Virulence genes ST131 ST73 ST95 

cnf1 5% 53% 9% 

iha 70% 75% 3% 

iroN 5% 79% 33% 

iss 49% 99% 91% 

sat 41% 71% 0% 

senB 64% 53% 41% 

ireA 0% 30% 52% 

sitA 73% 90% 87% 

iutA 19% 22% 23% 

traT 86% 61% 81% 

ompT 99% 97% 87% 

terC 98% 100% 79% 

iucC 34% 17% 22% 

afaD 9% 30% 22% 

hlyF 6% 0% 18% 

etsC 4% 0% 37% 

 

Table 2-1 Virulence determinants per strain 
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Bacteriocins ST131 ST73 ST95 

cea 1% 28% 35% 

cvaC 1% 1% 9% 

cia 5% 0% 10% 

cib 1% 0% 0% 

mcbA 5% 0% 0% 

Table 2-2 Correlation heat map showing plasmid encoded bacteriocins per strain 

 

2.4.7 Antibiotic resistance determinants associated with the plasmids of the 
ExPEC lineages. 

No difference was found in the number of antimicrobial resistance genes on plasmids 

among the lineages (Median Test: X2 =0.52, P > 0.77), ST131, n=80, ST73, n= 76 and 

ST95, n=79 (fig. 2.11). However, varying classes of multi-drug resistance genes were 

detected in ST131 in contrast to the other lineages (contingency table 2.3). 

Fluoroquinolone genes were only detected in the strains of ST131, none of these 

genes were found in the strains of ST73 and ST95. In addition, trimethoprim resistance 

gene, (dfrA17), sulphonamide resistance gene (sul1), tetracycline resistance gene, 

(tetA) and aminoglycoside modifying genes (aac(3)-IId and aadA5) were over-

represented in ST131 than in the other lineages. Aminoglycoside modifying genes, 

aadA2 and aada1, sulphonamide resistance gene, sul2, tetracycline resistance gene, 

tetB and trimethoprim resistance genes, dfra12 and dfra5 were common in ST73 and 

ST95. However, the β-lactamase genes, blaTEM-1A, blaTEM-1B and trimethoprim 

resistance genes, dfrA1 and dfrA3 were prevalent in the strains of ST73. Although, the 

presence of genes encoding TEM, and SHV were observed in ST73 strains, there was 

no blaCTX-M positives in any of the isolates. 
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Figure 2.11 Antimicrobial resistance genes by ST lineages 

 

Antibiotics class Antibiotic 
Resistance 
Gene 

ST131 n=80  ST73 n=76  ST95 n=79  P>p 

Aminoglycosides aph(3')-Ia 18% 9% 8% 0.11117  
aph(6)-Id 18% 9% 6% 0.06632  
aac(3)-Iid 18% 1% 3% 0.00005  
aadA1 4% 29% 18% 0.00009  
aadA2 1% 1% 6% 0.09979  
aadA5 19% 1% 5% 0.00016  
ant(2'')-Ia 1% 0% 0% 0.3811858 

Beta-lactams blaTEM-1A 0% 11% 0% 0.00014  
blaTEM-1B 38% 59% 35% 0.00413  
blaTEM-1C 4% 3% 13% 0.01871  
blaTEM-30 0% 0% 1% 0.3741656  
blaSHV-2 0% 1% 0% 0.3528275  
blaCTX-M 15 21% 0% 3% 2.00E-07 

Fluoroquinolones aac(6')-Ib-cr 13% 0% 0% 0.00002 

chloramphenicol catB4 10% 0% 0% 0.00027  
catA1 6% 3% 0% 0.06677  
cmlA1 1% 0% 5% 0.07394 

Sulphonamides sul1 29% 28% 23% 0.66719  
sul2 19% 15% 20% 0.62658  
sul3 0% 0% 4% 0.0497622 

Tetracycline tetA 20% 3% 6% 0.00049  
tetB 8% 13% 22% 0.03777  
tetC 0% 1% 1% 0.5971279 
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Antibiotics class Antibiotic 
Resistance 
Gene 

ST131 n=80  ST73 n=76  ST95 n=79  P>p 

Trimethoprim dfra12 1% 1% 6% 0.09979  
dfrA14 3% 0% 1% 0.38364  
dfrA17 20% 1% 8% 0.00027  
dfrA1 0% 7% 0% 0.00452  
dfrA5 1% 1% 8% 0.04156  
dfra7 3% 1% 0% 0.37614 

Total Number 
of Resistance 
Genes 

 
218 152 159 0.11 

 Multi-drug 
resistance (%) 

 
57% 36% 43% 0.0000013 

 

Table 2-3 Major classes of antibiotic resistance genes within the lineages 

 

2.4.8 Comparison of ST131 serotypes with respite to antibiotic resistance 
profiles and fimHtypes. 

The two common serotypes found in ST131 are associated with specific fimH types 

and numerous antibiotic resistance genes. Resistance genes with O25H4:fimH30 is 

over- represented in this lineage. O16H5:fimH41 is also common. O25H4:fimH22 and 

O25H4:fimH41 are associated with less resistance genes. No strain of ST131/fimH30 

belong to O16:H5, rather, all strains with O16:H5 belong only to fimH41.  

 
Figure 2.12 Distribution of resistance genes and fimH types in the serotypes of ST131  
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2.4.9 F- Plasmid sequence type diversity in the ExPEC lineages. 

Forty-nine F-plasmid sequence types were detected in total. Distribution of F-plasmid 

sequence types were varied among the lineages (Pearson X2 test: P< 0.0001). 

Although, the diversity was more prevalent in ST131, associated with about 23 different 

F- plasmid sequence types. The most common sequence types were F29:A-:B10, 

F1:A2:B20, F31:A4:B1 and F2:A1:B1. ST95 lineage has about sixteen different F- 

plasmid sequence types; F51:A-:B10, F24: A-:B1, F29:A-:B10 and F2:A:B1 were 

prevalent in most strains. Ten different F- plasmid sequence types were found in ST73. 

the three commonly encountered in the lineage were the F51:A-:B10, F-:A-:B- and 

F29: A-:B10 were very common (fig. 2.13). F-:A-:B- was always found in strains where 

no plasmids were detected and so, was excluded from the analysis. 

 

Although, F31:A4:B1 was observed in few strains of ST95, F1:A2:B20 was not found 

in any strain of ST73 and ST95. Likewise, even though F29:A-:B10 was common in 

the three lineages, F51:A-:B10 was represented only in the strains of ST73 andST95 

(fig. 2.13). 
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Figure 2.13 Major F-plasmid sequence types by lineages 

 

2.4.10 Distribution of integron positive strains within the ExPEC lineages 

Inferred MobSuite result shows no variation in the frequency of integron carriage 

among the three lineages (Median Test: X2 =0.57, P > 0.75) (fig. 2.14). However, 

differences were detected in the frequency of integron carriage within the F- plasmid 

sequence types (Pearson X2 test= 82.69, P< 0.0001). Strains of ST131 with 

F29:A:B10, were found to harbour 10% of the total integrons while strains of ST73 and 

ST95 with F-plasmid sequence type, F51:A:B10 have 64% of the total integrons (fig. 

2.15). These integrons were identified to be associated with numerous resistance 

genes in these STs with BlaTEM-1B, Sul1 and aadA1 being very prevalent (fig. 2.16). 

However, resistance genes were more represented with the integrons of ST131 in 

contrast to the other STs (fig. 2.17). 
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Figure 2.14 Integron Carriage among the lineages 

 

 

Figure 2.15 Common F-plasmid sequence types associated with integrons in the lineages 
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Figure 2.16 Resistance genes associated with integrons in the ST lineages 

 

 

Figure 2.17 Distribution of resistance genes with / without integrons among the lineages 
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2.5 Discussion 

In this study, draft whole genome sequence data of 235 E. coli isolates from various 

clinical samples were subjected to different bioinformatics tools to detect differences 

in the genomic diversity of the plasmids within the strains of the three lineages of 

phylogroup B2: ST131, ST95 and ST73, that cause wide variety of intestinal and extra-

intestinal infections.  

 

The inferred results from Mobsuite application tool showed that the three lineages are 

genetically diverse and carried different arrays of plasmids with distinct features. 

Plasmids are one of the important mobile genetic elements that convey antimicrobial 

resistance in E. coli. They ensure the movement of genetic material between bacteria 

and often mediate resistance to multiple antimicrobials. (Stokes and Gillings, 2011). 

Plasmids enhance the adaptation and fitness of a bacterial host to unfavourable 

environments (Touchon et al., 2020). Although, there was no definite difference in the 

carriage of plasmids between the different STs in this study, each of the investigated 

E. coli strains harboured at least one plasmid, and in most cases, two or more smaller 

plasmids were found in the same strain. This result correlates with the report that 

demonstrated that all E. coli strains carried at least one plasmid, and more than five 

co-resident plasmids in some instances (Sherley et al., 2003). Small mobilisable 

plasmid DNAs found in most strains of ST73 as well as in some strains of ST95 lineage 

in this study is not surprising, because other reports have shown that mobilisable 

plasmids are relatively small, often less than 10kb (Garcillán-Barcia et al., 2009). Most 

of these mobilisable plasmids were found to have plasmid DNA that are less than 40kb. 

Although such plasmids cannot transfer genetic material, their co-existence, often with 

conjugative plasmids, enables their transfer during bacterial conjugation (Riemmann 
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and Haas, 1993). There is thus the possibility that co-integration of these low weight 

mobilisable plasmids were responsible for the results in the present study. In contrast 

to mobilisable plasmids, conjugative plasmids prevalent in ST131 and ST95 strains 

are often large, with low copy numbers and are common in the strains of E. coli (Smillie 

et al., 2010). Conjugative plasmids are essential for conjugal transfer of genes 

responsible for bacterial adaptation and evolution (Schröder and Lanka, 2005; Lawley, 

et al., 2003). Fertility plasmids, IncFII and IncFIB were over-represented in the 

lineages. These replicons play very essential functions in bacterial conjugation. They 

are known to encode different determinants that ensure host fitness and the plasmid 

replication and maintenance (Van Melderen and Saavedra, 2009). This combination 

of replicons has been previously reported as a multi-replicon on a single plasmid 

(Pierre-Emmanuel et al., 2020; Villa et al., 2010; Johnson et al., 2007), probably due 

to co-integration of two different plasmids. Conjugation systems are also an important 

component for bacterial conjugation. Although majority of the strains in the three 

lineages carried the conjugation system Type F, only about 55% of the strains of ST73 

have conjugation system. This should be expected because 29% of ST73 plasmid 

DNAs do not belong to any IncF group, necessary for conjugal transfer to occur and 

many low weight plasmid DNAs were also identified in this lineage. This study further 

demonstrated that only about 45% of the strains in ST131 harbour conjugation 

systems, even when many numerous conjugative plasmids and IncF replicons were 

detected. This, therefore, suggests that conjugation may not be the only means by 

which genetic material is being transferred in the strains of ST131. 

 

Multiple classes of antimicrobial resistance genes and the presence of fluoroquinolone 

determinant found only in the plasmids of the strains of ST131 lineage especially those 
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that harboured conjugative plasmids distinguished this lineage from the other two 

lineages. The high prevalence of O25:H4:fimH30:ST131 clonal group in this study was 

not new because similar findings have been reported (Giedraitiene et al., 2017; 

Kallonen et al., 2017; Dias et al., 2009). These studies reported that most strains 

belonging to E. coli ST131 lineage are of serotype O25:H4 and are highly antibiotic 

resistant. The strains encoding such serotype are also known to harbour multiple 

antibiotic resistance gene ESBL CTX-M-15 (Lau et al., 2008). These strains of E. coli 

O25:H4:ST131:CTX-M-15 have also been previously detected in other countries 

(Merino et al., 2016; Yumuk et al., 2008), and are known to be associated with an 

increased capacity for plasmid uptake with high plasmid diversity. In addition, 

blaCTX−M gene was found associated with fluoroquinolone resistance genes, and this 

was common in most strains of ST131 (Tsukamoto et al., 2013). Aminoglycoside 

resistance detected in multiple proportions in the strains of ST131 especially in ESBL-

producing Enterobacteriaceae is of high public health interest because misuse of this 

antibiotic could promote the spread of ESBL genes (Cantón and Ruiz-Garbajosa, 

2011). 

 

Non-random distribution of plasmid encoded virulence genes and bacteriocins were 

identified in the strains of these lineages. Complement resistance protein involved in 

regulation of conjugation as well as many adhesin genes were over-represented in the 

lineages. Cytotoxin necrotizing factor 1 (cnF1), common in patients with urinary tract 

infections (Island et al., 1998; Falbo et al., 1992), was detected in abundance in each 

strain of ST73 than the others. Plasmid encoded colicin E1 and colicin V were also 

common in the lineages. Although colicin ia, ib and microcin B17 were only found in 
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STs 131 and 95, all the bacteriocins are involved in cytolysis and defense response. 

These results further suggest the pathogenicity of each of these lineages. 

 

Integrons were identified in F-plasmid sequence types, F31:A4-:B1 and F1:A2-:B20, 

but these were only detected in the strains of ST131. F-plasmid sequence type is a 

classification type for closely related fertility plasmids based on the type of genes 

present in them. Although, integrons were found in some strains of ST131 and ST95 

with F29:A-:B10 and F2:A-:B1, they were uncommon. Integrons were however well 

represented in all strains with F51:A-:B10. Integrons are genetic elements that can 

capture and express antimicrobial resistance genes through gene cassettes encoded 

in them. Various studies have reported the presence of integrons in plasmids 

(Partridge et al., 2009; Rowe-Magnus et al., 2003). Integrons promote the evolution of 

plasmids by their roles in conjugal gene transfers (Mazel, 2006). Beta-lactams, 

blaTEM-1b, sulphonamides, sul1 and the aminoglycosides aadA1 genes were often 

associated with both F51:A:B10 and F29:A:B10. β-lactamases mediate resistance to 

β-lactam antimicrobial agents in E. coli. It is primarily responsible for ampicillin 

resistance. It inactivates the antibiotic by hydrolysing the β- lactam ring (Livermore, 

1995). Sulphonamides have a broad range of antimicrobial activity against Gram-

negative organisms. Sulphonamides are widely used to treat urinary tract infections, 

but resistance to the antibiotic has increased over the years with many Integron borne 

Sul1 on plasmids being reported (Bean, 2005; Enne et al., 2001). These results 

indicate that there is a relationship between certain antimicrobial resistance genes, F-

plasmid sequence type and integrons. All strains harbouring an integron were found to 

be resistant to at least one antibiotic. This correlation may also reflect resistance 

cassette arrays within the integrons. These results agree with previous studies from 
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clinical isolates (White et al., 2001; Martinez-Freijo et al., 1998; Jones et al., 1997), 

that detected numerous antimicrobial genes in associated with sequence type 

F29:A:B10. This sequence type was also found associated with the fimH types fimH41, 

fimH22 and fimH30 known with drug resistance genes. Even though most of the strains 

of the ST131 lineage with sequence type F29:A:B10 do not possess integrons, the few 

that do harbour more of the dfrA17 and aadA5 genes. These gene cassettes are known 

to both confer resistance to trimethoprim and encode an aminoglycoside-3Q-adenylyl-

transferase (Xia et al., 2016). The greater abundance of these gene cassettes in 

ST131 highlights the capacity of this lineage to evolve multi-drug resistance 

mechanisms that could continue to have negative impacts in the future use of 

therapeutic drugs (White et al., 2000). Furthermore, genomes with small plasmid DNAs 

lack integrons as observed in the strains of ST73 lineage, while genomes with large 

conjugative plasmid DNAs accumulated most of the integrons in the ST131 and ST95 

lineages. This further demonstrates the capacity of large conjugative plasmids to 

encode mobile genetic elements as opposed to mobilisable plasmids and thus, the 

variations in the antimicrobial profiles of the three lineages. Several factors such as 

virulence determinants, presence of adhesins, resistance determinants can influence 

the evolution of plasmids. These likewise can impact the unequal distribution of 

plasmid incompatibility groups (Sherley et al., 2004) as observed in this study. STs 

131 and 95 seem to have some identical resistance profiles, but our study showed that 

they have diverse genetic backgrounds. The multi-drug resistance classes, coupled 

with fluoroquinolone resistance genes in ST131 strains, likely enhanced the capacity 

of this lineage to be highly multi-drug resistant and globally pathogenic. 
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Overall, in relation to F- plasmid sequence type, number of resistance determinants 

varied. Presence of more mobilisable plasmids encoding blaTEM-1 and Aada1 genes, 

associated with many integrons in F-plasmid sequence type F51:A:B10, found only in 

ST95 and ST73 despite their antibiotic susceptibility, may be connected to their 

continued persistence, pathogenicity, pandemicity. But with respect to the lineage of 

the bacterial host (STs), differences in the genomic diversity of the plasmids revealed 

that there was no significant difference in the proportion of antimicrobial resistance 

genes present within these STs, however, there was diversity in the antimicrobial 

profiles within the strains of ST131 because of the presence of different classes of 

antimicrobial resistance genes and fluoroquinolone resistance genes. However, 

factors other than F-plasmid sequence type superiority may still be in action. Therefore, 

an extensive understanding of ST73 and ST95 compared to ST131 would be further 

exploited experimentally. 

 

2.6 Conclusion 

Distinct genetic diversity was observed in the plasmids of the phylogroup B2 lineages.  

Conjugative plasmids are essential for conjugal transfer of genes responsible for 

bacterial adaptation and evolution. ST73 is less likely to carry conjugative plasmids 

because of the numerous small mobilisable plasmid DNAs found in most strains of this 

lineage as well as in some strains of ST95. Genomes with small plasmid DNAs lack 

integrons as observed in the strains of ST73 lineage, while genomes with large 

conjugative plasmid DNAs accumulated most of the integrons in the ST131 and ST95 

lineages. This further demonstrates the capacity of large conjugative plasmids to 

encode mobile genetic elements as opposed to mobilisable plasmids and thus, the 
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variations in the antimicrobial profiles of the three lineages. Although, fertility plasmids, 

IncFII and IncFIB were over-represented in the lineages and are very important in 

bacterial conjugation, more than one third of ST73 strains are devoid of these 

replicons. Variations were not observed in the number of resistance genes, plasmid 

encoded virulence genes and bacteriocins in the three lineages. But multiple classes 

of antimicrobial resistance genes and the presence of fluoroquinolone determinant 

were only found in the conjugative plasmids of the strains of ST131. These likely 

enhanced the capacity of this lineage to be highly multi-drug resistant and globally 

pathogenic. The key F-plasmid sequence type, F51:A-:B10, found only in ST73 and 

ST95 strains encode many integrons. While integrons were less common in most 

strains of ST131 and some of ST95 with F29:A-:B10 and F2:A-:B1, most ST131 

encoding integrons were found to be associated with many antibiotic resistance 

determinants. Although, some strains of ST73 and ST95 may lack resistance genes 

because of the absence of plasmids, most strains encode beta-lactams, 

sulphonamides and the aminoglycosides genes often associated with both F51:A:B10 

and F29:A:B10. These results therefore show a relationship between specific F-

plasmid sequence types, antimicrobial resistance genes, and integrons. Therefore, the 

unique differences within the plasmids of these lineages may be able to account for 

their differing antimicrobial profiles. 
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Chapter 3 Plasmid - Host Dynamics  

 

3.1 Abstract 

Plasmids are essential for bacteria evolution and adaptation. They promote bacterial 

adaptation by spreading important ecological characteristics among lineages using the 

mechanism of conjugation. Stability of these plasmids within the host is known to 

depend on the benefits of the plasmids, and its cost to the bacterial host. To understand 

the rate at which these plasmids are being transferred, how these plasmids are 

maintained within E. coli lineages, STs 131, 73 and 95 and the impacts of the plasmid 

carriage on the host, there is the need to investigate them under laboratory conditions 

using various analytical tools. In these analyses, the rate in which plasmids are 

transferred using plasmid transfer experiments were performed. To examine the 

impacts of the plasmids on transfer rates, genome wide association study was carried 

out using Prokka, Roary and Random Forest application tools. We then experimentally 

determined the frequency at which the plasmids are lost within the transconjugants 

strains using plasmid loss measurements tests via serial dilution techniques. These 

transconjugants were derived from earlier conjugal transfers of the donor E. coli 

(ancestral) strains of ST131, ST73 and ST95 lineages to K-12 recipient cell. We further 

examined the effects of the plasmid carriage on the bacterial host using same 

transconjugants strains, by calculating the relative fitness of plasmid carrying and 

plasmid-free strains using competition experiments. The conjugal transfers performed 

revealed that all 93 strains analysed were able to transfer their plasmids by 

conjugation, although rates of transfer differed. No diversity was observed in the rate 

of plasmid transfers among the ST lineages (Median Test: X2 =0.19, P = 0.90), 
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however small differences were observed in the rate of plasmid transfer in relation to 

the F-plasmid sequence types. This showed that the rate of plasmid transfer did not 

depend on host genetic background. The random forest approach however revealed 

that there was a direct relationship between rate of plasmid transfers and the F-plasmid 

sequence types based on encoded variable genes (traC, traF, traH, traR) (Median 

Test: P < X2=0.0001), found during the analysis. These tra genes are always found in 

the tra operon. The distribution of the tra genes among the ST lineages also revealed 

that F29:A-:B10 and F51:A-:B10 plasmids harbour the highest proportion of all tra 

genes recorded. Although, plasmids were still transferred in the absence of the multiple 

tra genes, the presence of the tra genes positively enhanced the rates of plasmid 

transfer. Plasmid stability results showed that plasmid dynamics differ among the three 

lineages. After seven days transfers, significant differences in the plasmid stability 

between the lineages were observed (Wilcoxon test: X2= 25.06, P<0.0001). Large 

differences were also observed in plasmid stability in relation to F-plasmid sequence 

types. (Wilcoxon test: X2= 16.71, P<0.0001). The effects of the plasmids on host 

fitness showed a fairly small but significant difference between the bacterial host 

fitness and the plasmid diversities (Kruskal-Wallis Tests: X2 = 8.67, P< 0.013), but 

there was much significant difference between the F-plasmid sequence types 

diversities and the host fitness (Kruskal-Wallis Tests: X2 = 7.63, P< 0.005). The results 

shown here suggest, that the genetic background of the host cell and the F-plasmid 

sequence types associated with the plasmids, influenced the conjugal transfer, 

plasmid stability, host fitness and the overall adaptation and evolution of the plasmids 

of the E. coli lineages.  
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3.2 Introduction 

While the movement of plasmids from one lineage to another is horizontal gene 

transfer, HGT is generally thought of, in terms of changes in the genes on the bacterial 

chromosome as a result of HGT. The transfer of plasmids through bacterial conjugation 

has increasingly advanced the dissemination of antibiotic resistance genes within E. 

coli strains (Uma et al., 2009). The rates at which plasmids are transferred depends 

on the initial transfer initiated during conjugation in donor cells, and its successful 

integration into the recipient cells (Thomas and Nielsen, 2005).  

 

Bacterial evolution, adaptation and dissemination frequently relies on the acquisition 

of new auxiliary genes encoded on mobile genetic elements (Frost et al. 2005), such 

as plasmids. Such conjugative plasmids are essential because of their capacity to 

disseminate useful ecological attributes in bacterial lineages (Hall et al., 2016; Jain et 

al., 2003; Ochman et al., 2000).  

 

The dynamics and stability of conjugative plasmids in bacterial communities are 

essential in explaining bacterial evolution (Thomas and Nielsen, 2005). The fate of a 

plasmid in a bacterial host population can be influenced by numerous determinants, 

such as cost of plasmid carriage on bacterial host cell, rate of plasmid conjugation and 

segregation, and the robustness of selection of auxiliary genes harboured on plasmids, 

which usually vary depending on the environment (Slater et al. 2008; Bergstrom et al., 

2000; Simonsen 1991). Plasmid instability can lead to increase in the number of cells 

that are devoid of plasmid compared to the plasmid carrying cells, resulting in plasmid 

loss (Harrison et al., 2015; San Millan et al., 2014; De Gelder et al., 2007). However, 

some plasmids can persistently exist in bacterial host over a long period. To fully 

about:blank#ref-49
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understand how this happens is difficult, particularly when the plasmids exist in the 

absence of plasmid encoded determinants. This is pertinent because maintenance of 

plasmids by bacterial host is often burdensome to the bacterial cell (San Millan and 

MacLean, 2017; Baltrus, 2013). That is, the plasmid costs may exceed the 

advantageous attributes harboured by the plasmid (Hall et al., 2015). In theory, several 

studies have postulated the instability of plasmids evolutionarily, regardless of whether 

the plasmid costs supercede its usefulness or vice versa (Macken et al., 2017; Lili et 

al., 2007; Bergstrom et al., 2000; Stewart and Levin, 1977). When the costs of the 

presence of the plasmid exceeds its benefits to the bacterial host, within a short period, 

negative selection often results. This is due to reduction in the number of the plasmids. 

Such a situation is difficult to prevent if there is low rates of conjugal gene transfers 

(Bergstrom et al., 2000; Simonsen, 1991). Hence, when there is negative selection, 

the persistence of the plasmid would depend on its capability to survive within the 

bacterial population. Plasmids can be maintained at high frequency by positive 

selection when the advantage of auxiliary genes exceeds the costs of harbouring the 

plasmid (Harrison et al. 2015; San Millan et al. 2014). It is however anticipated that 

their persistence would reduce over time because of the possibility that positive 

selection will enhance incorporation of useful auxiliary genes into the host 

chromosome (Bergstrom et al., 2000), a procedure promoted through auxiliary genes 

positioned on transposons or on any other integrative determinant (Osborn and 

Böltner, 2002).  

 

Plasmids create multiple layered fitness cost to a bacterial cell (Baltrus, 2013). This is 

because of the negative effects produced from the burden placed by plasmid 

metabolism (Shachrai et. al., 2010; Bragg and Wagner, 2009), often originating from 
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the distinct regulatory associations among the bacterial cell and the plasmid (Baños 

et. al., 2009; Doyle et. al., 2007), as well as the cytotoxic effects acquired from the 

plasmid presence in the host (Baltrus, 2013).  

 

The use of bioinformatics tools has shown large genetic diversity within the three 

lineages of phylogroup B2 in terms of multi-resistance genes, virulence toxins, 

conjugative systems, incompatibility groups and integrons (chapter two). However, 

there is the need to understand if the plasmids observed among these lineages vary 

in their ability to transfer to a common host strain, if that variation depends on the ST 

lineage, the plasmid or both. There is also the need to understand how long these 

plasmids can stably persist within the lineages and the effects of their presence on the 

E. coli host. The aims of this project were thus, to determine the rate of plasmid 

transfers using plasmid transfer experiments, to examine the impacts of the plasmids 

on transfer rates using GWAS, to investigate the frequency in which plasmids are lost 

within the transconjugants strains of the phylogroup B2 lineages, since this will depend 

on how these plasmids are stably maintained within the bacterial population and finally, 

to examine the impacts of plasmid carriage on the host fitness.  

 

3.3 Materials and Methods 

 

3.3.1 Strain Collection 

We assembled a collection of 180 Escherichia coli isolates of STs 73, 95 and 131, for 

which whole genome sequence data were available. The E. coli isolates where from 

blood, urine and faeces taken from people living in the Canberra region of Australia 
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(Gordon, et al., 2015; Blyton et al., 2014; Gordon, 2010; Gordon, et al., 2005; Gordon, 

et al., 2002). The choice of strains was based on strains with available MobSuite 

predictions, belonging to incompatibility group, IncF and resistant to either ampicillin 

or tetracycline. For the plasmid transfer experiments, strains to act as donors were 

resistant to ampicillin or \ and tetracycline while the recipient strain is a plasmid-free, 

nalidixic acid resistant, and lactose-negative laboratory strain of E. coli K-12 (CSH50) 

[A(lac-pro) ara str nal]. We were eventually left with a set of 93 strains that met these 

criteria. The strains were kept at -810C in 6.25% glycerol volume by volume (v/v) pure 

cultures. Plasmid stability tests were carried out by using sixty (60) transconjugants 

strains derived from the conjugal transfers while host fitness test was investigated by 

using same transconjugants strains and the plasmid-free ancestral E. coli K-12 

recipient strain CSH50 from the conjugal transfers. The transconjugants were kept at 

-810C in 6.25% glycerol volume by volume (v/v) pure cultures.  

 

3.3.2 Antimicrobial susceptibility testing of all strains  

Antimicrobial profiles of the bacterial strains against the antibiotics ampicillin, 

tetracycline and nalidixic acid were confirmed by using Kirby-Bauer disc diffusion 

method on Muller-Hinton agar as described by the Clinical and Laboratory Standards 

Institute (CLSI, 2007). Freezer cultures were streaked onto MacConkey agar plates 

and incubated over the night at 370C. Single colonies from each of the plates were 

tooth picked into 5ml Lysogeny broth (LB) and incubated at 350C and 150 revolution 

per minute (rpm) in a shaker overnight. 100μl of the overnight culture was inoculated 

into 3ml soft agar (0.6% weight / volume in Miller’s LB broth), vortexed and decanted 

onto the surface of Miller’s LB agar plates. Filter discs that have been embedded with 
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antibiotics were placed on the surface of the plates. The plates were then incubated at 

370C overnight. Zones of inhibition surrounding the antimicrobial discs denote the 

sensitivity of the strains to the selected antibiotics.  

 

After the conjugal transfers, antimicrobial profiles of the donor conjugative E. coli cells 

and the transconjugants were determined using different antibiotics by the method of 

Kirby-Bauer disc-diffusion technique (Bauer et al., 1966). The following antibiotics 

representative of different classes were used: tetracyclines {tetracycline 30μg}, 

nitroimidazoles {metronidazole 80μg}, phenicol {chloramphenicol 30μg}, 

fluoroquinolones {ciprofloxacin 5μg}, trimethoprim {trimethoprim 5μg}, quinolones 

{nalidixic acid 30μg}, carbapenems {ertapenem 10μg}, aminoglycosides {gentamicin 

10μg}, third-generation cephalosporins {cefotaxime 30μg}, penicillins {amoxicillin / 

clavulanic acid 20/10μg and ampicillin 10μg}, nitrofurans {nitrofurantoin 100μg} and 

sulphonamides {sulphafurazole 300μg}. 

 

3.3.3 Antibiotics Preparation for conjugal transfers 

Tetrazolium chloride lactose medium was prepared with appropriate antibiotics in the 

following concentrations: Ampicillin (Amp) in 200mg/ml of distilled water, tetracycline 

(Tet) 5mg/ml in ethanol, Nalidixic acid (Nal) 20mg/ml in 1N NaOH.  

 

3.3.4 Bacterial conjugation 

Conjugal transfers were carried out as detailed by Shohayeb et al. (1994): the donor 

and the recipient cells were inoculated separately in 10 ml non-selective Miller’s LB 

broth (Bacto) and incubated overnight at 350C at 150rpm for 18 hr. The following day, 
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in an already labelled 10mls LB flasks, 0.1ml of each donor was added to 0.1ml of the 

recipient. This was done in replicates. The flasks were then incubated overnight in the 

shaker at 35oC with 150 rpm. The next day, growth from the flasks were serially diluted 

in Eppendorf tubes containing 0.99ml saline solution. 0.1ml from the flask in the 

overnight growth culture, first growth diluent (10-2), second dilution tube (10-4) and the 

third dilution tube (10-6) were plated separately and in replicates directly on prepared 

tetrazolium chloride / lactose plates containing ampicillin for donors, nalidixic acid for 

the recipient cell and combination of ampicillin and nalidixic acid for transconjugants 

(products of the conjugal transfers). All plates were incubated at 370C for 24hours.The 

culture growth from each flask, first and second dilution tubes were analysed for 

transconjugants while the culture growth from the third dilution tubes were analysed 

for the donor and the recipient cells. Resistance determinants were examined by 

evaluating all transconjugants against the antibiotics that the donor strains were 

resistant to. Single colony of each of the transconjugant was inoculated into 10mls 

non-selective Miller’s LB (Bacto), and incubated overnight at 350C at 150 revolution 

per minute for 18 hr. The following day, 1ml of each transconjugant was stored at -

810C in 6.25% glycerol v/v for stability test. 

 

The rate of plasmid transfer was approximated using the following formula:  

                                                     ∝    Transconjugant cell/ml 
                                                            Donor cell/ml x Recipient cell/ ml 

 

3.3.5 Presence or absence of genes 

The assembled genomes were annotated using Prokka v1.14.6 (Seemann, 2014).  

Pangenomes of the strains were analysed using Roary v3.13.0 (Page et al., 2015). 
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Roary generated clusters of similar gene groups and produced a matrix for the 

presence and absence of ortholog auxiliary genes. 

 

3.3.5.1 Random Forest Method  

Pangenome data were used to predict log average transconjugant density from the 

conjugal transfers using random forest method. The random forest is a machine 

learning ranking program, whose algorithm is composed of numerous decisions trees 

(Roguet et al., 2018; Breiman, 2001). The method uses ensemble learning, which is a 

technique that combines many classifiers to produce ‘a forest of trees’. The ‘forest’ 

produced by random forest algorithm uses bagging or bootstrap aggregating when 

constructing each separate tree. The random forest algorithm uses the predictions of 

the decision trees to generate the required outcome (Roguet et al., 2018; Cutler et al., 

2007; Breiman, 2001). It predicts the results by taking the mean of the output from 

various trees. Increasing the number of trees enhances the precision of the outcome. 

 

3.3.6 Plasmid loss measurement 

The plasmid populations were propagated in the absence of antibiotics for 7days. To 

test for plasmid stability, sixty (60) freezer cultures of E. coli transconjugant strains 

were streaked out on LB / ampicillin plates and grown at 37°C overnight. Single 

colonies from these plates were then subjected to the following assays for plasmid 

loss: a single colony from each plate was inoculated into 10ml LB without antibiotics 

and grown at 37°C with shaking at 150 rpm. These cultures were passaged in 

replicates every 24h by transferring 100μl each into 10ml of fresh LB without 

antibiotics. After seven passages, aliquot of 10μl from each culture was transferred 
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into saline tubes and were serially diluted in replicates. 100μl of the dilution was then 

plated on LB agar plates with and without antibiotic (ampicillin) in six replicates and 

incubated at 37°C overnight. The next day, 100 to 300 random colonies from each of 

these plates were counted to check for colonies that lost ampicillin resistance 

(indicating plasmid loss) and those that had maintained the plasmid. The rate in which 

plasmids were lost within the strains of the three lineages on the seventh (7th) day was 

noted. The stability frequency of the plasmids was calculated by using the following 

formula: 

 

log10 (Ng) / log10 (Nw),  

 

Where Ng represent densities of bacterial cells containing the plasmid and Nw 

represent all the bacterial cells in the medium. 

 

3.3.7 Host fitness test  

The competitive experiment was carried out by using transconjugant strains generated 

from conjugal plasmid transfers and the plasmid-free recipient K12 strain CSH50. For 

the competition experiments, relative fitness of plasmid carrying, and plasmid-free 

strain were estimated by removing aliquots of the transconjugants strains and the 

plasmid-free strain from the vials in which they were stored at −800C. They were 

streaked out on tetrazolium chloride lactose (TCL) plates and tetrazolium 

chloride/ampicillin plates for the K-12 strain and transconjugants strains respectively. 

The plates were incubated at 37°C overnight. Single colonies from these plates were 

then, inoculated into separate flasks containing lysogeny broth. The cultures were also 
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grown overnight in a shaker at 150 rpm and 350C till the stationary phase was reached. 

They were then mixed at a 1:1 ratio (100-μl each) in the competition environment. Initial 

densities at time point (t = 0), were estimated by taking an initial aliquot of 10μl from 

each of these cultures, transferred into saline tubes and serially diluted in replicates. 

Finally, 100-μl sample of each of this mixture was taken, spread onto prepared TCL 

plates and tetrazolium chloride/ampicillin plates and incubated at 350C for 24hours. 

 

To obtain the cultures for the final growth, the competition mixture was incubated in 

the same conditions as the initial culture for 24 h. Also, 100-μL from the final sample, 

that has been serially diluted, was spread on TCL plates and tetrazolium 

chloride/ampicillin plates and incubated at 370C. The competitors on the plates were 

counted and their numbers were multiplied using the dilution factor to determine their 

initial and final population sizes. The strains were distinguished through plating of 100μl 

of the dilution on TCL plates (non –selective) and tetrazolium chloride/ampicillin 

(selective). Subtraction of colonies in non -selective plates from the selective plates 

gives the growth counts of the K-12 strains.  

 

All cultures and platings were done in five replicates each. Colonies were calculated 

by counting viable cells at time points 0 and 24 h. From the initial and final population 

sizes of the strains, the relative fitness can be calculated using the following formula: 

 

W = log10 {NA(f) / NA(i)}  
 log10 {NB(f) / NB(i)}  

Where W is relative fitness,  

NA(f) = cell density of the transconjugants at 24h. 
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NA(i) = cell density of the transconjugants at 0. 

NB(f) = cell density of the recipients at 24h. 

NB(i) = cell density of the recipients at 0. 

 

3.3.8 Statistical Analysis. 

All analyses were conducted in JMP 15 statistical package. Non-parametric tools such 

as Median test, Wilcoxon and van der Waerden Test were used to conduct one–way 

analysis with chi-square approximations for conjugal transfers. Analysis of data from 

the random forest method was done using bootstrap method that has been 

incorporated in JMP 15 software. 

 

3.4 Results 

 

3.4.1 Donor strains profile 

All the strains that were resistant to either ampicillin or tetracycline and sensitive to 

nalidixic acid were used as donors. The plasmids encoding this resistance were found 

to be associated with specific F-plasmid sequence type (pMLST). The ST lineages, F-

plasmid sequence type, Inc group and resistance patterns of each donor strain is 

shown (table 3.1). 

 

Bacterial strain 
(donor) 

Lineages F-plasmid 
sequence type 

Inc group Donor resistance 
pattern 

H249 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

BS076 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

BS058 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

BS150 ST95 F18:A-:B1 IncFII, IncFIB Tetracycline 
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Bacterial strain 
(donor) 

Lineages F-plasmid 
sequence type 

Inc group Donor resistance 
pattern 

BS157 ST95 F24:A-:B1 IncFII, IncFIB Ampicillin 

5-2-R8 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

H648 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

2H-327-14 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

H087 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

BS117 ST95 F18:A-:B1 IncFII, IncFIB Tetracycline 

H008 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

H219 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

M675220 ST95 F29:A-:B10 IncFII, IncFIB Ampicillin 

H144 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

M668546 ST95 F35:A-:B1 IncFII, IncFIB Ampicillin 

BS142 ST95 F2:A-:B1 IncFII, IncFIB Ampicillin 

BS020 ST95 F18:A-:B1 IncFII, IncFIB Tetracycline 

H552 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

H355 ST95 F51:A-:B10 IncFII, IncFIB Ampicillin 

45-1-Ti1 ST95 F29:A-:B10 IncFII, IncFIB Ampicillin 

40-1-R9 ST95 F29:A-:B10 IncFII, IncFIB Ampicillin 

39-1-AC10 ST95 F29:A-:B10 IncFII, IncFIB Ampicillin 

70-4-DC20 ST95 F29:A-:B10 IncFII, IncFIB Ampicillin 

2H-265-13 ST95 F18:A-:B1 IncFII, IncFIB Ampicillin 

H140 ST95 F18:A-:B1 IncFII, IncFIB Ampicillin 

H151 ST95 F24:A-:B1 IncFII, IncFIB Ampicillin 

H244 ST95 F107:A-:B1 IncFII, IncFIB Ampicillin 

H154 ST95 F24:A-:B1 IncFII, IncFIB Ampicillin 

BS045 ST95 F24:A-:B1 IncFII, IncFIB Ampicillin 

BS014 ST95 F2:A-:B1 IncFII, IncFIB Ampicillin 

BS011 ST95 F2:A-:B1 IncFII, IncFIB Ampicillin 

M638488 ST95 F24:A-:B1 IncFII, IncFIB Ampicillin 

M660195 ST73 F-:A-:B- IncFIB Ampicillin 

M660331 ST73 F-:A-:B- IncFIB Tetracycline 

M670800 ST73 F4:A-:B- IncFII Ampicillin 

20-5-R7 ST73 F29:A-:B10 IncFII, IncFIB Ampicillin 

H003 ST73 F2:A-:B1 IncFII, IncFIB Ampicillin 

H118 ST73 F2:A-:B1 IncFII Ampicillin 

H048 ST73 F2:A-:B1 IncFII Ampicillin 

H274 ST73 F1:A1:B1 IncFIA, IncFII, IncFIB Ampicillin 

H078 ST73 F2:A-:B1 IncFII Ampicillin 

BS373 ST73 F2:A-:B1 IncFII Ampicillin 

BS486 ST73 F29:A-:B10 IncFII, IncFIB Ampicillin 

BS457 ST73 F29:A-:B10 IncFII, IncFIB Ampicillin 

H309 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

BS471 ST73 F22:A1:B20 IncFIA, IncFII, IncFIB Ampicillin 
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Bacterial strain 
(donor) 

Lineages F-plasmid 
sequence type 

Inc group Donor resistance 
pattern 

BS404 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

18-3_Ti5 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

H378 ST73 F1:A1:B20 IncFIA, IncFII, IncFIB Ampicillin 

BS475 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

H050 ST73 F51:A-:B10 IncFII, IncFIB Tetracycline 

H429 ST73 F2:A-:B1 IncFII, IncFIB Ampicillin 

50-M694910 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

BS478 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

M672775 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

M587611 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

M587973 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

H608 ST73 F2:A-:B1 IncFII Ampicillin 

H554 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

H187 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

H169 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

H361 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

H201 ST73 F1:A1:B1 IncFIA, IncFII, IncFIB Ampicillin 

2-1-P20 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

M619205 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

M630782 ST73 F51:A-:B10 IncFII, IncFIB Ampicillin 

M652957 ST131 F18:A-:B1 IncFII, IncFIB Ampicillin 

BS418 ST131  F4:A-:B52 IncFIA, IncFII, IncFIB Ampicillin 

BS470 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

BS003 ST131 F18:A-:B1 IncFII, IncFIB Ampicillin 

BS488 ST131 F1:A1:B1 IncFIA, IncFII, IncFIB Ampicillin 

M683442 ST131 F-:A-:B- IncFIB Tetracycline 

M652483 ST131 F1:A1:B1 IncFIA, IncFII, IncFIB Ampicillin 

M653835 ST131 F29:A-:B10 IncFII, IncFIB Tetracycline 

M608681 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

M698766 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

M694204 ST131 F-:A-:B- IncFIB Tetracycline 

M709320 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

M685551 ST131 F29:A-:B10 IncFII, IncFIB Tetracycline 

H090 ST131 F4:A-:B10 IncFII, IncFIB Ampicillin 

H407 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

H346 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

H606 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

H392 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

H183 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

M704989 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

M710059 ST131 F2:A-:B1 IncFII, IncFIB Ampicillin 

M698766 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 
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Bacterial strain 
(donor) 

Lineages F-plasmid 
sequence type 

Inc group Donor resistance 
pattern 

BS078 ST131 F1:A2:B20 IncFII, IncFIB, IncFIA Ampicillin 

BS377 ST131 F2:A-:B1  IncFII, IncFIB, IncFIA Ampicillin 

BS086 ST131 F2:A-:B1 IncFIA Ampicillin 

32-2-R12 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

33-1-TC19 ST131 F29:A-:B10 IncFII, IncFIB Ampicillin 

Table 3-1 The profile for each of the donor strains among the ST lineages 

 

3.4.2 Variation in the rate of plasmid transfers 

This study shows that plasmid was transferred by all 93 donor strains of the lineages 

analysed, but the rate of transfer did not depend on the genomic background (ST) of 

the donor strains (fig. 3.1), (Median Test: X2 =0.19, P = 0.90, P > X2). There were some 

fairly small differences in the rate of plasmid transfer with the F- plasmid sequence 

types of the plasmid being transferred (fig. 3.2) (van der Waerden Test: X2 = 5.1, P < 

X2, P= 0.16), n= 79 for common F-plasmid sequence types F18:A-:B1, F2:A-:B1, 

F29:A-:B10 and F51:A-:B10 (fig. 3.2). The analysis was restricted to those F-plasmid 

sequence types with sample sizes greater than 6. 

 

 

Figure 3.1 Rates of plasmid transfer by ST lineages 



Chapter 3 

114 

 

Figure 3.2 Rates of plasmid transfer by F-plasmid sequence types 

 

3.4.3 Major auxiliary (tra genes) associated with plasmid transfer rate. 

The random forest analysis was based on all strains analysed, but the results of the 

analysis were based on four major F-plasmid sequence types, F29:A-:B1, F51:A-:B10, 

F2:A-:B1 and F1:A1-:B1 shared among the strains of the three lineages. The other 

sequence types are either found only in one lineage or have a sample same less than 

two. Several genes were detected by the random forest method. Most of these genes 

are known as tra genes and are often found in the tra operon. The genes detected 

exhibited the greatest effect on the transfer rate (table 3.2).  

 

 Genes 

Conjugal transfer protein - traH   

Conjugal pilus assembly protein - traF 

Conjugal transfer protein - traR 

Type IV secretion system protein – traC 
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Tetracycline resistance - associated transcriptional repressor - 

tetC 

Electron transport complex subunit - rsxC 

Table 3-2 Some of the genes detected by random forest method 

 

3.4.4 Frequency distribution of tra genes associated with key F-plasmid 
Sequence types 

In this analysis, tra genes of interest are those encoded by F-plasmid sequence types 

F29:A-:B1, F51:A-:B10, F1:A1-:B1 and F2:A-:B1 within the strains of the three ST 

lineages. Specifically, the tra genes, traF, traH, traR and traC were numerous within 

the F-plasmid sequence types, F51:A-:B10 and F29:A-:B1. 100% of all tra genes 

detected were found in all ST73 and ST95 strains with F29:A-:B1. TraH and traC were 

also observed in all strains of ST131. F51:A-:B10 encoded 100% of most of the tra 

genes in ST95 strains and 98% for ST73. The tra genes were not prevalent in the other 

F-plasmid sequence types (fig. 3.3).  

 

Figure 3.3 Distribution of each tra gene within the major F-plasmid sequence types. 
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3.4.5 Impacts of tra genes on plasmid transfers 

tra genes found in the F-plasmid sequence types: F29:A-:B1 and F51:A-:B10 were 

observed to positively enhance the rates of plasmid transfers (figs. 3.4, 3.5, 3.6, and 

3.7 ). In addition, significant transconjugant yields were found in strains with multiple 

tra genes traH, traR and traF (fig.3.8). Strains with two tra genes were not analysed 

due to their small number. In the figures displayed, level 1 represents genes that were 

transferred while level 0 represents the absence of tra genes. Log e scale was used 

for all the graphs. 

 

 

 

Figure 3.4 Associated genes of traH gene on plasmid transfer (Wilcoxon test: X2 = 13.9, 
P < X2, P = 0.0002). 
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Figure 3.5 Associated genes of traF gene on plasmid transfer (Wilcoxon test: X2 = 11.9, P < 
X2, P = 0.0005). 

 

 

Figure 3.6 Associated genes of traR gene on plasmid transfer (Wilcoxon test: X2 = 12.4, P < 
X2,  P = 0.0004). 
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Figure 3.7 Associated genes of traC gene on plasmid transfer (Wilcoxon test: X2 = 9.7, P < 
X2, P = 0.002). 

 

 

Figure 3.8 Associated genes of multiple tra genes on rate of plasmid transfer (Wilcoxon 
test: X2 = 6.16, P < X2, P = 0.05). 

 

3.4.6 Antibiotic resistance genotypes of donor bacteria and transconjugants 

The resistance gene phenotypes of transconjugants compared to their donor strains 

using Kirby-Bauer disc-diffusion technique are shown in table 3.3. The results show 
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that all the resistance determinants were successfully transferred during bacterial 

conjugation. 

 

Bacterial 
strain 

(donor) 

Lineages 
(STs) 

Donor Resistance 
pattern 

Selective media supplement 

   Donor Recipient Transconjugants 
resistance pattern 

M587973 ST73 SF-AMP AMP Na SF-AMP 

M619205 ST73 SF-AMP AMP Na SF-AMP 

M630782 ST73 SF-AMP AMP Na SF-AMP 

M660195 ST73 SF-AMP AMP Na SF-AMP 

M660331 ST73 TE-SF AMP Na TE-SF 

M670800 ST73 SF-AMP AMP Na SF-AMP 

H169 ST73 SF-AMP AMP Na SF-AMP 

H003 ST73 SF-AMP AMP Na SF-AMP 

H078 ST73 SF-AMP AMP Na SF-AMP 

BS373 ST73 SF-AMP AMP Na SF-AMP 

BS471 ST73 SF-AMP AMP Na SF-AMP 

BS404 ST73 SF-AMP AMP Na SF-AMP 

18-3_Ti5 ST73 SF-AMP AMP Na SF-AMP 

H378 ST73 SF-AMP AMP Na SF-AMP 

BS475 ST73 SF-AMP AMP Na SF-AMP 

H050 ST73 TE-SF AMP Na TE-SF 

50-M694910 ST73 SF-AMP AMP Na SF-AMP 

BS478 ST73 SF-AMP AMP Na SF-AMP 

H608 ST73 SF-AMP AMP Na SF-AMP 

H309 ST73 SF-AMP AMP Na SF-AMP 

2-1-P20 ST73 SF-AMP AMP Na SF-AMP 

H048 ST73 AMP AMP Na AMP 

20-5-R7 ST73 AMP AMP Na AMP 

BS457 ST73 AMP AMP Na AMP 

H118 ST73 AMP AMP Na AMP 

H187 ST73 SF-AMP AMP Na SF-AMP 

H274 ST73 SF-AMP AMP Na SF-AMP 

H361 ST73 SF-AMP AMP Na SF-AMP 

H554 ST73 SF-AMP AMP Na SF-AMP 

H201 ST73 TE-SF-AMP-C AMP Na TE-SF-AMP-C 

M672775 ST73 SF-AMP AMP Na SF-AMP 

 M587611 ST73 SF-AMP AMP Na SF-AMP 

M647320 ST73 AMP AMP Na AMP 

H429 ST73 AMP AMP Na AMP 

BS486 ST73 SF-AMP AMP Na SF-AMP 
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Bacterial 
strain 

(donor) 

Lineages 
(STs) 

Donor Resistance 
pattern 

Selective media supplement 

   Donor Recipient Transconjugants 
resistance pattern 

H249 ST95 SF-AMP AMP Na SF-AMP 

BS076 ST95 SF-AMP AMP Na SF-AMP 

BS058 ST95 SF-AMP AMP Na SF-AMP 

BS150 ST95 TE-SF-AMP-C AMP Na TE-SF-AMP-C 

5-2-R8 ST95 AMP AMP Na AMP 

2H-265-13 ST95 AMP AMP Na AMP 

2H-327-14 ST95 AMP AMP Na AMP 

H087 ST95 AMP AMP Na AMP 

BS117 ST95 TE-SF-AMP-C AMP Na TE-SF-AMP-C 

BS142 ST95 AMP AMP Na AMP 

BS011 ST95 AMP AMP Na AMP 

BS014 ST95 AMP AMP Na AMP 

BS020 ST95 TE-SF AMP Na TE-SF 

BS045 ST95 AMP AMP Na AMP 

H552 ST95 AMP AMP Na AMP 

H355 ST95 AMP AMP Na AMP 

H151 ST95 AMP AMP Na AMP 

H154 ST95 TE AMP Na TE 

M668546 ST95 AMP AMP Na AMP 

H140 ST95 AMP AMP Na AMP 

H144 ST95 TE AMP Na TE 

H244 ST95 SF-AMP AMP Na SF-AMP 

H219 ST95 AMP AMP Na AMP 

 70-4-DC10 ST95 AMP AMP Na AMP 

45-1-Ti1 ST95 AMP-SF AMP Na AMP-SF 

40-1-R9 ST95 AMP AMP Na AMP 

39-1-AC10 ST95 AMP AMP Na AMP 

H648 ST95 AMP AMP Na AMP 

H008 ST95 SF-AMP AMP Na SF-AMP 

BS157 ST95 AMP AMP Na AMP 

M638488 ST95 AMP AMP Na AMP 

M675220 ST95 AMP-TMP AMP Na AMP-TMP 

M685551 ST131 TE Te Na TE 

M653835 ST131 TE AMP Na TE 

BS048 ST131 TE AMP Na TE 

BS470 ST131 AMP AMP Na AMP 

M608681 ST131 AMP-C-TMP-SF AMP Na AMP-SF-TMP-C 

M709320 ST131 AMP AMP Na AMP 

M704989 ST131 AMP AMP Na AMP 

M698766 ST131 AMP-SF AMP Na SF-AMP 
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Bacterial 
strain 

(donor) 

Lineages 
(STs) 

Donor Resistance 
pattern 

Selective media supplement 

   Donor Recipient Transconjugants 
resistance pattern 

H407 ST131 AMP AMP Na AMP 

H346 ST131 TE AMP Na TE 

H606 ST131 TE AMP Na TE 

H392 ST131 AMP AMP Na AMP 

H183 ST131 AMP AMP Na AMP 

32-2-R12 ST131 TE-SFM-AMP-TMP-
SF 

AMP Na TE-SF-AMP-TMP-
SFM 

33-1-TC19 ST131 TE-SFM-AMP-TMP-
SF 

AMP Na TE-SF-AMP-TMP-
SFM 

BS086 ST131 AMP-SF AMP Na SF-AMP 

M710059 ST131 AMP-SF AMP Na SF-AMP 

BS377 ST131 AMP-SF AMP Na SF-AMP 

M694204 ST131 TE AMP Na TE 

M652957 ST131 AMP-SF AMP Na SF-AMP 

BS418 ST131 AMP-SF AMP Na SF-AMP 

H090 ST131 AMP-SF AMP Na SF-AMP 

BS003 ST131 AMP-SF AMP Na SF-AMP 

BS488 ST131 AMP-SF AMP Na SF-AMP 

M683442 ST131 TE AMP Na TE 

M652483 ST131 AMP-SF AMP Na SF-AMP 

Table 3-3   Antimicrobial profiles of donor and transconjugant cells from conjugal 
transfers. AMP: Ampicillin, Chl: Chloramphenicol, Cip: Ciprofloxacin, Na: 
Nalidixic acid, Ca: Cefotaxime, GT, gentamicin; TE, tetracycline; AMC, 
amoxycillin clavulanic; TMP, trimethoprim; ETP, rtapenem; SF, sulphafurazole; 
CTX, cefotaxime; FN, nitrofurantoin. 

 

3.4.7 Plasmid loss frequency in the lineages 

The genetic background of the host cell maintaining the plasmids can influence 

plasmid evolution and maintenance This study shows that there was significant 

difference in the plasmid stabilities among the transconjugant strains of the lineages 

particularly between the lineages STs 73, n=24, 95, n=21 and their counterpart ST131, 

n=15 (Wilcoxon test: X2= 25.06, P<0.0001) (fig. 3.9). Frequency of plasmid loss was 

the same for all K12 plasmids of ST73 and ST95. Analysis of plasmid stability in 

relation to F-plasmid sequence types reveals differences in the plasmid loss within the 

plasmid types F51:A-B10, n=34 and F29:A-:B10, n=26 (Wilcoxon test: X2= 16.71, 
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P<0.0001) (fig. 3.10). It is pertinent to note that F51:A-B10 is found only in the strains 

of ST73 and ST95 lineages. Although, F29:A-:B10 is also found in the strains of these 

two lineages, previous analysis (chapter 2) showed that this F- plasmid sequence type 

is predominantly encountered in most strains of ST131. 

 

  

Figure 3.9 Plasmid stability rate by ST 
lineages 

 

Figure 3.10 Plasmid stability rate by F- 
plasmid sequence types 

 

3.4.8 Impacts of the plasmids on host fitness 

There was a fairly small significant difference between the bacterial host fitness and 

the plasmids diversities among the transconjugant strains of the ST lineages ST73, 

n=24, ST95, n=21, ST131, n=15 (fig. 3.11) (Wilcoxon / Kruskal-Wallis Tests: X2 = 8.67, 

P< 0.013). 
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Figure 3.11 Cost effects of the plasmids on the host 

 

3.4.9 Impacts of F-plasmid sequence types on host fitness 

There was significant difference between F-plasmid sequence types diversities, F29:A-

:B10, n=26, F51:A-:B10, n=34 among transconjugant strains of the three ST lineages 

and the host fitness (fig. 3.12) (Wilcoxon / Kruskal-Wallis Tests: X2 = 7.63, P< 0.005). 

 

 

Figure 3.12 plasmid sequence types effects on host fitness 
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3.5 Discussion 

The rate at which plasmids are transferred in lineages is one of the pivotal predictors 

of plasmid stability within the host (Stewart and Levin, 1977). Despite that all strains 

analysed through conjugal transfers were able to transfer their plasmids, the host 

genetic backgrounds have no effect on the rates of plasmid transfer. Although fairly 

small differences in plasmid transfer rates were observed within the F-plasmid 

sequence types, no significant difference was detected. However, the random forest 

analysis showed that the small differences observed in rates of plasmid transfer in 

relation to the F-plasmid sequence types could be explained by the presence / absence 

of certain genes mostly related to the tra operon. These genes such as conjugal 

transfer gene – traH and traR, conjugal pilus assembly gene – traF, type IV secretion 

system gene - traC, tetracycline resistance-associated transcriptional repressor -tetC 

and electron transport complex subunit –rsxC, are variable genes that play important 

roles in plasmid transfer. Most of these genes are tra genes found in the tra operon, 

where they play significant roles in bacterial conjugation (Lawley et al., 2003; Frost et 

al., 1994). The F-plasmid tra operon harbours many of the proteins that are needed for 

bacterial conjugal transfers (Kurenbach et al., 2002). It is about ∼30 kb and encodes 

approximately 40 genes. Each of these genes codes for a different protein product 

(Osbourn  and Field, 2009; Lawley et al., 2003; Gubbins et al., 2002). The functions of 

these tra genes are diverse and interconnected to one another (Grohmann et al., 

2003). The traC is involved in DNA transfer. This gene often attach to the surface of 

conjugative plasmids and initiate conjugation. The genes, traF, traH and traC are 

responsible for pili assembly and production. These genes enable the formation and 

attachment of pilus to cell surfaces. They also function as periplasmic proteins and 

enhance the regulation of different regions of the tra operon itself. This latter function 

about:blank#ref-48
about:blank#b67
about:blank#b35
about:blank#b35
about:blank#b67
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ensures that organisms regulate the expression of a variety of genes depending on 

the conditions of the environment (Grohmann et al., 2003; Clewell et al., 1993). This 

study further revealed that, even though some plasmids were still transferred in the 

absence of multiple tra genes, the presence of these tra genes in most of the plasmids, 

enhanced positively the rates of plasmid transfer. 

 

The capacity of plasmids to undergo conjugal transfers is a key criterion in plasmid 

maintenance in bacterial populations. This is particularly important when they are able 

to transfer resistance determinants within the host communities. The knowledge of the 

factors that promote plasmid stability is very essential to studying bacterial evolution 

(Harrison and Brockhurst, 2012; Svara and Rankin, 2011; Lili et al., 2007; Bergstrom 

et al., 2000; Stewart and Levin, 1977). To study and compare the frequency of plasmid 

loss within the transconjugant strains of the phylogroup B2 lineages, we compared the 

evolution of the plasmid types found in the transconjugant strains of the three 

phylogroup B2 lineages by assessing the frequency of their plasmid stability using 

serial dilution transfer techniques. Frequency of plasmid loss was determined by 

investigating the plasmid persistence over a seven-day period. All plasmids in the 

transconjugant strains (which is now same as the K12 strain) evolved in the absence 

of antibiotics. Transconjugants populations from the ancestral strains of the lineages 

ST73 and ST95 that evolved were able to maintain a higher proportion of their plasmid 

when compared with some strains from ST131. This is because the frequency at which 

some plasmids evolved in the culture declined significantly after the 7th day period in 

ST131 lineage. Our results reveal that the absence of antibiotics in the growth culture 

of the transconjugant strains of ST131 led to purifying selection against its’ unstable 

plasmids resulting in decline over time. This situation did not take place with the 
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transconjugants strains of ST73 and ST95 and their stable plasmids were able to 

persist. But then, high frequency of plasmids are not needed to be present in order to 

have an effect on bacterial evolution especially in transient diverse environments, this 

is because even negligible plasmids can enhance the susceptibility of bacterial 

communities to fluctuating and unpredictable situations (Heuer and Smalla, 2012). 

Plasmid stability has been shown to confer plasmid persistence over an evolutionary 

timeline. But differences were also observed in plasmid stabilities in relation to F-

plasmid sequence types of these transconjugants (Wilcoxon test: X2= 16.7, 

P<0.0001). This suggests that the variations in the plasmid stabilities in this study is 

not only influenced by the host genetic background but also on the type of F-plasmid 

sequence types in these plasmids. 

 

The presence of plasmid within the host depend on the fitness costs of the plasmid to 

the host, and the benefits of the plasmids to the bacterial cell. The impacts of the 

plasmid carriage on the host is therefore essential because of its significance on 

plasmid adaptation and evolution. Fitness cost produced by the presence of plasmids 

often influence the host growth rate and reproductive mechanisms (Vogwill and 

MacLean, 2015) and the overall stability of the encoded plasmids. This fitness cost is 

a significant factor in the population biology of plasmids because the cost enhances 

selection against strains encoding plasmids. The significant differences observed in 

the fitness of the K12 host and the plasmids diversities among the transconjugant 

strains of the three ST lineages, as well as the F-plasmid sequence types diversities 

and the bacterial host fitness also reveal that host fitness cost can be impacted by both 

the host genetic background and plasmid encoded F-plasmid sequence type.  
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This study has shown that the evolution and dissemination of plasmids in clinical 

settings may be influenced by the genetic background of the host cell maintaining them 

and plasmid associated F-plasmid sequence types. The acquisition of resistance 

genes, virulence factors, integrons, bacteriocins, by the plasmids of these lineages 

(chapter 2), and numerous tra genes associated with the F-plasmid sequence types 

ensured large plasmid DNA contents, and consequently host determined plasmid-size 

limitations leading to the differences in plasmid stability and host fitness observed. 

3.6 Conclusion 

There is no variation in the rate of transfer of these plasmids with respect to the lineage 

of the bacterial host (STs). However, fairly small differences observed in rate of 

plasmid transfer in relation to F-plasmid sequence types reveals the presence / 

absence of genes in the tra operon. These tra genes were found mostly distributed 

within the two common F-plasmid sequence types F29:A-:B10 and F51:A-:B10. The 

unique functions of these tra genes are very essential in bacterial conjugation. Even 

though, the plasmid transfer rates is not dependent on the bacterial host, the host 

genetic background and the plasmid encoded F-plasmid sequence types may play 

important role in plasmid loss frequency and the host fitness . 
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Chapter 4 Genomic structure comparison and 
phylogenetic analysis of the two common 
plasmid types using long-read data 

 

4.1 Abstract 

Compared to short-read sequencing, long-read sequencing enables effective and 

efficient investigation of the evolutionary history existing among different lineages. This 

is relevant because of the many biological changes that genomes often undergo during 

evolution, which often result in difficulty in characterising and comparing newly 

acquired sequences. Long-read sequence data of plasmids of the three phylogroup 

B2 lineages: ST131, ST73 and ST95 were analysed using various sequence 

comparison methods. Phylogenetic relationships existing among these plasmids were 

also investigated using various bioinformatics tools. This study shows that the 

sequencing method used played a central role in the number of plasmids, and plasmid 

DNA content observed in the genomes. Long-read results reveal that about 33% of all 

the assemblies harbour a single conjugative plasmid. Although, MobSuite 

underestimated the plasmid DNA in STs 131 and 95, it overestimated the number of 

plasmids in the three lineages compared to long-read. In addition, the study shows an 

ST73 effect on MobSuite predictions for plasmid number. Bandage analysis shows 

that about 56% of genomes from all three lineages analysed encode the same plasmid. 

Genomic comparisons performed across all genomes revealed that IncFll and IncFIB 

replicons were common among all genomes. These replicons were found to be 

associated with resistance genes, β-lactamase, blaTEM-1B, sulphonamide, sul1 and 

aminoglycosides gene, aadA1, and is common in most plasmids of ST73 and ST95 

lineages. In the plasmids of ST131, these same replicons were observed with plasmid 
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encoded virulence genes, enterobacterial complement resistance gene (traT) and 

secreted enterotoxin TieB, senB. SenB and traT were common across all genomes. 

These genes are very important in bacterial conjugal transfers. Genomic structure 

comparison performed using mauve software, and the phylogenetic tree analysis also 

revealed highly homologous structures, and similar evolutionary history among the two 

common plasmid types. It is however interesting to note that where similar plasmids 

were detected, they were found associated with a particular F-plasmid sequence type. 

F29:A-:B10 was common in most plasmids of ST131, although this F-plasmid 

sequence type was also detected in some plasmids of lineages ST73 and ST95, 

F51:A-:B10 is encoded in most of their genomes. Analysis of the gene content of the 

two common F-plasmid sequence types revealed that all the plasmids harboured about 

74% of most of the tra genes that are involved in IncF plasmid conjugative transfer. 

and genes required for plasmid segregation and regulation, parM and parA were found 

in F29:A-:B10 and F51:A-:B10 plasmids respectively. Toxin-antitoxin genes such as 

hokB, ccdA and ccdB were over-represented in F29:A-:B10 plasmids while peml and 

chpB were common in F51:A-:B10 plasmids. These genes are necessary for the 

plasmid propagation and maintenance. Genes that regulate plasmid encoded 

virulence genes, virB and virF were detected only in F51:A-:B10 plasmids. Overall, this 

analysis reveals that plasmids of the two F-plasmid sequence types harbour diversity 

of different gene contents, whose functions may be inter-related and play multiple roles 

in the adaptation and evolution of the three E. coli lineages. 
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4.2 Introduction 

During evolution, genomes are subjected to numerous small but extensive changes. 

These changes are often wide-ranging evolutionary processes that pose a threat to 

sequence comparison (Darling et al., 2004). Accurate understanding of many of these 

biological activities is more appreciated by investigating the frequency, trends, and 

patterns of each change type (Darling et al., 2004). Description of the frequency, 

patterns and trends of genome evolution was made possible by the emergence of data 

generated from genome sequencing (Darling et al., 2010; Darling et al., 2004).  

 

Long read sequence data can be used to examine the evolutionary history existing 

among different plasmids through processes of genome comparisons, alignments, and 

phylogenetic tree building. Genome comparisons detect the presence of the same 

plasmids within different genomes. Genome alignments is used as a means of 

comparison by recognising evolutionary transitions within the DNA and aligning 

corresponding regions of sequence (Morrison, 2006). This process ensures the 

establishment of likely characteristics that are shared among progenies, thereby 

increasing our understanding of the sequences that have remained protected from 

those that have changed. Phylogenetic analysis is based on the use of detectable 

features of current plasmids to try to infer the chronology of occurrences that took place 

during the lineage of these plasmids (Morrison, 2011). Phylogenetic trees enhance our 

understanding of biodiversity and describe how closely related these plasmids are to 

one another. Similarities and differences in the plasmids can be used to deduce how 

closely related the lineages are, based on whether regions have changed, as well as 

how likely specific regions are to change. Ancestors can be deduced because their 

progenies have common distinct features.  
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Since the two common F-plasmid sequence types of the three phylogroup B lineages, 

play key roles in the bacterial conjugation, plasmid stability, host fitness, and overall, 

the adaptation and evolution of these lineages, in this analysis, the relationship existing 

in the two common F-plasmid sequence types was investigated using sequence 

comparisons methods and phylogenetic analysis for molecular sequence alignment 

and tree construction.  

 

4.3 Materials and Methods 

 

4.3.1 Source of bacterial strains and plasmids 

Twenty-seven (27) long-read nanopore spade assemblies, derived from the analysis 

of the genomes of the lineages: STs 131, 73 and 95 were used for this study. The 

assemblies were from plasmids derived from E. coli strains bearing plasmids obtained 

from previously isolated clinical strains from Canberra hospital, Australia. The strains 

were selected based on preliminary data which suggested that the two pMLST types 

F29:A-:B10 and F51:A-B10 were shared among lineages. These strains were 

sequenced using minion system. Assembler Unicycler was used for assembly based 

on both Minion long read and illumina short read data. 

 

4.3.2 Bandage analysis 

Bandage is a bioinformatics application tool for navigating De novo assembly graphs. 

It is used to visualise links between assembled contigs (Wick et al., 2015). Each 

assembled genome was uploaded in graph fragment assembly (GFA) format within 

the bandage tool. The bandage tool was used to determine the number of plasmids in 
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a strain, their size, and total amount of plasmid DNA present. Fasta files of the plasmids 

selected were uploaded into basic local alignment search tool (nucleotide BLAST) 

(Altschul et al., 1990), to check the contigs derived plasmid. The blast hit was noted. 

Plasmids of interest were determined based on the presence of F-plasmid sequence 

types, F29:A-:B10 and F51:A-B10, presence of tra genes (protein BLAST), and 

incompatibility groups IncF. 

 

4.3.3 Comparison of Long read results and MobSuite predictions 

The long-read data were obtained through long read sequencing using nanopore 

assemblies while MobSuite predictions were from short read sequencing using 

SPAdes assemblies. Results obtained from the analysis of the long-read data was 

compared with the MobSuite predictions. 

 

4.3.4 Characteristics of selected plasmids using genomic comparisons 

4.3.4.1 Genomic features 

Genomic features associated with plasmids of the phylogroup B2 lineages were 

compared using PlasmidFinder (Carattoli et al., 2014), MobileElementFinder 

(Johansson et al., 2020), antibiotic resistance (AR) genes, ResFinder 3.1 (Zankari et 

al., 2012), VirulenceFinder 2.0 (Joensen et al., 2014), The tools are found at the Centre 

for Genomic Epidemiology (CGE), Genomicepidemiology.org. 
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4.3.4.2 Rapid annotations subsystems technology (RAST) analysis 

RAST is used to annotate or re-annotate the genomes of bacteria or archaea. It 

provides an environment for browsing annotated genomes, and then compare with 

hundreds of genomes maintained in the SEED integration (Overbeek et al., 2014). To 

analyse and compare plasmid content of the strains of the three lineages, the 

assembled genomes were uploaded to RAST server (Aziz et al., 2008). In this study, 

EC958 was used as the reference plasmid to compare the annotated genomes of all 

the plasmids, using protein BLAST with a cut off of 90% amino acid similarity across 

90% of the predicted protein.  

 

4.3.4.3 Mauve system 

The Mauve system is used to construct multiple genome alignments of sequenced 

genomes. Here, two or more genomes that have undergone rearrangements due to 

recombination can be align (Darling et al., 2004). Multiple genome alignments provide 

a basis for research into comparative genomics and the study of genome-wide 

evolutionary dynamics. In this analysis, genomic structures of sequenced assemblies 

were explored and compared using  progressive alignment algorithm in Mauve (version 

2.3.1).  

 

4.3.4.4 Phylogenetic analysis of the Sequence assemblies 

Phylogenetic analysis involves three basic steps: 1) sequence alignment, this is used 

to find variable regions within the genomes, 2) character coding, necessary where 

there are gaps during sequence alignment, or the alignment were ambiguously aligned 

across the dataset (Morrison, 2011) while 3) tree building is used to unveil information 
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obtained from sequence alignment and the coding steps (Morrison, 2011). To 

determine the genetic relatedness of plasmids within strains of the three phylogroup 

B2 lineages, fasta files from long-read sequencing data of  conjugative plasmids from 

the three lineages were uploaded to PhyML software (Guindon and Gascuel, 2003), to 

construct the phylogenetic tree. Bootstrap confidence values for each node of the trees 

were calculated over 100 replicate trees. Blast was used to confirm that the sequences 

are homologues, that is, they are a group of similar DNA sequences that share a 

common ancestry. 

 

4.3.4.5 Analysis of the gene content of key F-plasmid sequence type 

Long-read plasmid data were further analysed using Roary application tool (Page et 

al., 2015). Roary is used to produce clusters of similar gene groups. 

 

4.3.5 Statistical analysis 

Analyses were conducted in JMP 15 statistical package. Graphical representation was 

done in Excel package and Figtree application tool. 

 

4.4 RESULTS 

Long read sequencing was performed on 27 strains based on their genetic similarities: 

they all possess conjugative plasmids, have either F29:A-:B10 or F51:A-B10 sequence 

types, and have at least one integron each with specific resistance and virulence gene.  
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4.4.1 Long read results versus MobSuite predictions 

The results from the Unicycler assemblies show complete sequence of the plasmid, 

but the results from MobSuite revealed short plasmid lengths because the plasmids 

did not assemble fully. There are differences in the number of plasmid, and plasmid 

DNA content in each assembly for the long-read results compared to MobSuite 

predictions (table 4.1). However, MobSuite results can predict the conjugation, 

mobilisable and non-mobilisable potential of each assembly. Although MobSuite 

underestimated the plasmid DNAs in STs 131 and 95 (fig. 4.1), it overestimated the 

number of plasmids in the three lineages. In addition, the results suggest an ST73 

effect on MobSuite predictions for estimated number of plasmid (fig. 4.2). 

  

Strain ST Lineages Long read results MobSuite predictions 
  

Total number of 
plasmids 

Total plasmid DNA 
content 

Total number 
of plasmids 

Total plasmid 
DNA content 

M173503 ST131 1 114kb 4 109kb 

H471 ST131 1 114kb 3 111kb 

BS411 ST131 2 188kb 2 128kb 

55-1-AU4 ST131 4 228kb 4 114kb 

M685551 ST131 2 125kb 2 111kb 

M653842 ST131 5 138kb 8 157kb 

M653835 ST131 1 114kb 3 113kb 

M630782 ST73 1 124kb 4 135kb 

H309 ST73 3 198kb 6 196kb 

H187 ST73 2 147kb 3 142kb 

M678433 ST73 4 154kb 5 143kb 

H028 ST73 2 116kb 2 152kb 

H200 ST73 4 119kb 5 179kb 

 H486 ST73 2 136kb 4 122kb 

H361 ST73 1 151kb 4 151kb 

H026 ST73 2 175kb 3 180kb 

2-1-P20 ST73 4 156kb 5 162kb 

M619205 ST73 3 155kb 5 146kb 

M587973 ST73 5 160kb 9 160kb 

H437 ST95 2 206kb 3 110kb 

H148 ST95 2 120kb 3 114kb 
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Strain ST Lineages Long read results MobSuite predictions 
  

Total number of 
plasmids 

Total plasmid DNA 
content 

Total number 
of plasmids 

Total plasmid 
DNA content 

H104 ST95 1 118kb 2 114kb 

M675220 ST95 14 384kb 14 210kb 

H648 ST95 1 147kb 3 200kb 

H552 ST95 1 148kb 3 143kb 

H008   ST95 2 230kb 3 222kb 

H219 ST95 1 146kb 2 145kb 
 

Table 4-1 Comparison of Long read sequence results and MobSuite predictions 

 

 

Figure 4.1 Long-read vs MobSuite total plasmid DNA 
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Figure 4.2 Long-read vs MobSuite total number of plasmid 

 

4.4.2 Phylogenetic relationships of the assembled genomes  

Twenty-seven (27) assemblies from the long-read data strains were aligned. The 

strains represent the three ST lineages, with the two common F-plasmid sequence 

types. F29:A-:B10 is associated with 15 plasmids while F51:A-:B10 is represented by 

12 plasmids. The phylogeny shows that same plasmid is circulating in the following 

gene clusters: H026, H361, M587973, H187, H219, H008, 2-1-P20, M619205, H309, 

M630782, H648, and H552 with F51:A-:B10, while same plasmid was found in 

M68551, M653842, M653835, M173503, M678433, M675220, H471, H200, H148, 

H104, H028, H437 and BS486 with F29:A-:B10. Only M675220 strain from ST95 and 

BS411 strain from ST131 also with F29:A-:B10 are excluded (fig. 4.3). 
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Figure 4.3 Evolutionary relationships of taxa. Tree is based on the 36 genes that are 
common to all the plasmids of interest. The tree was constructed using PhyML 

 

4.4.3 Genomic features associated with selected plasmids 

Comparison of the genomic features associated with plasmids of the three lineages 

were investigated (table 4.2). IncF plasmid was frequently encountered in all genomes 

especially IncFll and IncFIB. The virulence gene, traT is the most common virulence 

factor detected within the plasmids of the three lineages. Beta-lactam resistance gene, 

blaTEM-1B was also common among the plasmids, although some plasmids do not 

encode any resistance gene. In summary, the plasmids showed almost the same 

genomic features even though, they were from different lineages. 
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Strain F-plasmid 
sequence type 

ST Lineages Resistance gene virulence gene 

M685551 F29:A-:B10 ST131 tet(B) traT, senB 

M653842 F29:A-:B10 ST131 blaCTX-M-27 traT, senB 

M653835 F29:A-:B10 ST131 Tet(A) traT, senB 

H471 F29:A-:B10 ST131 
 

traT, senB 

BS411 F29:A-:B10 ST131 ciprofloxacin traT, senB 

55-1-AU4 F29:A-:B10 ST131 
 

traT, senB 

M173503 F29:A-:B10 ST131 
 

traT, senB 

M678433 F29:A-:B10 ST73 
 

traT, senB 

H028 F29:A-:B10 ST73 
 

traT, senB 

H200 F29:A-:B10 ST73 
 

traT, senB 

BS486 F29:A-:B10 ST73  blaTEM-1B, 
sul2, aph(6)-I, 
aph(3'')-Ib 

traT, senB 

H437 F29:A-:B10 ST95  blaTEM-1C, 
sul2, aph(6)-I, 
aph(3'')-Ib 

traT, senB 

H148 F29:A-:B10 ST95 
 

traT, senB 

H104 F29:A-:B10 ST95 
 

traT, senB 

M675220 F29:A-:B10 ST95 blaTEM-30, 
dfrA17, sul1,  
sul2, aadA5, 
aph(6)-I, 
aph(3'')-Ib 

traT, senB 

M630782 F51:A-:B10 ST73 blaTEM-1B, 
sul1, aadA1 

traT, senB 

H309 F51:A-:B10 ST73 blaTEM-1B, 
sul1, aadA1 

traT, senB, 
afaD 

H187 F51:A-:B10 ST73 blaTEM-1B, 
sul1, aadA1 

traT, senB, 
afaD 

M619205 F51:A-:B10 ST73 blaTEM-1B, 
sul1, aadA1 

traT, senB, 
afaD 

M587973 F51:A-:B10 ST73 blaTEM-1B, 
sul1, aadA1 

traT, senB, 
afaD 

H361 F51:A-:B10 ST73 blaTEM-1B, 
sul1, aadA1 

traT, senB, 
afaD 

H026 F51:A-:B10 ST73 blaTEM-1B traT, senB 

2-1-P20 F51:A-:B10 ST73 blaTEM-1B, 
sul1, aadA1 

traT, senB, 
afaD 

H648 F51:A-:B10 ST95 blaTEM-1B, 
sul1, aadA1 

traT, senB, 
afaD 

H552 F51:A-:B10 ST95 blaTEM-1B, 
sul1, aadA1 

traT, senB, 
afaD 
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Strain F-plasmid 
sequence type 

ST Lineages Resistance gene virulence gene 

H008 F51:A-:B10 ST95 blaTEM-1B, 
sul1, aadA1 

traT, senB, 
afaD 

H219 F51:A-:B10 ST95 blaTEM-1B, 
sul1, aadA1 

traT, senB, 
afaD 

 

Table 4-2 Comparison of the genomic features associated with the plasmids in the 
assembled genomes 

 

4.4.4 Plasmid features of the assembled genomes 

The bandage analysis shows the number of plasmids, length, and the plasmid type for 

each of the assembled genome. The genomes were all shown to consist of at least 

one circular conjugative plasmid with a range length of between 66kb-151kb. All ST131 

strains analysed: H471, M685551, BS411, M653835, M173503, 55-1-TI19 and 

M653842 have same plasmid, SCU-122 plasmid pSCU-122-1. This same plasmid was 

observed to be circulating in some strains of ST73 (BS486, M678433, H200 and 

H028), and ST95 (H104, H148 and H437). While some strains of ST73 harbour the 

plasmid, PA45B plasmid pPA45B, strains H187, H309 and M630782 possess similar 

plasmid, UPEC 26-1 plasmid unnamed1 with some ST95 (H648, H552, H008, H219) 

strains. 

4.4.5 Plasmid-Host Characteristics 

The ST95 and ST73 strains with the same plasmid were found to differ in their 

serotypes. Serotype O6:H1 and O25:H1 were common in ST73 while serotype 

O50/O2:H7 was predominant in ST95. They also have different fimH types with 

FimH41 found only in the strains of ST95 (table 4.3). However, most of the strains in 

the two lineages share the same sequence type F51:A-:B10. Few strains of ST73 and 

ST95 share closely related plasmid with the strains of ST131 (fig.4.3). The serotype 
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and fimH type of these strains were however found to differ from that of the strains of 

ST131 with a predominant serotype, O25:H4 and FimH30, FimH41 and FimH22. All 

ST131 strains, however, share the same F- plasmid sequence type, F29:A-:B10 (table 

4.3). 

 

Strain (same plasmid) Lineages Serotype FimH type F-plasmid 
sequence type 

M630782 ST73 O2:H1 fimH41 F51:A-:B10 

H309 ST73 O25:H1 fimH12 F51:A-:B10 

H187 ST73 O6:H1 fimH30 F51:A-:B10 

M619205 ST73 O25:H1 fimH12 F51:A-:B10 

M587973 ST73 O6:H1 fimH10 F51:A-:B10 

H361 ST73 O6:H1 fimH10 F51:A-:B10 

H026 ST73 O22:H1 fimH103 F51:A-:B10 

BS486 ST73 O50/O2:H1 fimH10 F29:A-:B10 

2-1-P20 ST73 O25:H1 fimH12 F51:A-:B10 

M675220 ST95 O1:H7 fimH27 F29:A-:B10 

H648 ST95 O50/O2:H7 fimH41 F51:A-:B10 

H552 ST95 O2:H7 fimH41 F51:A-:B10 

H008 ST95 O50/O2:H7 fimH41 F51:A-:B10 

H219 ST95 O50/O2:H7 fimH41 F51:A-:B10 
     

Strain (same plasmid) 
    

M685551 ST131 O25:H4 fimH41 F29:A-:B10 

M653842 ST131 O25:H4 fimH30 F29:A-:B10 

M653835 ST131 O25:H4 fimH22 F29:A-:B10 

H471 ST131 O25:H4 fimH22 F29:A-:B10 

BS411 ST131 O16:H5 fimH41 F29:A-:B10 

55-1-AU4 ST131 O25:H4 fimH22 F29:A-:B10 

M173503 ST131 O25:H4 fimH30 F29:A-:B10 

H437 ST95 O50/O2:H7 fimH41 F29:A-:B10 

H148 ST95 O50/O2:H7 fimH41 F29:A-:B10 

H104 ST95 O18ac:H7 fimH18 F29:A-:B10 

M678433 ST73 O6:H1 fimH30 F29:A-:B10 

H028 ST73 O6:H1 fimH103 F29:A-:B10 

 

Table 4-3 Comparison of the genetic features of strains with similar ancestry 
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4.4.6 Mauve analysis of plasmids of F-plasmid sequence types F29:A-:B10 
and F51:A-:B10 

All plasmids that share similar F-plasmid sequence type displayed highly homologous 

structures. Comparison of plasmids from the two F-plasmid sequence types also 

showed some similarities in their structures. AR genes in F51:A-:B10 are very similar. 

Yet, in F29:A-:B10, these genes are either absent or very diverse. The results further 

indicate that where there are AR genes, they are not found in the same contig in the 

same plasmid. However, for similar gene, it was observed that AR genes are always 

in the same node in the two F-plasmid sequence types. In this analysis, AR gene, beta-

lactamase was identified in the same contig, in this case, node_2 (fig. 4.6). 
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Figure 4.4 Plasmids of F29:A-:B10 
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Figure 4.5 Plasmids of F51:A-:B10 
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Figure 4.6 Similarities in the plasmids of F29:A-:B10 and F51:A-:B1 

 

4.4.7 Genomic structure comparison 

The RAST analysis shows that there are distinct differences in the genome size, 

number of coding systems and the number of subsystems for the plasmids with the 

two major F-plasmid sequence types F29:A-:B10 and F51:A-:B10 (table 4.4). The 

subsystem represents a set of functional roles that are connected to specific genes in 

specific genomes. The subsystem coverage comprises the breakdown of the number 

of protein encoding genes with hypothetical and non-hypothetical functions. Common 

genomic features present in the subsystems of these two key plasmid types are 

membrane transport that utilises type IV secretion system, RNA metabolism and iron 

acquisition and metabolism (figs. 4.7 and 4.8). However, most plasmids associated 

with F51:A-:B10 type have additional specific features: virulence, disease and defence, 

regulation and cell signalling and presence of integrons (fig. 4.8).  
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Plasmid Lineages F-plasmid 
sequence type 

Size Number of 
subsystems 

Genomic 
DNA base 
Composition 

Number of 
Coding 
Sequences 

55-1-AU4 ST131 F29:A-:B10 114kb 4 51 160 

M173503 ST131 F29:A-:B10 114kb 4 51 163 

BS411 ST131 F29:A-:B10 118kb 4 50.9 173 

H471 ST131 F29:A-:B10 114kb 4 51 159 

M653835 ST131 F29:A-:B10 114kb 4 51 163 

M653842 ST131 F29:A-:B10 123kb 5 51.1 178 

M685551 ST131 F29:A-:B10 118kb 5 50.6 176 

M678433 ST73 F29:A-:B10 118kb 4 50.9 158 

BS486 ST73 F29:A-:B10 134kb 7 52.1 197 

H028 ST73 F29:A-:B10 114kb 4 51 157 

H200 ST73 F29:A-:B10 110kb 4 51 155 

H104 ST95 F29:A-:B10 118kb 4 51 164 

H148 ST95 F29:A-:B10 114kb 4 51 157 

M675220 ST95 F29:A-:B10 125kb 8 52.4 179 

H437 ST95 F29:A-:B10 114kb 4 51 159 

H008 ST95 F51:A-:B10 148kb 9 51.5 207 

H552 ST95 F51:A-:B10 148kb 9 51.5 206 

H648 ST95 F51:A-:B10 147kb 9 51.6 210 

H361 ST73 F51:A-:B10 151kb 10 51.7 221 

H026 ST73 F51:A-:B10 106kb 4 51.4 159 

H187 ST73 F51:A-:B10 145kb 8 51.5 203 

H309 ST73 F51:A-:B10 149kb 9 51.5 205 

M587973 ST73 F51:A-:B10 147kb 9 51.6 210 

M630782 ST73 F51:A-:B10 124kb 9 51.9 172 

M619205 ST73 F51:A-:B10 147kb 9 51.6 209 

2-1-P20 ST73 F51:A-:B10 148kb 9 51.6 212 

Table 4-4 RAST analysis showing genomic attributes of the plasmids of the ST lineages 
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Figure 4.7 Genes connected to subsystems and their distribution in different categories for 
most F29:A-:B10 plasmid 

 

 
 

Figure 4.8 Genes connected to subsystems and their distribution in different categories for 
most F51:A-:B10 plasmid 

 

4.4.8 Distribution of genes within the key F-plasmid sequence types 

The Roary analysis reveals that within the pangenome of these plasmids totaled 366 

genes, only 36 genes were common to all the plasmids (Table 4.5). 
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In addition, the analysis shows that the F-plasmid sequence types encode multiple 

genes: multi-functional conjugation genes traI, traF, pilin gene traA, protein coupling 

genes traD, traC, traQ and traN as well as repB were all present at almost the same 

proportion in the two major F-plasmid sequence types F29:A-:B10 and F51:A-:B10. 

There were significant differences in the proportion of traV and traJ genes, relaxosome 

genes, traM and traY, fertility inhibition gene finO, toxic gene hokB, antitoxin ccdA and 

toxin ccdB genes found in F29:A-:B10 (92.86% for traV, traJ, traM, 85.71% for traY 

and 100% for finO, hokB, ccdA and ccdB genes) when compared with F51:A-:B10 

(7.69% for all the genes). There were also significant differences in the multi-drug 

transporter gene emrE, endoribonuclease toxin chpB and antitoxin pemI detected in 

the two plasmid types. In addition, multi-drug resistance gene mdtH, virulence regulon 

transcriptional activator genes, virF and virB, transposase InsE-1_1, plasmid partition 

gene A, parA, and afimbrial adhesin gene, afaD were found only in the F-plasmid 

sequence type F51:A-:B10 at significant proportions (table 4.6). 

 

Pangenome Percentage occurrence Number of genes 

Core genes 99% <= strains <= 100% 36 

Soft core genes 95% <= strains < 99% 6 

Shell genes 15% <= strains < 95% 204 

Cloud genes 0% <= strains < 15%) 120 

 

Table 4-5 Gene distribution within the genomes of the STs 

 
Gene F-plasmid sequence type 
 

F29:A-:B10 F51:A-:B10 

traI 100% 100% 
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Table 4-6 Gene content comparisons of the major F-plasmid sequence types 

 

Gene F-plasmid sequence type 
 

F29:A-:B10 F51:A-:B10 

traQ 100% 100% 

traC 100% 100% 

traN 100% 100% 

traA 100% 100% 

traT 100% 100% 

traR 100% 100% 

traF 100% 100% 

traH 100% 100% 

traD 86% 100% 

traV 93% 8% 

traJ 93% 8% 

traM 93% 8% 

traY 86% 8% 

traL 7% 0% 

traG 7% 0% 

repB 100% 100% 

ylpA 100% 100% 

nqrC 93% 92% 

peml 29% 85% 

finO 100% 8% 

hokB 100% 8% 

umuD 100% 8% 

parA 0% 92% 

parM 100% 8% 

ccdA 100% 8% 

ccdB 100% 8% 

chpB 29% 85% 

mdtH 0% 85% 

emrE 7% 85% 

afaD 0% 69% 

virB 0% 92% 

virF 0% 77% 

insE-1_1 0% 85% 
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4.5 Discussion 

In this study, we summarise long-read assembly data of the genomes of the 

phylogroup B2 lineages based on how many plasmids were in a strain, plasmid DNA 

content, F-plasmid sequence type, type of plasmid found in each strain, and similarities 

and differences between the long-read sequence data results and MobSuite 

predictions. In addition, the characteristics of the two common plasmids, and their 

phylogenetic relationships were defined and compared. The two F-plasmid sequence 

types: F29:A-:B10 and F51:A-:B10 shared by most of the plasmids of the three 

lineages were used for this analysis.  

 

Differences were observed in the total plasmid DNA and number of plasmids in the 

assembled genomes due to the type of genome sequencing method used to analyse 

them. Although long-read results reveal that about 33% of all assemblies harbour a 

single conjugative plasmid, plasmid number and DNA content differs: long-read data 

results show that the number of plasmids found across the strains were between 1-14, 

with a total plasmid DNA content range of between 114kb – 384kb. In contrast, results 

from MobSuite predictions show plasmids of between 2-14, and about 109kb – 222kb 

plasmid DNA content. MobSuite predictions tend to be more accurate in estimating 

plasmid DNA contents and plasmid number. 

 

In the long-read analysis, plasmids associated with the two common F-plasmid 

sequence types display different characteristics. 33% of ST131, 12% of ST73 and 17% 

of ST95 strains harboured F29:A-:B10 plasmid while 37% of ST73 and 20% of ST95 

strains harboured F51:A-:B10 plasmid (chapter 2). F51:A-:B10 plasmids are quite 

homogeneous unlike the F29:A-:B10 plasmids. The average plasmid DNA content of 
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most conjugative plasmids of F51:A-:B10 is 142kb. These plasmids also have varying 

similar resistance genes. β-lactamase, blatem-1B, sulphonamide, sul1 are prevalent 

in this sequence type. These genes were found encoded in IncFll and IncFIB replicons, 

common in all plasmids analysed. This replicon combination has been previously 

reported as a multi-replicon, often observed on a single plasmid (Pierre-Emmanuel et 

al., 2020; Villa et al., 2010). In F29:A-:B10 plasmids, the average plasmid DNA content 

of most of the conjugative plasmids is 117kb, with resistance genes either absent or 

very diverse. These characteristics play a key function in the evolution of these fertility 

plasmid types. 

 

Besides enhancing conjugal transfers in the lineages (Lan et al., 2001), tra genes 

encoded in these plasmid types ensure the propagation and maintenance of the 

plasmids in the bacterial populations. Since the persistence of plasmids within the host 

is dependent on host fitness (Khosravi et al., 1990), the many advantageous effects of 

the tra genes encoded in the plasmids can enhance the adaptation and evolution of 

the bacterial host. The traA gene encodes propilin, utilised for the formation of 

conjugative pili, needed for cell-to-cell contact during the initial stages of bacterial 

conjugation (Paiva et al., 1992). The gene, traT is a key F-factor transfer gene. It 

harbours an outer membrane protein used by E. coli to exert an influence in its 

environment (Achtman et al., 1977). Propilin, encoded by traA interacts with traQ to 

assemble mature pilin (Kathir and Ippen-Ihler, 1991). The assembly of mature F-pilin 

subunits into extended F-pili requires the role of traC (Schandel et al., 1990). The initial 

process of transfer DNA synthesis at the origin of transfer is promoted by traI (Ziegelin 

et al., 1991). Conjugal DNA transfer requires the help of traD and traN (Sastre et al, 

1998; Pohlman et al., 1994), while repB is essential for plasmid replication (Gibbs et 
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al., 1993). These genes are proportionally distributed in the two F-plasmid sequence 

types. 

 

Diversities were also observed in the gene contents of the two F-plasmid sequence 

types. traJ, traM and traY genes were not common in plasmids with F51:A-:B10. The 

two components of the relaxosome, traY and traM with traJ, ensure interactions with 

traI genes for site- and -strand-specific cut at the origin of transfer during bacterial 

conjugation (Penfold et al., 1996; Nelson et al., 1995). Regions in F-plasmid oriT locus 

are bound by traM. These regions facilitate plasmid transfer and auto-regulation (Di 

Laurenzio et al., 1992). Relaxosome formation is aided by traY by binding to the origin 

of transfer region. It also helps to control tra gene expression (Luo et al., 1994). Other 

genes not prevalent in F51:A-:B10 are traV which is essential for F pilus assembly 

(Skyberg et al., 2006), finO gene, which inhibits the expression of traJ (Ghetu et al., 

2000), required to regulate the expression of transfer genes that are needed in the 

conjugal transfer of DNA between bacterial cells (Zahrl et al., 2007), hokB, a toxic 

component of a type I toxin-antitoxin system that can eliminate bacterial cells within 

minutes, once overexpressed (Pedersen and Gerdes, 1999), parM which helps in the 

regulation of plasmid partition, and is essential for accurate plasmid segregation (van 

den Ent et al., 2002), ccdB, a toxic component of a type II toxin-antitoxin system that 

plays a major role in plasmid maintenance, especially in post-segregational killing of 

plasmid-free cells (Bernard and Couturier, 1992) and ccdA, the antitoxin component of 

type II toxin-antitoxin system that prevents post-segregational killing of plasmid-free 

cells, by blocking the activity of ccdB (Maki et al., 1996). These genes were all present 

in higher proportions in plasmids with F29:A-:B10. On the other hand, while some of 

the genes were not detected in any plasmid borne F29:A-:B10 sequence type, some 
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genes were over-represented in F51:A-:B10 encoded plasmids. Genes such as mdtH 

that confers resistance to norfloxacin and enoxacin (Nishino and Yamaguchi, 2001), 

virB and virF, which are regulators of plasmid encoded virulence genes (Tobe et al., 

1993), insE-1_1, involved in transposition of the insertion sequence IS3 (Tobe et al., 

2020), parA, crucial for plasmid partition, and enables the effective distribution of newly 

replicated plasmids into daughter cells during cell division (Abeles et al, 1985), 

afimbrial adhesin gene (afaD) that enables the production of afimbrial adhesive sheath. 

This gene encodes adhesin–invasins, needed for adherence to epithelial cells for 

cytolysis and defence responses (Pichon et al., 2013; Garcia et al., 2000), emrE, a 

multidrug efflux gene that confers resistance to a wide range of toxic compounds (Ninio 

et al., 2001; Yerushalmi and Schuldiner, 2000), ChpB, the toxic component of a type 

II toxin-antitoxin system whose endoribonuclease activity is inhibited by the antitoxin 

chpS (Christensen et al., 2003; Masuda et al., 1993) and pemI, an antitoxin component 

of a type II toxin-antitoxin system that binds to the toxin, pemK, and neutralizes its 

activity, and also helps in plasmid maintenance during cell division (Tsuchimoto and 

Ohtsubo, 1993; Tsuchimoto et al., 1988). 

 

Toxin-antitoxin genes ensure the growth of plasmid-carrying daughter cells in a 

bacterial population by killing new cells that have not inherited a plasmid copy at cell 

division. These genes were more prevalent in F29:A-:B10 plasmids. The system 

enables the stabilization and maintenance of the plasmids associated with the F-

plasmid sequence types (Jensen and Gerdes, 1995) and also promote the stabilization 

of the host cell by inhibiting harmful fatal deletions in the cell (Szekeres et al., 2007; 

Rowe-Magnus et al., 2003). These functions enhance the pathogenic and pandemic 

nature of this F-plasmid sequence as well as improve the evolution of the bacterial 

https://en.wikipedia.org/wiki/Plasmid
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host. However, in most of the cells that harbour two or more plasmids from the same 

incompatibility group, with each daughter cell carrying a plasmid, often, when one of 

these plasmids encode for a TA system, and it is displaced by a TA-free plasmid 

system, the plasmid becomes unstably inherited, and thus post-segregational killing is 

induced (Ogura and Hiraga, 1983). This process may have possibly led to the 

instability of some of the F29:A-:B10 plasmids. But the cells were still able to survive 

due to the presence of specific toxin- antitoxin systems, ccdA and ccdB, that were not 

found in F51:A-:B10 plasmids. The ccdA antitoxin can allow the cell to lose a plasmid 

without experiencing the effects of the toxin it encodes. The antitoxin immobilizes the 

ccdB toxin, thereby, preventing the activation of the toxin when the plasmid is lost 

(Ramisetty, and Santhosh, 2016; Bahassi et al., 1999; Bernard and Couturier, 1992; 

Ogura and Hiraga, 1983). Overall, our study shows that F29:A-:B10 and F51:A-:B10 

plasmids differ in their genomic features, but genes encoded within these pMLST 

types, play numerous unique roles in conjugal gene transfer, plasmid stability and host 

fitness (chapter 3). 

 

4.6 Conclusion  

Long-read and short-read sequencing are essential tools in phylogenetic studies, but 

data from long-read sequencing are crucial when investigating evolutionary 

relationship existing among different lineages. This study shows that the two F-plasmid 

sequence types common in the strains of the three ST lineages differ in their plasmid-

host characteristics and gene contents. The diversities observed can be explained by 

the host genetic background and differences in encoded mobile genetic elements. 
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Despite the differences, the encoded genes play multifunctional roles in the plasmid 

maintenance and host cell adaptation and evolution. 
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Chapter 5 General Discussion 

 

5.1 Antibiotics susceptibility in some human associated E. coli 
strains 

This research highlighted the reasons why strains of ST73 and ST95 lack antibiotics 

resistance. Most plasmids of ST73 are small mobilisable plasmids, which in most 

cases are about 40kb or less. Such small plasmid DNAs lack integrons required for 

the capture and expression of resistance genes. In ST73, 29% of these plasmids do 

not belong to any IncF group and only 55% harbour conjugative systems. Both 

conjugation systems and IncF groups are required for genetic transfers during 

conjugation. In addition, fluoroquinolone (FQ) resistance is generally associated with 

changes in the chromosomal genes gyrB and parC. The lack of FQ resistance in ST73 

and ST95 is one reason these STs are less likely to be multidrug resistant. 

Furthermore, dfrA17 and aadA5 are genes cassettes not common in ST73 and ST95. 

These gene cassettes are both known to confer resistance. Most strains are 

characterized majorly by the F-plasmid sequence types, F51:A-:B10 and F29:A-:B10. 

These plasmids can be pathogenic, they can carry genes that enhance virulence. 

 

5.2 ExPEC Strains and antibiotic resistance 

Escherichia coli is a common bacterium in the family Enterobacteriaceae. Although, 

strains of E. coli can be harmless commensals inhabiting the intestines of humans and 

animals (Kaper et al., 2004), the extra-intestinal pathogenic E. coli (EXPEC) strains 

can become opportunistic pathogens when they are able to get into other parts of the 

body where they do not belong, causing infections in these extra-intestinal sites: 
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bloodstream, bladder, kidneys, brain, spinal cord, and the lungs. These pathogenic 

strains have been implicated in a vast number of community and hospital acquired 

infections globally (Skov and Monnet, 2016; Liu et al., 2016; Nicolas-Chanoine et al., 

2014; Chen et al., 2014; Golding et al., 2012; Dias et al., 2009; Coque et al., 2008; 

Nicolas-Chanoine et al., 2008). ExPEC strains are responsible for a wide range of 

highly life-threatening diseases: urinary tract infections, neonatal meningitis, 

pneumonia, and bacteraemia (WHO, 2020; Jang et al., 2017; Fratamico et al., 2016).  

 

Records from World Health Organization has shown that the global increase and 

proliferation of antimicrobial resistance (AMR), especially the resistance of antibiotics 

that were usually used to treat Enterobacteriaceae causing diseases have become a 

great concern to world economic growth and health High rates of resistance to 

Fluoroquinolone and Ciprofloxacin antibiotics used to treat UTIs caused by E. coli and 

Klebsiella pneumonia have been globally recorded. Colistin, an antibiotic used to treat 

carbapenem resistant Enterobacteriaceae, has also become resistance in many 

regions. In addition, reports of high rates of resistance of E. coli to third generation 

cephalosporins, used to treat bloodstream infections have also been documented 

(AMR; WHO, 2020). Coupled with this, is the adaptation and evolution of 

Enterobacteriaceae bacteria to multi-drug resistance (MDR) (AMR; WHO, 2020). 

 

Phylogroup B2 is the sub-group of E. coli strains responsible for most pathogenic E. 

coli diseases. This phylogroup typically consists of three major human associated 

sequence types (STs) lineages: ST131, ST95 and ST73. Many reports have 

demonstrated that each of these three lineages play equal role in ExPEC infections, 

with each representing about 10% of human associated E. coli diseases (Forde et al., 
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2019; Gordon et al., 2017; Kallonen et al., 2017; Stephens et al., 2017; Chen et al., 

2014;Gordon, 2010; Nicolas-Chanoine et al., 2008). Given how ubiquitous  these 

strains are, it is anticipated that they all should be exposed to antimicrobials at about 

the same rate. However, numerous studies have shown that despite their globally 

pathogenic nature and their capacity to equally cause extra intestinal diseases, there 

are variations in their antimicrobial profiles : strains of ST131 are highly multi- drug 

resistance (Kallonen et al., 2017; Johnson et al., 2016), while the other two lineages, 

STs 73 and 95 are largely antibiotic susceptible (Kallonen et al., 2017; Stephens et al., 

2017; Gordon et al., 2017). The reasons for the antibiotic susceptibility of these ExPEC 

E. coli strains remains largely unknown and were therefore investigated.  

 

5.3 Plasmid diversity within E. coli lineages 

The genes conferring resistance to antimicrobials are often plasmid mediated. F-

plasmids also known as fertility plasmids are often responsible for antibiotic resistance. 

These plasmid types are common in the Enterobacteriaceae family. In this study 

(chapter 2), we found that plasmids were well distributed in the three lineages with at 

least three plasmids in most strains of each lineage. These plasmids were observed 

as small mobilisable plasmids in the strains of ST73 lineage. Some strains of this 

lineage have plasmid DNA content of less than 40kb. These plasmids cannot self-

transfer during conjugation, unlike the large conjugative plasmids in most strains of 

ST131 and some strains of ST95. These conjugative plasmids, IncFII and IncFIB, 

although also observed in some strains of ST73, were not common. Two common F-

plasmid sequence types were shared among the three lineages. Most plasmids with 

F51:A-:B10 sequence type encode numerous integrons, but few antimicrobial 
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resistance (AMR) genes. Integrons are important genetic elements in gene acquisition 

and expression (Mazel, 2006). Although integrons were not common in F29:A-:B10 

plasmids, the plasmids of ST131 that encode integrons possess large number of AMR 

genes. O25H4:fimH30, O16H5:fimH41 are prevalent characteristics of most strains of 

ST131.These serotype and fimH types are adapted to integrons and multiple 

resistance genes including a fluoroquinolone resistance determinant, not observed in 

the plasmids of STs 73 and 95. Plasmids encoded by ST73 and ST95 were more 

associated with blaTEM-1 B, sul1 and Aada1 genes. In addition to integrons and AMR 

genes, plasmids of the three lineages also possess many plasmid encoded virulence 

genes and bacteriocins. Most of these virulence determinants are involved in bacterial 

conjugation and regulation, enterotoxin production, cytotoxic necrotizing, biosynthesis 

of aerobactin, cell adhesion, proteolysis, iron acquisition and regulation Colicin E1 and 

Colicin V were also common in some plasmids of all the three lineages, while colicin 

ia, ib and microcin B17 were observed only in ST95 and ST131 plasmids. The 

bacteriocins are responsible for cytolysis and defence response of cell to adverse 

conditions. Overall, unique diversity of plasmid characteristics are harboured in the 

three lineages. 

5.4 Plasmids and conjugal transfers 

Plasmids are essential for bacteria evolution and adaptation (Lan et al., 2001). They 

play very important roles in conjugal gene transfer (Sherley et al., 2003). These 

plasmids allow genes to be transferred from donor bacterium, carrying the F-factor to 

the recipient bacterium, devoid of the F-factor by conjugal transfer (Johnston et al., 

2014; Stearns and Hoekstra, 2005; Lawley et al., 2003; Alberts et al., 2002). This study 

(chapter 3) demonstrated that the host genomic background was not influencing the 
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rates of plasmid transfer rather, small differences observed in the plasmid transfer rate 

in relation to F-plasmid sequence types, were as a result of the presence of multiple 

tra genes harboured by most plasmids of F29:A-:B10 and F51:A-:B10. Conjugal 

transfer is an important means of gene spread. The tra genes associated with the F-

plasmid sequence types were transferred in the conjugation process ensuring the 

dissemination and evolution of the genes. Therefore, the distinct functions of these tra 

genes in conjugal plasmid transfer is pivotal to the E. coli lineages adaptation and 

evolution.  

 

5.5 Plasmid stability and host fitness 

Although plasmids confers unique benefits to bacterial host, the presence of plasmids 

within a bacterial host can often be a burden to the host cell (Baltrus, 2013; Shachra 

et al., 2010 and Doyle et al., 2007). How well plasmids are maintained in the host will 

thus depend among other things, on the host fitness. When the costs of carrying the 

plasmid exceeds its usefulness and there is negative selection, it is expected that 

plasmid free cells will out-compete plasmid-bearing cells (Warnes and 

Stephenson,1986; Lee and Edlin,1985). Although some ST131 plasmids were 

unstably inherited, differences were observed in the plasmid stability of the three ST 

lineages. These differences were also observed in plasmid stability in relation to the 

two common F-plasmid sequence types. The plasmid acquisition cost, which possibly 

arose because of the presence of the multiple tra genes as well as the host cell 

characteristics may have affected the stability of the plasmids especially ST131 

plasmids that was noted to encode higher number of resistance genes.  
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5.6 Genomes of the two common F-plasmid sequence types  

The findings from this study (chapters 2 and 3) have shown that numerous distinct 

plasmids encoding varying genetic elements are present among the three lineages of 

phylogroup B2, and these plasmids are mostly associated with two key F-plasmid 

sequence types. In the final analysis (chapter 4), we investigated and compared the 

evolutionary history of the two common F-plasmid sequence types in the plasmids of 

the three lineages using genome alignments techniques and phylogenetic analysis. 

Similar clusters of plasmids were associated with either F29:A-:B10 or F51:A-:B10 

plasmids. None of the ST131 genomes harbour the F51:A-:B10 plasmid (chapter 2), 

and only ST73 and ST95 with F29:A-:B10, share similar plasmid with ST131 strains.  

 

Significant differences were observed in the gene contents of the two common plasmid 

types: tra genes were over-represented in F29:A-:B10 plasmids especially traV, traJ, 

traM and traY. These genes mostly function in conjugal transfers, pilus assembly and 

production (Skyberg et al., 2006; Di Laurenzio et al., 1992). Plasmid segregation 

protein, parM was observed only in F29:A-:B10 plasmids while partition gene A, -parA 

was common in F51:A-:B10 plasmids. These genes promote the effective separation 

of newly replicated cells to two daughter cells during cell division. Their roles hinder 

post segregational killing of the cells, thereby enhancing plasmid stability. Virulence 

regulatory genes, virF and virB, responsible for the control of plasmid encoded 

virulence genes were prevalent only in F51:A-:B10 plasmids. Numerous toxin-antitoxin 

(TA) genes were common in the two plasmid types, but the TA genes were over-

represented in F29:A-:B10 plasmids. The many toxin-antitoxin (TA) systems affected 

the stability of the plasmids especially F29:A-:B10 plasmids that was noted to encode 

higher number of TA systems. However, the cells were able to survive due to other 
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encoded TA systems such as ccdA and ccdB that ensure that even though the cell do 

lose its plasmid, it does not experience the effects of the toxin it encodes. It does this 

by neutralizing the ccdB toxin, thus, effectively blocks the toxin activation when the 

plasmid is lost. (Ramisetty, and Santhosh, 2016; Bernard and Couturier, 1992; Ogura 

and Hiraga, 1983). However, the presence of these genes still promoted the plasmid 

propagation and maintenance (chapter 3). 

 

5.7 Conclusion  

Comprehensive insights into the genomic diversity of plasmids in the three phylogroup 

B2 lineages, because of the differences in their antimicrobial profiles, required 

analysing them through computational tools and laboratory investigations. These 

ensure that crucial questions on their adaptation, evolution, pathogenesis, and survival 

in bacterial host population are adequately addressed. In this study, we examined E. 

coli isolates obtained from human blood, faeces, and urine. Whole genome sequencing 

was on 335 isolates. These data were used to determine the type and number of 

plasmids, serotypes, fimH types, Incompatibility groups, F-plasmid sequence types, 

conjugation systems, integron structures, antimicrobial resistance genes and virulence 

factors associated with the three lineages. We then determined the rate at which the 

plasmids within these genomes are being transferred, how long the plasmids can 

persist within the E. coli host (plasmid stability), effects of the plasmids on the host 

(host fitness), and finally, the evolutionary history of the two common plasmid types. 

This research shows distinct genetic diversity in the plasmids of the phylogroup B2 

lineages. Despite that most ST73 strains are less likely to carry conjugative plasmids, 

strains with F51:A-:B10 plasmids encode many integrons while ST131 strains with 
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F51:A-:B10 plasmids have integrons that encode greater number of antibiotic 

resistance determinants. In addition, host cell genetic background has no effect on rate 

of plasmid transfer, but small differences observed in relation to F-plasmid sequence 

type can be explained by the presence of multiple tra genes in the F-plasmid sequence 

types. However, host genetic background and plasmid encoded F-plasmid sequence 

type influenced the plasmid stability and fitness cost associated with plasmid carriage. 

Analysis of the two common F-plasmid sequence types in the plasmids of the three ST 

lineages revealed distinct differences in their plasmid characteristics and gene 

contents. These diversities can be explained by the differences in encoded genetic 

elements and host genetic background. Despite the differences, the encoded genes 

play multifunctional roles in the plasmid maintenance and host cell adaptation and 

evolution.  

 

The success of plasmid-bacterium associations in ST73 and ST95 that made them 

globally pathogenic even though antibiotic susceptible can be attributed majorly on the 

genetic content of the plasmids they encode, specifically, the F-plasmid sequence 

types, F51:A-:B10 and F29:A-:B10. The genes encoded in these plasmid types are 

majorly responsible for the plasmid propagation, maintenance and possibly host 

fitness. These genes are highly pathogenic, stable and exert minimal effects on the 

bacterial host that harbour them. However, some strains of these two lineages are 

antibiotic susceptible because they either lack conjugative plasmids required for self-

transfer during conjugation or/and are devoid of necessary mobile genetic elements 

needed to counteract the effect of antibiotics. This study has therefore demonstrated 

that plasmids associated with specific F-plasmid sequence type displayed genotypic 

characteristics indicative of adaptation, pathogenesis, and persistence in ExPEC 
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diseases. The distinct functions of the tra genes encoded by these plasmids in conjugal 

transfer is pivotal in the adaptation, evolution, and survival of E. coli lineages and 

finally, the effects of F-plasmid sequence type on plasmid stability and host fitness play 

important roles on the ability of the plasmids to associate with new bacterial hosts and 

consequently on the evolution of plasmid-mediated antibiotic resistance.  

 

5.8 Limitations and future directions 

 

5.8.1 Fluoroquinolone resistant strains and STs 73 and 95 

Some of the strains of ST131 are fluoroquinolone (FQ) resistant, the reasons why this 

resistance is so uncommon in ST95 and ST73 is not known  In addition, there is a need 

to investigate if the FQ resistance impose a great fitness cost in ST95 and ST73. Going 

forward, FQ resistant isolates can further be selected to test the fitness of the mutant 

against the parent strain. 

5.8.2 In vitro analysis 

Another limitation of the study is that the plasmid stability and host fitness experiments 

were only carried out in vitro, using conditions very different from the natural 

environments of the bacterial hosts. We are recommending several experimental 

models such as animal models to be used to measure stability and fitness cost under 

conditions that more closely represent the natural habitat of the host bacteria.  

5.8.3 Bacteriophage infection 

This study did not consider the activities of phages in conjugal transfer. During bacterial 

conjugation, a bacteriophage can infect and replicates within the bacterium. This is 
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often possible because some phages use the conjugative Type 4 secretion system (T
4
 

SS) as an attachment site for invading the bacterial cell. T4SS-specific phages can 

select against plasmid-carrying bacteria and have been suggested as a way to prevent 

plasmid-mediated spread of antibiotic resistance. Going forward, bacteriophage 

interaction in plasmid transfers should be included in future studies.  
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